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Different people think in different time frames: scientists think in decades, engineers
thinkin years, and investors think in quarters.

Stan Williams, Director of Quantum Science Research, Hewlett Packard Laboratories

Everything can be made smaller, never mind physics;
Everything can be made more efficient, never mind thermodynamics;
Everything will be more expensive, never mind common sense.

Tomas Hirschfeld, pioneer of industrial spectroscopy
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The field of analytical instrumentation systems is one of the most rapidly progressing areas
of science and technology. This rapid development is facilitated by (1) the advances in
numerous areas of research that collectively provide the impact on the design features and
performance capabilities of new analytical instrumentation systems and by (2) the tech-
nological and market demands to solve practical measurement problems.

The book series Integrated Analytical Systems reflects the most recent advances in all
key aspects of development and applications of modern instrumentation for chemical and
biological analysis. These key development aspects include: (1) innovations in sample
introduction through micro-and nano-fluidic designs, (2) new types and methods of fabri-
cation of physical transducers and ion detectors, (3) materials for sensors that became
available due to the breakthroughs in biology, combinatorial materials science and nano-
technology, (4) innovative data processing and mining methodologies that provide dra-
matically reduced rates of false alarms, and (5) new scenarios of applications of the
developed systems.

A multidisciplinary effort is required to design and build instruments with previously
unavailable capabilities for demanding new applications. Instruments with more sensitivity
are required today to analyze ultra-trace levels of environmental pollutants, pathogens in
water, and low vapor pressure energetic materials in air. Sensor systems with faster response
times are desired to monitor transient in-vivo events and bedside patients. More selective
instruments are sought to analyze specific proteins in vitro and analyze ambient urban or
battlefield air. Distributed sensors for multiparameter measurements (often including not
only chemical and biological but also physical measurements) are needed for surveillance
over large terrestrial areas or for personal health monitoring as wearable sensor networks.
For these and many other applications, new analytical instrumentation is urgently needed.
This book series is intended to be a primary source on both fundamental and practical
information of where analytical instrumentation technologies are now and where they are
headed in the future.
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Preface

Metal oxide materials due to their unique combination of redox chemistry, optical,
electrical and semiconductor properties, have for many years played a key role in
the successful implementation of chemical sensor technology. Given the intrinsic
advantages of confinement effects and fundamentally new material properties of
nanoscopic materials, there is a strong drive to exploit the potential of nanosized
metal oxide materials and their new morphologies for chemical sensing applica-
tions. However, the multi-dimensional interplay among interfacial interactions,
chemical composition, preparation method, and end-use conditions of metal oxide
nanomaterials strongly affects the sensor functionality, which often makes device
integration and development for real-world applications very challenging.

Research efforts to improve the performances of present metal oxide sensor
technology through the variation of both surface chemistry, morphology and
microstructure via combinatorial and chemically directed design and novel syn-
thetic methods has begun to yield libraries of materials for use and development as
chemical sensing materials. Interestingly, while the general reaction mechanism
for both oxidizing and reducing gases on metal oxides is thought to be understood,
there are many details within the reaction mechanism which induces the sub-
sequent sensing signal that are not definitively characterized and points out the
need for further development.

The contents of this book present a state-of-the-art collection and critical survey
of recent developments in the implementation of metal oxide nanomaterial
research methodologies for the discovery and optimization of new sensor mate-
rials, methods and sensing systems. The book should be of interest to a diverse and
broad readership belonging to both academia and industrial research units as it
provides a detailed description and analysis of (i) metal oxide nanomaterial
sensing principles (ii) advances in metal oxide nanomaterial synthesis/deposition
methods, including liquid and vapor processing techniques (iii) advances, chal-
lenges and insights gained from the in situ/ex situ analysis of reaction mechanisms
and (iv) technical development and integration challenges in the fabrication of
sensing arrays and devices.
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Chapter 1 describes the generally accepted reaction mechanism of both oxi-
dizing and reducing gases with metal oxides. In many ways this reaction mech-
anism is thought to be well understood. However, a direct measurement of the
surface species produced via the myriad of interfacial reactions taking place, both
during active gas exposure and while sensing signal measurement is taking place,
i.e. operando conditions, has been difficult and in many cases inconclusive with
respect to the proposed reaction mechanism. This first chapter provides a very
detailed review of this topic and its associated measurement challenges.

As a follow-on to the first chapter’s discussion of reaction mechanisms, Chap. 2
details many of the classic methods used in studying the oxidation or reduction
reactions on metal oxides. These ultra-high vacuum surface science experiments
are able to produce and characterize perfectly clean model metal oxide surfaces for
study. Surface science methods that are working on closing the gap between model
UHV and real sensor exposure conditions are described with respect to the
methods and their limitations. Lastly, unique TiO2 metal oxide surfaces prepared
using grazing incidence low energy ion sputtering are described, which provide
new insight for some unique sensor applications. These illustrations are also an
example for expanding the use of surface science techniques to include unique
surface preparation as well as its characterization and study.

The design and synthesis of metal oxides for sensing applications can benefit
from a chemical principles approach as detailed in Chap. 3. Specifically, the redox
reactions of metal oxide materials with a variety of gases is examined from a
determination of the acidity and basicity of the metal oxide surface. Current
concepts of interrelationships between metal oxide chemical composition, crystal
and surface structure and its activity in the reaction with gas phase components are
considered. Details are provided on how these calculations are made and applied
towards the doping of SnO2 nanomaterials with a range of dopants with varying
acidic/basic character. The variation in response of these materials with respect to
the selectivity and the overall sensor response to both oxidizing and reducing
target gases is detailed.

Chapter 4 begins with an introduction into the use of metal oxides for chemical
sensing applications both from a materials development standpoint as well as a
description of the generally accepted reaction mechanism for oxidizing and
reducing gases. The chemistry of metal oxides is rich with possibilities, even more
so when one considers the range of dopants that can be added to a given metal
oxide material. Such a variation modifies the reactive properties of the metal oxide
towards the target gases as well as modifying its corresponding thermal depen-
dence. To develop libraries of materials, Chap. 4 includes a description of a
combinatorial synthesis and testing methodology for a wide variety of metal oxide
nanomaterials. A series of experimental approaches are described with a range of
sensing examples provided.

The characteristic sensing dependence as a function of control of the crystalline
character is developed in Chap. 5 with studies pertaining to selected microstruc-
tures. The synthesis and characterization of these selected microstructures are
described for TiO2 (anatase) and dopant-stabilized e-WO3. While anatase was
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shown to have unique activities over rutile, e-WO3 shows a high sensitivity and
unique selectivity to polar gas molecules. Such unique dependencies can be par-
ticularly useful in the development of both sensitive and selective sensing arrays.

The need of developing materials with an increasing level of control is con-
tinued in Chap. 6. Molecular beam epitaxial (MBE) growth of metal oxide thin
films is a method enabling the development of nanomaterials with a higher level of
crystalline ordering than that achievable by physical vapor deposition methods.
Such a high level of ordering has been found to be beneficial, for instance, in
increasing the oxygen ion conductivity of metal oxide films and can provide
interesting characteristics from a chemical sensors perspective. The MBE depo-
sition method and its associated materials characterization techniques are descri-
bed and examples of the use of MBE grown metal oxide materials for sensing
applications are provided.

Chapter 7 outlines a methodology to provide atomic level control over the
chemistry of the metal oxide as well as the ability to coat geometries and structures
with angstrom levels of film thickness control. Atomic layer deposition (ALD)
methods have been well developed for a variety of needs related to the integrated
circuit (IC) industry. However, many of the properties of this technique which are
so attractive for the IC industry are also of interest for the development of metal
oxide nanomaterials for chemical sensors. The characteristics of the ALD method
are outlined and applications for coating both thin films on flat and very porous
substrate materials are described in the context of a series of sensing applications.

While the chemistry available for producing a variety of metal oxides is rich
with possibilities there are also a number of new methods, beyond the well known
colloidal wet chemistry or vapor phase processing methods that are available for
production of unique metal oxide nanomaterials. Chapter 8 details one of the more
recent efforts which utilizes microwave irradiation processing methods for pro-
duction of a rich array of metal oxides and composites as well as microstructures.
The experimental processes used to achieve this library of materials is outlined and
sensing applications of a subset of the materials is provided.

Part II of the book is concentrated on describing novel morphologies and the
signal transduction principles in metal oxide-based sensors. Chapter 9 provides a
detailed introduction into the synthesis and characterization of metal oxide
nanowires as well as their currently accepted general reaction/sensing mechanism.
Both conductometric and field effect device structures are introduced. The benefits
of using nanowires with diameters on the size scale of the Debye screening length
are discussed with respect to both the enhanced sensitivity as well as their reactive
properties.

Chapter 10 continues the discussion of metal oxide nanowire-based sensors
with a focus on the most commonly used ZnO and SnO2 nanowires. These types of
sensors are discussed with respect to both gas phase and biochemical sensor device
development and applications. Furthermore, the possibility of using ZnO-based
nanowire materials for optical detection schemes as well as integration into
wireless structures are detailed as well, which provides strong evidence for the
ubiquity of metal oxide nanomaterials in sensing devices.
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In many cases the improvement of a sensing material can be realized by
increasing its surface area. While for nanowire-based devices the benefit for a
reduction in the nanowire diameter is realized by the creation of a depletion layer
that envelops the entire wire and is significantly modulated upon reaction with the
target gases, thus creating a more sensitive sensor. Furthermore, increasing the
surface area of the nanowire through the creation of complex morphologies such as
a fish-bone type structure as well as many other 3-D structures can lead to unique
adsorption sites for reaction and transduction. Chapter 11 describes the synthesis
and characterization of a variety of metal oxide chemistries with complex mor-
phologies. The benefits with respect to both sensitivity and selectivity, operation
temperature reduction, enhanced response times and stability are described.

While the use of the optical properties of ZnO for sensing applications was
briefly introduced in Chap. 9, a detailed description of the optical properties of
metal oxides is provided in Chap. 12. An optical transduction method can be
advantageous given that it can be considered a wireless technique and is thus
compatible with harsh environment conditions. Furthermore, in the development
of multi-transduction sensing array platforms, combining both electronic and
optical techniques may offer unique selectivity measurement opportunities. In this
chapter the intrinsic and extrinsic photoluminescence of metal oxides and their
dependence on target gas exposures are shown to be used for the detection of
oxidizing and reducing gases. The size dependence of photoluminescence with
regards to both quantum effects as well as changes in surface dominated processes
is discussed with respect to sensing applications. While photoluminescence has
proven to be useful for the detection of target gases, changes in the absorption
properties of noble metals (Cu, Ag and Au) embedded in metal oxides have also
proven to be optical beacons for the development of harsh environment compatible
chemical sensors.

Part III of the book is focused on new device architectures and integration
challenges of metal oxides into sensing device structures. Chapter 13 begins by
outlining the unique possibilities that metal oxides with hetero-contacts and phase
boundaries offer as a design platform for sensing applications. These details are
highlighted with examples of engineered nanostructures of various compositions
(pure, doped, composites, heterostructures) and forms (particles, tubes, wires,
films). In addition the system architecture can be further enhanced through surface
functionalization and the addition of a pre-concentrator system to promote
enhanced transduction.

While both changes in the metal oxide chemistry as well as morphology can
have pronounced effects on the sensing properties of a particular nanomaterial, the
reaction temperature is also a dominating factor in the sensing characteristics.
Chapter 14 provides a detailed description of a sensing device structure which uses
temperature not only to affect the reaction properties of the target species, but
through the collection of the sensing signals as a function of both temperature and
time, a sensitive and selective sensing device can be achieved. Interpretation of
these multi-parameter data sets using statistical algorithms provides both a char-
acterization of the sensitivity as well as the selectivity of these sensing arrays.
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Sensor arrays based on metal oxide nanowires for the so called ‘‘electronic
nose’’ applications are the focus of Chap. 15. Details with respect to nanowire
growth and integration onto sensor array platforms are described. The benefits and
implications of such nanowire sensor arrays for a range of sensing applications is
provided. Finally, the interpretation of sensing array data using pattern recognition
algorithms to provide the necessary sensitivity and selectivity performance factors
for electronic nose applications is detailed.

Chapter 16 begins this discussion with integration of metal oxide nanomaterials
onto MEMS device structures such as microhotplates. These challenges include
functionalization of the microhotplate with metal oxides formed using both liquid
and vapor phase methods. A series of examples are provided for acquisition of
sensing data as a function of temperature, sensor array integration as well as
multiparametric data acquisition and interpretation.

To summarize, the last decade was famous due to the appearance of new
paradigms for the development of metal oxide nanomaterials-based chemical
sensors leading to new principles in receptor and transduction principles. This
book reviews only a beginning of this exciting journey as it is clear that there will
be many years of exciting discoveries ahead.

Michael A. Carpenter
Sanjay Mathur

Andrei Kolmakov
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Introduction

Modern chemical sensors can be defined as a transducer, which is comprised of, or
coated with, a chemically responsive layer. The transducer converts forms of
energy such as electrical, optical, or mechanical into a measurable signal. The
chemically responsive layer, however, is what makes chemical sensors unique
from physical sensors. This layer is needed as there are nearly an infinite number
of detectable chemicals that are important for a variety of applications including
automotive, mining, pharmaceutical and many other industries as well as personal
safety and homeland security. In order for the chemical sensor to respond to the
target chemical of interest, the chemically selective layer needs to preferentially
interact with the target chemical. This interaction causes a change in the trans-
ducer’s properties, which produces a change in the sensor signal. If these target
chemicals could be detected using chemical sensors with the required detection
limit, sufficient selectivity as well as an acceptable cost factor, the industrial and
personal applications of chemical sensors would penetrate a variety of markets.
These basic chemical sensing concepts are not new, and no doubt were envisioned
with some of the very first chemical sensor demonstrations. The earliest of which
may be likened to nineteenth and early twentieth century miners who were cer-
tainly grateful for their ‘‘hand held’’ air quality monitor, the canary. Once their
canaries stopped singing (acoustical transduction) and fell off their perch
(observed signal), the miners would immediately evacuate the mine as this was an
indication of a buildup of combustible gases (methane) or carbon monoxide. Either
of which could cause a fatal condition for the miners and unfortunately for the
canary, it was nearly always a fatal condition.

With the passage of time and the industrial revolution a tremendous amount of
development work has been completed over the years in the field of chemical
sensors and thankfully it appears that the industry has moved beyond the use of
canaries. While air quality monitoring is one application of chemical sensors,
monitoring of our other natural resources, water and soil quality are also of vital
importance. Chemical sensors, or their need, can also be found in a variety of
technological areas including: combustion, agricultural, industrial processing, food
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industry, medical, public safety, among many others. As the technology and
processes in each of these individual areas mature the sensor required typically
becomes more challenging to develop with regards to their reliability, detection
limits, sensitivity, selectivity and cost.

Recently there have been several new publications that have described the
history and fundamental operating principles of a variety of chemical sensors [1–3]
and these details need not be included in this book. For the current work we will
focus on the use of metal oxide nanomaterials for chemical sensors. One of the first
landmark demonstrations, which in hindsight is a precursor to modern metal
oxide-based chemical sensors was the Nernst lamp developed in the late nineteenth
century [4]. Nernst’s studies on the electrolytic conduction of metal oxides showed
that while they were non-conductors at room temperature, at high temperatures,
upwards of 700 K, these metal oxides became conductors and in being resistively
heated they also produced a brilliant white light. Furthermore, they could be
reliably operated in the presence of air and did not need to be encapsulated in a
non-oxidizing environment, as did its incandescent predecessors. Thus in 1904 the
Nernst lamp replaced those comprised of carbon filaments, but this was short-lived
as the Nernst lamp was eventually replaced by the tungsten lamp [5]. Interestingly
though, the Nernst lamp used yttria-stabilized zirconia (YSZ) as its incandescent
source and as such is closely related to Lambda oxygen sensors which are used in
automobiles even today. YSZ has over time been shown to be stable in oxidizing
atmospheres at temperatures even as high as 1,200 K and is an excellent oxygen
ion conductor, leading to its widespread use as an electrolyte in solid oxide sensors
and fuel cells. Lambda sensors typically have a hollow cylinder of YSZ, with the
outer wall exposed to the exhaust gas and the inner wall exposed to the ambient
atmosphere. At elevated temperatures (700 K) oxygen is reduced on the YSZ
electrolyte and the gradient of oxygen ions at elevated temperatures induces an
ionic potential across the electrodes placed on the inner and outer walls of the YSZ
cylinder.

The Lambda oxygen sensor developed during the late 1960s by the Robert
Bosch GmbH Company used a very similar design as described above. This device
was first used in cars as part of an emissions control system in 1976. The use of
this device allowed for optimization of the fuel to air mixing ratio for more
efficient combustion of fuel and in doing so reduces the concentrations of unburnt
fuel and oxides of nitrogen (NOx) that are emitted into the atmosphere. The
reduction in these emissions have been critical in the improvement of tropospheric
air quality over the last three decades, making the integration of O2 sensors in cars
a key enabling technology for the improvement of vehicular emissions.

The Taguchi gas sensor, sold by Figaro Engineering, is another example of a
very successful chemical sensor and these devices have been mass-produced since
1968. This sensor was developed out of research conducted by Mr. Naoyoshi
Taguchi and uses the chemiresistive properties of semiconductor metal oxides as
the transduction mechanism. Tin oxide is the most popular metal oxide used in
these sensors and by functionalizing them with various catalytically active mate-
rials (Pd, Pt, Au, etc.) an entire product line of sensors which detect common
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combustible and reducing gases such as H2, CO, CH4 as well as gases of interest to
various industrial applications can be purchased.

What kind of properties makes metal oxides so attractive for their use in gas
sensors? Metal oxides in general have proven to be resistant to high temperatures,
often are catalytically active, are optically transparent in the visible wavelengths,
and are wide band gap materials that are often used as electrical insulators or
semiconductors in a variety of electrical devices [6]. The electrical and optical
properties and the chemical reactive characteristics of metal oxides are the key
attributes for chemical sensing applications. Metal oxides such as YSZ, SnO2,
TiO2, ZrO2, CeO2, ZnO, CuO and many others commonly undergo oxidation and
reduction cycles under appropriate conditions. Metal oxides exposed to oxidizing
gases, such as O2 or NO2 as an example, will typically result in reactions of the
following general form:

(1) O2 + 2e-
� 2O-

(2) 2O- + 2e-
� 2O2-

(3) NO2 � NO + O
(4) O + e-

� O-

(5) O- + e-
� O2-

While this is a greatly simplified reaction scheme, as it does not show all of the
possible intermediates, the common theme for oxidizing gases is that they tend to
form O- and/or O2- ions. The formation of oxygen ionic species at the surface
leads to buildup of the depletion (accumulation) region in n- (p-) type of semi-
conducting metal oxides, which effectively modulates their conductance. On the
other hand, in order for the doubly ionized oxygen anion to be stabilized it needs to
diffuse into an oxygen vacancy site formed at a lattice defect. These modifications
of the defect sites will in turn affect the optical (luminescent, color) properties of
oxide.

Reducing gases such as H2 or CO are thought to react readily with the afore-
mentioned oxygen anions along the following simplified reaction paths:

(6) H2 + O-
� H2O + e- or H2 + O2-

� H2O + 2e-

(7) CO + O-
� CO2 + e- or CO + O2-

� CO2 + 2e2-

A few logical questions can be raised at this point: how are these electrons
donated from/to the sensing material, how does this produce a measurable affect
on the transduction mechanism of choice and how does size as well as morphology
of the sensing element influence the transduction function? For chemical sensors
that rely on the change in resistance of an n-type (p-type) metal oxide semicon-
ductor as the transduction mechanism, a decrease in valence band electrons used
for production of oxygen anions with the accompanying formation of the depletion
(accumulation) regions in the sensing material will cause an increase (decrease) in
resistance. Likewise upon exposure to reducing type gases, there will be a
reduction in the number of ionosorbed oxygen species and the electrons will be
donated back to the metal oxide semiconductor causing a decrease (increase) in
resistance. For systems that rely on the modulation of optical properties as a
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transduction mechanism the change in oxygen anions upon reaction with the target
gases produces a strong signal as well. This has been most commonly observed
with ZnO and TiO2 [7, 8]. In both of these cases there are oxygen defect states that
are a source of photoluminescence upon excitation with a UV photon. If the defect
states (or oxygen vacancy) are not populated with oxygen anions, this channel is
available for photoluminescence, and likewise it turns off when oxygen anions
occupy the defect state. Therefore in the presence of an oxidizing gas, photolu-
minescence is reduced, while in the presence of a reducing gas, photoluminescence
increases. The interaction mechanism is slightly different for Lambda type sensors.
In this case oxygen still follows the simplified reactions noted in schemes (1) and
(2) above, however, the transduction mechanism is dictated by the diffusion of the
incorporated O2- bulk ions. This is driven by a concentration gradient of O2- ions
between the ambient and emission side of the YSZ component, and the quantity
measured is the change in ionic conductance. It is interesting to note that the
details of the above reaction mechanisms are strongly material and materials
processing specific and in many cases are an active area of research in the opti-
mization of these materials for enhanced sensitivity and selectivity characteristics.

While the use of metal oxides has provided many useful chemical sensing
results, it is quite common to add either dopants or catalytically active materials to
the metal oxide to modify its reactive/sensing properties. As an example: the
addition of yttria (Y2O3) dopants to zirconia creates the commonly used yttria-
stabilized zirconia metal oxide that is used in the Lambda sensors as well as in
solid oxide fuel cells. Catalytically active materials such as Pt, Pd, Au, Fe2O3

among many others are also added to metal oxides to modify the reaction paths
and rates with the aim of increasing the detection limits as well as enhancing the
selectivity towards detection of specific target gases.

For over 40 years the most visible application of chemical sensors was
employment of O2 sensors in automobiles and CO detectors in households. Cur-
rently there exists a strong demand in chemical sensors for bio-medical applica-
tions, homeland security, environmental control as well as in appliances within our
homes, or in our portable electronics. To meet these needs improvement of
selectivity, sensitivity, power consumption along with reduction in cost and size
for the chemical sensing systems has to be realized. It is here where over the last
10–15 years, advances in the areas of nanoscale science and engineering of metal
oxide composite materials have shown promise for their incorporation and
potentially disruptive advancement of chemical sensor technologies. Advantages
that are realized by nanoscale materials include a number of new functional
opportunities as well as financial aspects. In the simplest case, the surface area to
volume ratio of a spherical particle increases by a factor of 1/r with a reduction in
particle size. Particles with diameters below 10 nm contain a significant fraction of
their material in the surface layer of the particle. This is important as the catalytic
reactions responsible for sensing action take place at the surfaces of these metal
oxide materials. The reduction in size will not only reduce costs but may also
provide novel opportunities in realization of new receptor/transduction principles
in chemical sensing. Specifically, the reduction in size of metal oxides often
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contributes to emerging catalytic reaction characteristics, which can be taken
advantage of during the design of an optimized material for detection of the target
gases. As the catalytic properties of metal oxides also typically are tailored by
decorating the metal oxide with metallic particles, this reduction in size is also
beneficial for modifying the catalytic properties of nanocomposite materials
comprised of both metal and metal oxide nanoparticles [9]. Further yet, the metal
oxide nanocomposites can be processed to include 3-D assemblies of either par-
ticles or nanowires. The porosity of these assemblies can be highly beneficial for
enhanced adsorption of the target gases, and with this 3-D heterostructures can be
developed with individual components within the heterostructure designed for
particular interactions. However, a balance here clearly needs to be struck, as
highly porous materials can have enhanced adsorption properties, but for use in a
chemical sensor this property does not want to be enhanced to the point where it
acts like a chemical sieve or trap for the target chemicals, as an optimal chemical
sensing material must have both a fast response and recovery time.

While optimizing the chemistry, size and microstructure of metal oxide and
metal doped metal oxide composite materials for catalytic chemical reactions is at
the forefront of the design of materials for chemical sensors, the reduction in size
to the nanoscale also allows for enhanced transduction properties. As noted above
chemiresistor-based sensing devices operate under the principle that upon
adsorption and or reaction of gases the resistance across the conducting channel
changes in a characteristic fashion. When the metal oxide composite material
which coats the electrodes is comprised of either a bed of percolating nanoparticles
or nanowires the resistance change can be dictated both by the individual contact
resistances between particles or wires, but also through the formation of a
depletion layer inside the individual nanoparticle (nanowire) [10]. As electrons are
donated from the conduction band to enable chemical reactions an electron
depletion layer is formed, and resistance across an n-type material will increase.
As this layer approaches the respective materials Debye length the conductance
changes can be quite significant. This is more clearly relevant when the Debye
length, which is typically on the order of several nanometers, is on the order of the
size of the nanoparticle or nanowire. In these cases the depletion layer envelops the
whole nanoparticle or nanowire and resistivity changes should be the largest and
most beneficial for sensitive analyte detection. In metal oxides composed of
nanosized grains almost all the carriers are trapped in surface states and only a few
thermally activated carriers are available for conduction. In this configuration the
transition from activated to strongly de-activated carrier density, produced by
reactions with the target gas species, has a huge effect on sensor conductance.
Thus, the technological challenge has moved to the fabrication of metal oxide-
based sensors with crystallite sizes as small as possible which maintain their
stability over long-term operation at high temperature.

To decouple and better understand the contribution of the interconnects and
individual nanoparticles (nanowires) in the sensing process, recent work has been
focused on using single particles or single nanowires between two electrodes as
model sensing devices. This is easiest to visualize for a single chemiresistor pinned

Introduction xvii



between two electrodes [10]. In this approach, the nanowires are usually placed
between two electrodes, and biased at constant voltage, reading the change in
resistance (RES). This approach works on the same principle with thin film con-
ductometric gas sensors. Sensors based on single crystalline nanowires may be
advantageous over their planar counterparts as almost all of the adsorbed species
are active in producing a surface depletion layer compared with a thin surface. If
the nanowire diameter is on the order of its Debye length, then reactions which
deplete electrons from the conduction band will form a depletion layer that spans
the entire core of the nanowire, resulting in a dramatic increase in resistivity for
this nanowire. These features together with transport of charge carriers in one-
dimensional channels are responsible for enhanced sensitivity and thus ultra low
detection limits. There are other benefits as well, in that one can not only measure
the change in resistance of the nanowire, but by applying a constant voltage to the
wire, the wire itself is resistively heated [11]. This is an important point because
most metal oxide-based materials need to be operated at elevated temperatures in
order for them to function as a chemical sensing material. Typically these tem-
peratures range between 100 and 500 �C. By integrating the heater into the very
design of the nanowire-based chemiresistor, a component required for integration
into a chemical sensing platform has been removed and therefore simplifies its
production and minimizes the sensor power consumption to record low levels in
the micro-watt range. While the use of individual nanowires is proving to enhance
the sensing properties of these materials, it is still challenging and expensive to
produce this kind of sensor, as the nanowire is still most often ‘‘picked up’’ and
‘‘pinned’’ in place on electrodes to ensure good electrical contact. However, this
single nanowire approach is clearly not a scalable method yet. While work is in
progress to develop methods to grow or align the individual wires of a given size
and composition between electrical contacts, this is still an area of research with
much work to be done to ensure that this is a scalable method which can be
compatible with modern device integration paradigms.

In order to find new principles of analyte detection and to enhance the selec-
tivity as well as sensitivity limits by miniaturization of active sensing elements,
heterostructured sensor devices utilizing multiple transduction techniques are
currently being explored. An example of this type of device structure using an
integrated RES and surface ionization (SI) approach has recently been proposed.
In this device a metal oxide is electrically contacted directly opposite a counter
electrode. Resistive measurements are performed between the two electrodes
making contact with the nanowire, whereas SI recordings are carried out between
the nanowire and the counter electrode. Surface ionization is an alternative method
of gas detection, which was studied in the past by several groups mostly for noble
and refractory metals, whereby ionosorbed analyte ion species are extracted into
free space by a counter electrode positioned at a short distance above the hot
emitter surface [12–14]. In contrast to earlier reports on metals, the recent
developments have demonstrated that the SI principle can be applied to SnO2

nanowires as the emitter surface which is the most widely employed material in
the fabrication of RES metal oxide gas sensors [15].
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In closing, while metal oxide nanomaterials have many promising attributes
that are pushing the state of the art in chemical sensor development, system
integration is a major challenge. For metal oxide-based chemical sensors these
include incorporation of a variety of ancillary components including heaters, gas
sampling mechanisms (active or passive), power sources, and the associated
electronics for signal processing and data analysis. While the use of nanomaterials
allows for reduced requirements for power consumption, this nanomaterial still
needs to be incorporated into a bulk device for all current applications of chemical
sensors. Again, this is a common integration problem for many types of devices
and if the market requires bulk quantities of units, a process which uses parallel
manufacturing paradigms is inevitably a requirement in order to drive down
production costs. A solution to this problem would be integration onto a platform
such as silicon, which allows one to take advantage of the parallel processing
methods, which have been developed over the past decades for the MEMS and
integrated circuit (IC) industries. While not every process step utilizing metal
oxide nanomaterials is compatible with the strict material and processing protocols
used in the IC industry, there are components, which can likely be coupled post-
processing. Therefore it is not surprising that modern device fabrication methods
using a combination of MEMS and silicon IC processing techniques are currently
being explored to probe this next step in the development of chemical sensors for
pervasive use across a variety of applications. The development of novel metal
oxide nanomaterials and new sensing paradigms in combination with integration
strategies for production of scalable chemical sensors promises to lead to a variety
of new research directions as well as sensors which will satisfy the needs of a
range of technological fields for many years to come.

Michael A. Carpenter
Sanjay Mathur

Andrei Kolmakov
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Chapter 1
Insights into the Mechanism of Gas Sensor
Operation

Aleksander Gurlo

Abstract Since the development of the first models of gas detection on metal-
oxide-based sensors much effort has been made to describe the mechanism
responsible for gas sensing. Despite progress in recent years, a number of key
issues remain the subject of controversy; for example, the disagreement between
the results of electrophysical and spectroscopic characterization, as well as the lack
of proven mechanistic description of surface reactions involved in gas sensing. In
the present chapter the basics as well as the main problems and unresolved issues
associated with the chemical aspects of gas sensing mechanism in chemiresistors
based on semiconducting metal oxides are addressed.

‘‘Sensors have a ‘life cycle’ consisting of preparation,
activation, operation with deactivation and, possible,
regeneration. Thus understanding the performance in terms of
reaction and conductance mechanisms is only a part of the
total understanding of a sensor.’’

Dieter Kohl, Sensors and Actuators 1989, 18, 71.
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� Springer Science+Business Media New York 2013
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1.1 Chemiresistors: From Semiconductor Surfaces
to Gas Detectors

Since the early 1920s numerous investigations have demonstrated the influence of
the gas atmosphere on conductivity, free carrier mobility, surface potential, and
work function on a number of semiconductors (see summary of early works in [1–
13]). This led to the understanding that the surface of semiconductors is highly
sensitive to chemical reactions and chemisorptive processes [3, 14–20] and
resulted finally in the ‘‘theory of surface traps’’ (Brattain and Bardeen [21]),
‘‘boundary layer theory of chemisorption’’ [10, 22, 23] (Engell, Hauffe and
Schottky) and ‘‘electron theory of chemisorption and catalysis on semiconductors’’
(Wolkenstein [5–7, 24]). They laid also the theoretical foundations for the sub-
sequent development of metal-oxide-based gas sensors.

Although from this understanding to the use of semiconductors as gas sensors
‘‘was, in principle, a small step’’ [25], the idea of using the changes in conductivity
of a semiconducting metal oxide for gas detection was not conceived until the
middle of the 1950s. The earliest written evidence came in 1956, in the Diploma
Thesis performed in Erlangen under supervision of Mollwo and Heiland and
entitled ‘‘Oxygen detection in gases changes in the conductivity of a semicon-
ductor (ZnO)’’ [26], the results discussed later in [1, 27]: ‘‘If one exposes a zinc
oxide layer which has been given a previous heating at 500 K in a high vacuum to
oxygen at a constant pressure, the conductivity falls very rapidly initially and more
slowly later. If one then increases the oxygen pressure suddenly, the current of the
conductivity exhibits a kink when plotted as a function of the time. In this change
the slopes immediately before and immediately after the kink point are propor-
tional to the partial pressure of oxygen. One can use this effect to relate a known
and an unknown concentration of oxygen often even under conditions in which
one has a mixture of gases…’’ (cited from Ref. [1]). In 1957, Heiland showed that
the ‘‘well-conducting surface layer on zinc oxide crystals provides a new, very
sensitive test for atomic hydrogen’’ [28] and Myasnikov demonstrated that ZnO
films can be used as a highly-sensitive oxygen-analyzer [29]. Later he developed
this ‘‘to the method of semicondutor probes’’, which allows for ‘‘studying free
radical processes’’ and for detecting ‘‘free active particles and to measure their
concentration under stationary and non-stationary conditions in gases and liquids’’
[30]. However, the conditions under which ZnO was able to operate as a ‘‘sensing
device’’ were far from the real ambient conditions (and, accordingly, from a
practical application); the ‘‘sensitive’’ effects were observed: (i) in vacuum con-
ditions, exposed to oxygen or hydrogen, (ii) after ‘‘activation’’ or ‘‘sensitization’’
of the surface by heating in H2 and in UHV.

The practical use of metal-oxide-based gas sensors in normal ambient condi-
tions was not considered until 1962, when Seiyama et al. reported that a ZnO film
can be used as a detector of inflammable gases in air [31] (see also [32]), and
Taguchi claimed that a sintered SnO2 block can also work in the same way [33]
(for the history of TGS (Taguchi Gas Sensor) sensors, see [34]). The latter
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approach became very successful, leading to the foundation of the first sensor
company (Figaro Engineering Inc.), which established mass production and started
selling the TGS sensors in 1968.

Since then, many different metal oxides have been investigated as sensing
materials (see, for example, Ref. [35] for a comprehensive review), however, tin
dioxide (SnO2)—alone or ‘‘activated’’ with small quantities of noble metals/their
oxides (Pd, Pt, Au)—has remained the most commonly used and the best-under-
stood prototype material in commercial gas sensors [36] as well as in the basic
studies of the gas sensing mechanism [35–43].

1.2 Characterization Methodology: From Prototype Surfaces
to Operating Sensors

The detailed characterization of metal oxide sensors requires the ‘‘simultaneous
measurement of the gas response and the determination of molecular adsorption
properties for a better understanding of gas sensing mechanisms’’ [44]. This
measurement can be done either on clean and well-defined surfaces in ultrahigh
vacuum (UHV) conditions or at temperatures and pressures that mimic real sensor
operating conditions (‘‘in situ’’ [45]). Continuous progress has been made during
the past few years for the latter strategy, i.e. toward the use of in situ and operando
spectroscopic techniques.

The ‘‘crossing of interests’’ [46] and ‘‘bridges of physics and of chemistry
across the semiconductor surface’’ [47] determined experimental methodology
applied for the gas-semiconductor studies in general and gas sensing studies in
particular in the course of the last 50 years.

The first systematic methodological approach (‘‘design concept for chemical
sensors’’) in gas sensing-studies was explicitly formulated in 1985, in a series of
papers entitled ‘‘Development of chemical sensors: empirical art or systematic
research?’’ ([48–50], see also [51]]).

The underlying concept was that by ‘‘studying the surface of single crystals under
well-defined conditions, one might try to achieve a better separation of parameters
influencing the properties of gas sensors’’ [52]. The reactions were addressed by
surface spectroscopic methods under ultra-high-vacuum (UHV) conditions on well-
defined ‘‘prototype’’ structures while the sensor performance was tested under
realistic measuring conditions on the structures of practical importance (‘‘sensors’’).

This ‘‘comparative approach’’ advanced the basic understanding of surface
reactions and the corresponding conduction mechanism responsible for gas sens-
ing. However, it showed also the limits of surface science in gas-sensing studies
and led to the understanding that if spectroscopic and electrical data are not
obtained simultaneously, they must be obtained (i) under the same conditions and
(ii) on identical samples. A comprehensive description of surface reactions on
SnO2 published in 1989 resulted from simultaneous thermal desorption
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spectroscopy (TDS; i.e. reactive scattering of a molecular beam) and conductance
measurements [52]. These measurements were applied to SnO2 single crystals and
thin evaporated films exposed to a certain dose of CH3COOH, CO or CH4 in UHV
conditions while at the sensor operating temperature.

As an alternative to sensing studies on single crystals or thin films, sensing
characterization studies have focused on a combination of electrical measurements
with spectroscopic investigations of catalysis reactions on polycrystalline, high
surface-area materials with the aim to ‘‘link semiconductor studies with catalytic
studies’’ [9]. However, most of the studies were performed under conditions far
from the real working conditions of sensors (for the summary of numerous studies
on semiconducting metal oxides, see references [4, 13, 53]). Besides spectroscopic
and catalytic (kinetic) investigations (SnO2: kinetic studies of CO oxidation [54],
IR spectroscopic studies of water, CO2 and CO adsorption [55], (summarized in
Ref. [56]), EPR investigations of oxygen adsorption, [57], (reviewed in references
[58, 59])), the improvements were concentrated on devising systems and in situ
cells for combined (i.e., performed under the same conditions on ‘‘identical’’
samples) and simultaneous electrical, catalytic and spectral investigations.

These activities, however, were overlooked by the sensor community at that
time, as in situ electrical characterization of realistic (‘‘polycrystalline’’) samples,
namely, the Hall effect measurements (1982 [60]), changes in work function
(CPD) by the Kelvin method (1983 [61]), ac impedance spectroscopy (1991 [62,
63]), simultaneous work function change and conductance measurements (1991
[64]) were preferred for studying the mechanism of operating sensors [99].

Later, this approach was followed systematically in the number of works
(reviewed in references [38, 65], recent works in references [66–70] and references
therein) to elucidate a mechanism of gas detection on SnO2-based sensors. Local
electronic properties (e.g., the density of states in the region near the band gap) of
a sensing material were determined by scanning tunnelling microscopy and
spectroscopy (STM-STS) in vacuum conditions [71–73] or under N2, CO and NO2

(at room temperature) [74].
By the end of the 1990s, the spectroscopic techniques for gas-sensing studies

were differentiated according to conditions under which they can be applied: those
that may be applied ‘‘under in situ real operation conditions of the sensors’’ and
those that may be applied ‘‘under ideal conditions far away from real practical
world’’ [75]. This differentiation subsequently resulted in the systematic combi-
nation of phenomenological and spectroscopic measurement techniques under
working conditions of sensors [38], and thus lead to the in situ and operando
methodology.

Continuous progress has been made during the past few years for the latter strategy,
that is, the use of in situ and operando spectroscopic techniques (see [76, 77]):

• In situ spectroscopy: spectroscopic characterization of sensing materials under
operation conditions or conditions relevant to operation conditions; herein, the
sensing performance of this material may be not characterized or may be
characterized in a separate experiment,
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• Operando spectroscopy: spectroscopic characterization of an active sensing
element in real time and under operating conditions with the simultaneous read-
out of the sensor activity and simultaneous monitoring of gas composition.

These definitions determine the boundary conditions under which an ‘‘oper-
ando’’ experiment is performed:

1. on a sensing element, which itself is a complex device and consists of several
parts: in solid-state devices with an electrical response, for example, the sensing
layer is deposited onto a substrate to which electrodes for an electrical read-out
are attached (‘‘transducer’’); therefore the assessment of their interfaces is of
paramount importance for understanding the overall sensing mechanism;

2. in real time: a sensor is devised to respond to the changes in the gas atmosphere
as fast as possible; accordingly, it demands a fast spectroscopic response;

3. under operating conditions: these can vary from ambient conditions (RT and
atmospheric pressure) to high temperatures and pressures;

4. with simultaneous read-out of sensor activity: the gas concentration to be
measured is transduced by the sensor into an electrical or other convenient
output, depending on the modus operandi of sensor (optical, mechanical,
thermal, magnetic, electronic, or electrochemical) and the transducer
technology;

5. with simultaneous monitoring of gas composition; on-line gas analysis in gas
sensing plays a twofold role: (i) the output compositions and concentrations
provide data about reaction products and possible reaction paths and (ii) the
input concentration verifies the sensor input data (concentration of the com-
ponent to be detected).

The operando methodology couples electrical (‘‘phenomenological’’) and
spectroscopic techniques and, aims to correlate the sensor activity with the
spectroscopic data obtained under the same conditions on the same sample
(Fig. 1.1). In an ideal case, one would obtain four types of information: (i) gas-
phase changes (and reaction products) from on-line gas analysis, (ii) species
adsorbed on the surface, (iii) changes in the oxide surface and lattice, and (iv)
sensor activity.

1.3 Mechanism of Gas Detection: Never Ending
Story About Oxygen

Epigraph

Due to the electron affinity of oxygen, the electron can be transferred to the chemisorbed
oxygen and, consequently, there will be no chemisorbed oxygen atoms, but ions, in the
surface

K. Hauffe, Adv. Catal. 1955, 7, 213– 257.
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Since the development of the first models of gas detection on metal-oxide-based
sensors [78, 79] much effort has been made to describe the mechanism responsible
for gas sensing (see, for example, [80–82]). Despite progress in recent years, a
number of key issues remain the subject of controversy; for example, the dis-
agreement between electrophysical and spectroscopic investigations, as well as the
lack of a proven mechanistic description of surface reactions involved in gas
sensing.

Nowadays, the influence of the gas atmosphere on the electrical transport
properties of semiconductors and, accordingly, the operation of metal-oxide-based
gas sensors is currently described by the combination of two different models; they
are the ionosorption and the reduction-reoxidation mechanisms (Table 1.1). The
ionosorption model considers only the space-charge effects/changes of the electric
surface potential that results from the ‘‘ionosorption’’ of gaseous molecules. The
reduction-reoxidation model explains the sensing effects by changes in the oxygen
stoichiometry, that is, by the variation of the amount of the (sub-) surface oxygen
vacancies and their ionization. The latter involves explicitly the diffusion of
oxygen (or oxygen vacancies) from/in the bulk of the sensing material.

1.4 Oxygen Ionosorption

The electrical conductivity and work function can be described as collective
physical properties of semiconductors which are changed by an ionosorption
process and are accessible to measurement. The key in the mechanistic description
of gas sensing is ‘‘oxygen ionosorption’’ and reaction of reducing gases with
ionosorbed oxygen ions.

- catalytic activity
- reaction products
- reaction path

On-line gas 
analysis

Gas-mixing
system

Dosing of 
gases

in situ cell

UI UISensor activity: 
DC conductance

Spectroscopy
XAS, DRIFTS,
Raman, IRES,
CEMS, Uv-vis

Heating

Heating
electrodes

Sensing
electrodes

Sensing
layer

- surface chemistry
- bulk processes

Fig. 1.1 Methodological approach for simultaneous spectroscopic and electrical (‘‘phenomeno-
logical’’) characterisation of metal-oxide-based gas sensors. Modified from ref. [76]
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The oxygen influence on the electrical conductivity and work function is very
well documented. For SnO2, for example, exposure of single crystals (Ref. [83]
and refs therein), polycrystalline samples (porous films [84], powders [57], pressed
bars[85]) as well as one dimensional nanostructures [86, 87] to oxygen leads to the
(i) decrease in the electrical conductivity and in the concentration of conduction
electron density (Hall effect measurements [57]), (ii) increase in the work function
observed in UHV conditions (XPS/UPS [88]) and under atmospheric pressure
(simultaneous Contact Potential Difference, CPD, and conductance measurements
[84]). Similar effects have been also observed on TiO2 and ZnO (see early pub-
lications on TiO2 [89, 90] [91] and on ZnO [3, 92–95]).

The magnitude of the changes depends strongly on the oxide temperature (see
for example [85] and [84]), particle size and pre-treatment (history). On high-
surface area and reduced samples the changes are much higher in comparison to
single crystals and oxidised samples. The reduced samples show activity at tem-
peratures as low as room temperature (r.t.), for oxidised samples higher temper-
atures ([100 �C) are needed. This difference between oxidised and reduced
samples is usually ignored by the ‘‘ionosorption theory’’.

Because the detailed mechanism of oxygen adsorption cannot be derived
directly from electrophysical investigations[96], the chemistry of adsorbed surface
oxygen on SnO2 was adapted from the ‘‘ionosorption model’’ [97–100]. It was
assumed that the thermally stimulated processes of oxygen adsorption, dissociation
and charge transfer involve only conduction electrons [4, 81]:

O2ðgasÞ $ O2ðadsÞ Physisorption
O2ðadsÞ þ e�ðCBÞ $ O�2 ðadsÞ Ionosorption

O�2 ðadsÞ þ e�ðCBÞ $ O2�
2 ðadsÞ $ 2O�ðadsÞ Ionosorption

O�ðadsÞ þ e�ðCBÞ $ O2�ðadsÞ Ionosorption

O2�ðadsÞ $ O2�ð1st bulk layerÞ Diffusion

total (O2
-+O-)

Neutral 

(lattice oxygen ion Olat
2-)

O2
O2

- O-

0.16
0.14

0.12

Fig. 1.2 The simulated
equilibrium coverages of the
oxygen species. The
transition from O2

- to O- is
calculated to be around
700 K (intersection at
427 �C). Copyright Elsevier,
reproduced with permission
from Ref. [100]
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The nature of the ionised oxygen species is assumed to depend on the adsorption
temperature (Fig. 1.2). At low temperatures (150–200 �C) oxygen adsorbs on SnO2

non-dissociatively in its molecular form (as charged O2ads
- ions). At high tempera-

tures (between 200 and 400 �C or even higher) it dissociates to atomic oxygen (as
charged Oads

- or Oads
2- ions) [4, 37, 75, 80, 81, 98, 99, 101]. Neutral oxygen species such

as physisorbed oxygen, O2, phys, are assumed not to play any role in gas sensing. The
same holds for the lattice oxygen ions, Olat

2-, in bulk materials at temperatures not high
enough for fast oxygen exchange reactions (see detailed discussion below).

At this point, a problem of semantics starts to bring additional confusion,
especially in the operational use of the terms ‘‘charged’’ species and the ‘‘charge
transfer’’ at the surface. In semiconductor physics, the charge transfer implies by
definition the transfer of free charge carriers, that is, conduction electrons or holes.
Accordingly, the species that influence the electrical conductivity are regarded as
‘‘charged’’ or ‘‘ionized’’. They are represented by free oxygen ions. The species
that do not influence the conductivity are regarded as ‘‘neutral’’. They are repre-
sented by physisorbed oxygen molecules.

The phenomenological model describes the oxygen ionosorption on an n-type
semiconductor as follows:

• ionosorbed oxygen species are formed due to the transfer of conduction elec-
trons from the semiconductor;

• they can be regarded as free oxygen ions which are electrostatically stabilized in
the vicinity of the surface;

• there are no other adsorbed oxygen species besides physisorbed oxygen and
oxygen ions;

• physisorbed oxygen is electrically neutral and oxygen ions are electrically active
(‘‘charged’’) species.

The simplified picture showing the influence of adsorption on surface con-
ductivity and work function is as follows. An oxygen molecule becomes physi-
sorbed at the surface. In the next step, an electron from the oxide’s conduction
band is trapped at the adsorbed oxygen molecule. The adsorbed oxygen molecule
and surface itself become negatively charged. The flow of electrons from the
semiconductor into the chemisorbed layer, without any diffusion of ionic species at
the same time, induces a space charge between the interior of the semiconductor
and its surface. The negative surface charge is compensated by a positive charge
and a space-charge layer forms below it. This positive space-charge layer has
reduced electron densities as compared to the bulk and is called an ‘‘electron-
depleted layer or a charge depleted layer’’. As a result the energy band, pertaining
to the surface, bends upwards with respect to the Fermi level. This causes the
creation of barriers on the surface, (qDVS [ 0), due to the increasing work
function, (qDVS [ 0), and decreasing surface conductance (G = Gexp(–qDVS/kT)
(Fig. 1.3). The process of charge transfer continues until equilibrium is reached
and a steady state is achieved. To prevent very high double-layer potentials, the
total amount of the ‘‘charged’’ species is limited to 10-5–10-3 monolayer which
corresponds approximately to 1 V of the surface potential VS (this is the so-called

1 Insights into the Mechanism of Gas Sensor Operation 11



Weisz limitation, see original [18] and discussion in [4]). Within the framework of
this concept, the operation of SnO2-based sensors is described as follows: oxygen
adsorbs in a delocalized manner, trapping electrons from the conduction band and
forming ions—‘‘charged’’ molecular (O2

- ads) and atomic (O-ads, O2
-ads) spe-

cies—electrostatically stabilized at the surface in the vicinity of metal cations.
This happens under real working conditions of sensors, between 100 and 450 �C,
at atmospheric pressure, at 20.5 vol. % background oxygen.

Reducing gases, like CO, react with the oxygen ions (by either Eley–Rideal or
Langmuir–Hinshelwood mechanism) freeing electrons that return to the conduc-
tion band.

The ionosorption theory explains also the increase in the sensing performance
with decreasing crystal size. Firstly, the reactivity of nanomaterials is mainly
determined by the so-called ‘‘smoothly scalable’’ size-dependent properties which
are related to the fraction of atoms at the surface [102]. As the crystal size
decreases, the surface-to-volume ratio increases proportionally with the inverse of
the crystal size. The increase in the total surface-to-volume ratio with respect to
the size decrease generates more ‘‘reactivity’’ due to a dominant surface-like
behavior caused by an increased fraction of atoms at the surface [102]. Thus, all
properties which depend on the surface-to-volume ratio change continuously and

EF

EVac

EC,S

EV,S

z z0

EV,b

EC,b μ

χ
Φ

ΔΦ=qVS Ed,S

O2
gas

O2
phys

O2
gas

OβS
Qss

-α

Fig. 1.3 Band bending on an n-type semiconductor after ionosorption of oxygen. Work
functions U of semiconductors contain three contributions; e.g. the energy difference between the
Fermi level and conduction band in the bulk (EC-EF)b, band bending qVS (q denotes elementary
charge) and electron affinity v: U = (EC - EF)b ? qVS ? v (due to the definition, VS = EC,S-

EC,B). For ionosorption the work function follows only the change in band bending
(DU = qDVS). The z0 denotes the depth of the depletion region; l—the electrochemical
potential; EV, B and EV, S—valence band edge in the bulk and at the surface, respectively; Ed,S—
donor level at the surface; EC, B and EC, S—conductance band edge in the bulk and at the surface,
respectively; EF—Fermi level; O2,gas is an oxygen molecule in the ambient atmosphere; O2,phys—
a physisorbed oxygen species; ObS

-a—a chemisorbed oxygen species (a = 1 and a = 2 for singly
and doubly ionised forms, respectively; b = 1 and b = 2 for atomic and molecular forms,
respectively)
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extrapolate rapidly at very low crystal sizes. As a consequence, nanoparticles with
increased surface-to-volume ratio are expected to be more reactive and accord-
ingly, more gas sensitive.

With decreasing crystal size there is also a transition from a partly to a completely
charge depleted particle that can be observed, depending on the ratio between the
crystal and the Debye screening length LD (K in Fig. 1.4) (for calculation, see for

Fig. 1.4 The mechanism controlling the conductivity change and its magnitude depends on the
ratio between grain size (D) and Debye screening length (K). If D [ 2K, the depletion of the
surface between the grain boundaries controls the conductivity. In this case low response to the
analyte is expected as only a small part of the semiconductor is affected by interaction with
analyte. If D B 2K, the whole grain depleted and changes in the surface oxygen concentration
affects the whole semiconductor resulting in high response. Copyright Wiley–VCH, reproduced
with permission from Ref. [43]
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example [37, 103]). For partly depleted particles, when surface reactions do not
influence the conduction in the entire layer, the conduction process takes place in the
bulk region. Formally, two resistances occur in parallel, one influenced by surface
reactions and the other not; the conduction is parallel to the surface, and this explains
the limited sensitivity [37, 39]. Fully depleted particles possess higher sensitivity as
the charge depletion layer fully impacts the conduction channel within the nano-
particle, thus achieving better performance in gas exposure experiments [43].

Summarizing, the atomic charged oxygen ion (O-ads) is assumed to be of
particular importance in gas sensing because ‘‘the O- ion appears to be more
reactive of the two possibilities and thus more sensitive to the presence of organic
vapours or reducing agents…’’ [81]. Accordingly, ‘‘there are two important
questions to resolve here: First, under what conditions does O- dominate over
O2

-? Second, what is the total surface charge as a function of … temperature and
partial oxygen pressure?’’ [81] As a consequence, ambitious efforts have been
made (i) to calculate the surface coverage by different types of ionosorbed oxygen
[6, 104–106] (Fig. 1.2) and (ii) to correlate the overall conductance of the sensors
with the chemical state of charged oxygen species at the surface [37, 107].

The contradiction arises when connecting the main statements of the iono-
sorption model to common chemical sense and spectroscopic findings.

A first example of this is to note that oxygen ionosorption should be reflected in
equal changes in the work function and band bending, kTln(G0/G) = qDVS = DU
(see also Fig. 1.3). These values can be independently obtained, for example, in
the simultaneous CPD (here DVCPD = -DU = qDVS) and conductance mea-
surements (here qDVS = kTln(G0/G), see an example in [38].

However, even if one can measure formal evidence for the pure oxygen ion-
osorption (kTln(G0/G) = DU, Fig. 1.5, the transient changes observed (qDVs = 0,
DU = 0 after 50 h) reflects very slow surface processes. These slow changes are in
sharp contrast to the fast charging expected at the oxide surface (see Ref. [108],
charging takes less than 5 ms even at 250 K) and this discrepancy is not explained
by ‘‘ionosorption theory’’.

Fig. 1.5 a The contact potential difference (CPD = -DU) 1 and the resistance 2 have been recorded
at different O2 concentrations 3 on the nanocrystalline SnO2 at 400 �C in dry nitrogen at atmospheric
pressure (adapted from Ref. [84]). b Calculated from a work function change (DU) 1 and band bending
(qDVS = kTln(G0/G)) 2 changes. Copyright Wiley–VCH, reproduced with permission [145]

14 A. Gurlo



The results shown in Fig. 1.5 strongly suggest that at 400 �C all other species,
besides ionic ones, can be regarded as being of secondary importance. However, at
200 �C a completely different behavior of the changes of the work function appear.
This is illustrated by Fig. 1.6 where changes in work function, band bending and
electronic affinity due to a pulse of 300 ppm oxygen are displayed for 200–400 �C,
respectively. The most important difference is the strong decrease in electronic
affinity at 200 �C. Such effects did not appear at 400 �C. As shown in Ref. [38],
the changes in electronic affinity are connected with the formation or loss of
dipolar species between adsorbate and adsorbent accompanied by localized
bonding. Therefore, in order to get an explanation of the experimental results we
have to allow for the possibility of dipole formation arising from the adsorption of
neutral molecular oxygen species (Fig. 1.7). These species are neglected in all
mechanistic description of gas sensing on semiconducting metal oxides.

A critical look at the available experimental data shows that the concept of
oxygen ionosorption is based exclusively on phenomenological measurements.
Despite trying for a long time, there has not been any convincing spectroscopic
evidence for ‘‘ionosorption’’. Neither superoxide ion O2

-, nor charged atomic
oxygen O-, nor peroxide ions O2

2-, nor CO+ have been observed under real
working conditions of sensors (see a recent review [109]).

With regard to the two main forms of charged oxygen species on the surface
(superoxide ion O2

- and charged atomic oxygen O-) and widely used in the
mechanistic description of gas sensing properties and modelling of oxide con-
duction mechanism, it appears that:

1. The superoxide ion (O2
-) has been observed only after low-temperature

adsorption \150 �C on reduced SnO2;
2. There has not been any spectroscopic evidence for the formation of charged

atomic oxygen (O-) on SnO2.

Fig. 1.6 Changes in work function (black), band bending (dark grey) and electron affinity (light
grey) due to 300 ppm O2 (-—-) at 200 �C (left) and at 400 �C (right). Copyright Elsevier,
reproduced with permission from Ref. [67]
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Moreover, several findings, such as (i) the formation of superoxide ion (O2
-)only at

low adsorption temperatures(\150 �C) on reduced SnO2, (ii) absence of a high-tem-
perature oxygen desorption (peak at 400–550 �C, attributed to adsorbed oxygen) if the
superoxide-ion is present at the surface, (iii) decrease in oxygen intensity with
increasing evacuation temperature; herewith the amount of O2 desorbed is equal to the
number of superoxide ion centres, (iv) correlation between TPD, EPR, IR and elec-
trophysical studies on reduced SnO2, allows us to conclude that the superoxide ion does
not undergo transformations into charged atomic oxygen at the surface and represents
a dead-end form of low-temperature oxygen adsorption on reduced metal oxide.

As known, the superoxide ion can undergo the following chemical changes on the
surface: (i) lose an electron (to the CB) and leave as gaseous O2 and (ii) gain an
additional electron (becoming a peroxide ion O2

2-), followed by cleaving to form
atomic oxygen and the lattice oxygen anion (O2-). According to the spectroscopic
data (there is no evidence either for peroxide ion or for charged atomic oxygen) the
transformation from superoxide ion to atomic oxygen does not happen on SnO2. This
indicates two competing channels for oxygen adsorption—molecular and dissocia-
tive. A similar mechanism has been recently postulated for TiO2 [110] and Ag [111].
On TiO2, only g2-coordinated dioxygen decomposes to oxygen adatom and a filled
oxygen vacancy (in contrast, the g1-coordinated dioxygen desorbs at 410 K [110]).
On Ag, upon heating, physisorbed oxygen transforms into molecular chemisorbed I
a-O2 (‘‘end-form’’) which does not dissociate into the atomic form due to the high
conversion barrier; only molecular chemisorbed II b-O2 (‘‘transformable form’’)
accessible only through a direct interaction from the gas phase (and not accessible
from physisorbed form) dissociates into atomic oxygen [111].

Fig. 1.7 Adsorption of O2 on a reduced SnO2 (110) surface. There is a stable state for a twisted
conformation on a fourfold Sn2+ site (a) It is expected to accept negative charge under building of
ionosorbed species and thus without influence on electron affinity (b) A stable conformation tilted
from the normal, where a Lewis acid/base interaction leads to a local dipole with a negative partial
charge on the tin and thus to a decrease in v, is also reported (c) Copyright Elsevier, reproduced with
permission from Ref. [67]
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The long sought efforts to quench ‘‘high-temperature’’ oxygen species (claimed
to represent charged atomic oxygen—O-) has not yielded any measureable suc-
cess. No such paramagnetic species have been observed on high-temperature
oxygen treated oxides (TiO2, SnO2, ZnO) [95, 112, 113]. Moreover, the EPR
evidence of the surface O- species formed due to oxygen adsorption is very
contradictory. Furthermore, from a review of the literature there isn’t convincing
evidence of their formation on n-type semiconducting oxides due to their direct
interaction with dioxygen. Likewise, it is not possible to connect the high-tem-
perature peak in the TPD spectra and the change in the conductivity with the
formation of surface O- species. Consequently, the conclusions on O- formation
on SnO2 are not supported by any spectroscopic data. Accordingly, the picture of
oxygen adsorption on SnO2 has to be modified in the following way (Fig. 1.8).

1.5 Oxygen-Vacancy Model (Reduction-Reoxidation
Mechanism)

This model focuses on oxygen vacancies at the surface, which are considered to be
‘‘the determining factor in the chemiresistive behavior’’ [114]. Tin dioxide, the
most extensively investigated sensing material, is oxygen-deficient and, therefore,
an n-type semiconductor, whose oxygen vacancies act as electron donors. Alter-
nate reduction and reoxidation of the surface by gaseous oxygen (Mars—van
Krevelen mechanism)control the surface conductivity and therefore the overall
sensing behaviour. In this model, the mechanism of CO detection is represented as
follows: (i) CO removes oxygen from the surface of the lattice to give CO2,
thereby producing an oxygen vacancy; (ii) the vacancy becomes ionized, thereby
introducing electrons into the conduction band and increasing the conductivity;
(iii) if oxygen is present, it fills the vacancy; in this process one or more electrons
are taken from the conduction band, which results in a decrease in conductivity.

Numerous experimental and theoretical works have evaluated the reduction-
reoxidation mechanism (see, for example, references [52, 114–119]); this mech-
anism still dominates in almost all spectroscopic studies (see, for example, ref-
erences [120–125], Table 1.2). For example, it was found that oxygen promotes

O2(gas) O2(ads) O2
–(ads) O–(ads) O2–(ads) O2-(1st bulk layer)O2

2–(ads)
+e +e

dead-end no convincing spectroscopic evidence

2 2 2

Only low-temperature (< 155 C) 
oxygen adsorption on reduced SnO2; 
desorption as gaseous O2

Only theoretical
prediction, 
unstable, 
undergoes further
transformations

Unclear from calculations, 
unstable, undergoes 
further transformations

Fig. 1.8 Scheme of oxygen interaction with metal oxides showing the superoxide ion as a dead-
end form. Modified from Ref. [145]
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water vapour dissociation on SnO2 at 330–400 �C [126]: an increase in the con-
centration of hydroxyl groups (peaks at 3640 cm-1) was observed for low oxygen
(2000 ppm) and water vapour (3 ppm) concentrations and evolved towards satu-
ration. This effect was explained by the reaction:

H2O ðgasÞ þ O�ðadsÞ þ 2SnSn
� $ 2ðSnSn

� � OHÞ þ e�ðCBÞ

At first sight this seems to provide evidence for the ionosorption model.
However, this effect (i.e. the increase in the concentration of hydroxyl groups
during oxygen exposure) can be explained just as well, by completely different
processes within the framework of the oxygen vacancy model. For example, an
EPR signal of single ionised oxygen vacancies (VO

• ) at 1.89 was observed after wet

Table 1.2 Some examples of main finding from in situ and operando case studies of gas sensing
on semiconducting metal oxides

Method Oxides Gases Main findings

IRES WO3, AlVO4 and
Co3O4 [124]

O2 in N2, C3H6 and
acetone in air

Ionisation of oxygen vacancies

DRIFTS CdGeON [147, 148] O2 in N2 Filling of oxygen vacancies; change of
the Ge coordination number

XAS SnO2 and Pd/SnO2

[136, 149]
CO and H2 in N2 Sn4+ and Pd2+ reduction as secondary

processes, CO and H2 oxidation by
ionosorbed oxygen

XAS Pt/SnO2 [150, 151] CO in N2, H2S Variation in Pt oxidation state in
reducing and oxidising
atmospheres

XAS SnO2; Pt/SnO2 [152,
153]

Air, CO/air, CO/N2,
O2

Variation in Pt oxidation state in
reducing and oxidising
atmospheres

CEMS Bi2O3-SnO2 [152, 153] He, CO/He, CH4/He Oxidation by lattice oxygen atoms,
formation of oxygen vacancies

FTIR TiO2, SnO2, In2O3,
WO3 [154–159]

CO2, CO, O2, O3,
NOx

Variations of the free carriers density

FTIR SnO2 [123, 128] O2/N2, CO/air, He/
air

Photoionisation of ionised oxygen
vacancy with increasing oxygen
content

SnO2, MoOx-SnO2, Pd/
SnO2, WOx-SnO2

[129, 160–163]

O2, CO, NO, NO2 Formation of oxygen vacancies and
their ionisation

DR UV-
vis

SnO2 [164] O2, hydrazine Formation of oxygen vacancies and
their ionisation

CEMS SnO2 and Ru, Pt, Pt/
SnO2 [165, 166]

NO/argon, air Formation of oxygen vacancies and
their ionisation

SnO2 and Pd/SnO2

[121]
CO/N2, air Formation of Sn (II) as indicator of

oxygen vacancy formation
EPR SnO2; Ru, Pt, Pt/SnO2

[120, 165–168]
Dry and humid air,

CO in air and
N2, NO/Ar, H2

Formation of oxygen vacancies and
their ionisation
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air treatment of SnO2 at 200 �C [127]. Accordingly, the observed influence of
water and oxygen can be described by the two reactions:

38; H2O ðgasÞ þ 2SnSn
� þ OO

� $ 2ðSnSn
� � OHÞ þ VO

� þ e�ðCBÞ
38; 2VO

� þ O2 ðgasÞ þ 2e�ðCBÞ $ 2OO
�

However, the problems associated with oxygen adsorption and detection of
reducing gases in an oxygen-free atmosphere are questioning the validity of the
reduction-reoxidation model (see detailed discussion below).

As we mentioned above, ionosorbed oxygen has never been observed in op-
erando and in situ studies on metal oxide sensors under working conditions [123,
124]. By contrast, operando and in situ spectroscopy provides very strong evidence
of the reaction and ionization of oxygen vacancies under operating conditions of
sensors [120–124].

The in situ FT-IR studies [123, 128] of SnO2 under working conditions (at 375–
450 �C) showed an increase of the intensity in the broad band in the region of
2300–800 cm-1 (so-called X-band) with increasing oxygen content. The prox-
imity of the absorption edge with respect to the ionization energy of the second
level of oxygen vacancies (1400–1500 cm-1 * 170–180 meV) is indicative of
the electronic transition from this level to the conduction band (i.e. photoionisation
of VO

• to VO
••)[129]. Accordingly, this band can serve as an indicator of the electron

concentration in the neighborhood of oxygen vacancies in the SnO2. Similar
effects were observed on Ga2O3, AlVO4, WO3 [124]. However, this interpretation
was considered to be in contrast to the early electrophysical measurements on
SnO2 [130] which showed that the donor levels in SnO2 are located at around 30–
150 meV below the conduction band, and will be completely ionized at the sensor
operating temperatures [131, 132]. The next problem is related to (i) the ionization
of oxygen vacancies and consequently, and (ii) to the diffusion processes in the
oxide lattice. For SnO2, for example, it is assumed that the surface defects do not

Fig. 1.9 One-dimensional model of oxygen diffusion in nanowires. According to the ionosorp-
tion model, adsorbed oxygen creates a depletion region close to the surface (dashed line) and then
a fast change of RNW is observed. The new equilibrium between oxygen in the environment, CG,
and the concentration of oxygen at both the nanowire surface, CS, and its external shell, C1,
creates a gradient with the inside C2 favoring ion migration into the bulk. This diffusion is
associated with long-term drifts of RNW. Copyright Wiley–VCH, reproduced with permission
from Ref. [134]
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act as electron donors; they have to migrate a small distance into the bulk to
become ionized [52]. The diffusion coefficients for this process are low, and,
accordingly, the defects are immobilized at the operating temperatures [116].
Nevertheless, diffusion at grain boundaries and at the surface can be much faster
than bulk diffusion [12].

A different situation seems to appear in quasi-one-dimensional SnO2 structures
(nanowires) [133, 134], where the oxygen adsorption involves two steps (i) healing
of oxygen vacancies by adsorbed oxygen (fast) and (ii) diffusion of as-formed
oxygen ions in the bulk healing (annealing) oxygen vacancies (slow) (Fig. 1.9).

Surprisingly, even at room temperature an exponent of 1/6 was found in the
power law for the oxygen partial pressure dependence of the sensor signal (i.e.
conductivity) indicating an intrinsic case in the defect chemistry of SnO2

(Fig. 1.10) [116]:

38;
1
2

O2 þ VO
�� þ 2e= $ OO

38; e=
h i

¼ 21=3KO
�1=3pO

�1=6; considering the electroneutrality condition

38; e=
h i

¼ 2 VO
��½ �

These findings contrast with bulk film studies which have shown that (i) the
surface exchange reaction, i.e. the incorporation of adsorbed oxygen together with
the fast electron transfer, is the rate-determining step [118] and (ii) significant
oxygen exchange is observed on SnO2 only at temperatures above 400 C [135].

Fig. 1.10 Response of one SnO2 nanowire with r = 20 nm to increasing oxygen partial pressure
at room temperature (T = 298 K). Resistance is normalized to the experimental value in
synthetic air environment. (Inset) log-log plot of resistance as function of oxygen partial
pressure. A linear behavior of slope n = 1/6 is observed. Copyright Wiley–VCH, reproduced
with permission from Ref. [134]
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1.6 Reduction as a Secondary Process: an Open Issue
of Detection of Reduction Gases in Oxygen-Free
Conditions

The mechanism of detection of reducing gases in oxygen-free atmospheres
requires consideration of the following four experimentally confirmed
observations:

1. Recovery of sensor resistance to its initial value in an inert gas (N2, Ar, He)
after removing a reducing gas (CO, CH4, H2) from the test atmosphere.

2. Missing correlation between the degree of oxide reduction and the magnitude
of gas sensing response.

3. Missing correlation between the gas combustion (oxidation) and the magnitude
of gas sensing response.

4. Decrease of sensor signals (relative resistance change) with increasing oxygen
concentration.

We have to note that a lack of experiments does not allow addressing properly
these issues; some important points are discussed below.

Let us take as an example of CO detection in the oxygen-free conditions
(alternating CO/N2 and N2 flows): What happens when CO is removed from the
surrounding atmosphere? From electrical measurements one knows that the sensor
resistance (or conductance) recovers its initial value (Fig. 1.11). However, within
the framework of the reduction-reoxidation mechanism, gaseous oxygen is
required for the reverse process (‘‘vacancy refilling’’). Unfortunately, the consid-
eration of this problem has been avoided in spectroscopic studies by alternating

Fig. 1.11 Transient resistance change of undoped, Pd and Pt doped SnO2 sensors in oxygen free
atmosphere (N2 balance) [146]. Note, that the sensor resistance recovers its initial value after
removing the target gas from the surrounding atmosphere
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CO/N2 (or Ar) and O2/N2 (or Ar) flows, whereas ‘‘realistic’’ conditions require
alternating CO/N2 (or Ar) and N2 (or Ar) flows.

The oxide reduction as well as reduction/reoxidation of catalytic additives like
Pd and Pt seems to be a secondary process that is not connected with the overall
sensor response. Figure 1.12 a and b shows the electrical response combined with
a change of Sn(II) concentration revealed by in situ Mössbauer spectra for
nanocrystalline SnO2 in the presence of CO and dry air at 380 �C. It was shown
that the conductance changes simultaneously with the change of the tin oxidation
state (which in turn indicates the formation of oxygen vacancies). A rapid and
pronounced increase in Sn(II) spectral contribution was observed just after CO
admission into the reactor. The Sn(II) component disappeared 1 min after air
admission. It was also noted that (i) a very low Sn(II) content (1 mol %) was
sufficient for the conductance to change by 1000 times and (ii) a further increase of
Sn(II) concentration up to 14 mol % under exposure to CO did not significantly
change the conductance. Similar findings have been also reported for H2 detection
with Pd-promoted SnO2 sensors. Figure 1.13 [136] show the correlation between
the electrical conductance and the oxidation states of Pd and Sn during the cycling
of Pd–SnO2 film in H2 and O2 gas mixtures. At 373 K, the conductance changes
without any variation of the Pd and Sn oxidation states. At higher temperatures, the
oxidation state of Pd varies considerably depending on the atmospheric compo-
sition. However, there is no direct correlation between the conductance and the
oxidation states of Pd and Sn, i.e. even at 573 K the conductance changes by
several orders of magnitude without any measurable variation of the oxidation

Fig. 1.12 a Mössbauer spectra of SnO2 in a 1 % CO/N2 atmosphere and then in dry air at
380 �C; b Electrical response of SnO2 and change of Sn(II) concentration in 1 % CO/N2 and dry
air at 380 �C under 4 l/h gas flow rate. Copyright the Royal Chemical Society, reproduced with
permission from Ref. [121]
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states of both metals. These results indicate that oxidation and reduction of Pd
nanoparticles and SnO2 matrix are the secondary processes, which are not
responsible for the sensitivity to H2.

No direct correlation exists between sensor activity (i.e. sensor signal) and
consumption of target gases obtained from the on-line gas analysis. As demon-
strated in Fig. 1.14 herein at 200 �C the sensor shows relatively high activity in
C3H8 detection (sensor signal is about 6–400 ppm C3H8) the combustion, how-
ever, is almost negligible [137]. The same also holds for higher temperatures and
other analytes. Several recent works have also demonstrated that there has been no
direct correlation between sensor (SnO2, TiO2…) response to CO and the CO2

production (‘‘catalytic activity’’) [138–140].
The strong argument is coming from the observation that in the ‘‘oxygen-free’’

atmosphere the sensor response (i.e. relative change in the conductance) is even
higher than in ‘‘oxygen’’ containing atmosphere (Fig. 1.15). To explain these
findings, an assumption about the formation of ionosorbed donor-like CO+ species
is made (see, for example [141] and Fig. 1.16). However, like in the case of
ionosorbed oxygen species we face here a problem of common chemical under-
standing and missing spectroscopic evidence.

Fig. 1.13 (On the left) Variation of the electrical conductance a normalized absorption at Pd K-
edge (b, left scale) and Pd2+ fraction in the Pd2+/Pd0 mixture (b, right scale) for Pd–SnO2 film at
573 K (solid lines) and 373 K (dotted lines) during the alternative exposure to 20 % O2 in He and
1000 ppm H2 in He. The broken line corresponds to pure SnO2 at 573 K. (On the right) Operando
XAS and conductance studies. The correlation between the conductance of Pd–SnO2 film and the
oxidation states of tin a and palladium b at 573 K (white squares, solid lines) and 373 K (black
triangles, dotted lines). Fraction of Pd2+ is the concentration of Pd2+ in the Pd2+/Pd0 mixtures; the
fraction of Sn2+ is the concentration of Sn2+ in the Sn2+/Sn4+mixture. The arrows indicate the
direction in which the system changes during exposure to H2 and O2 Copyright the Royal
Chemical Society, reproduced with permission from Ref. [136]
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1.7 Summary and Outlook

Since the development of the first models of gas detection on metal-oxide-based
sensors much effort has been made to describe the mechanism responsible for gas
sensing. Despite progress in recent years, a number of key issues remain the
subject of controversy; for example, the disagreement between electrophysical and
spectroscopic investigations, as well as the lack of proven mechanistic description
of surface reactions involved in gas sensing. The state-of-the-art description and
understanding of gas sensing on metal oxides cannot explain all effects observed
on operating metal oxide sensors.

Fig. 1.14 (Left) Sensor signal of SnO2 sensors exposed to different analytes in dry air dependent
on operating temperature of sensors and (right) overall gas combustion measured by on-line PAS
Copyright Elsevier, reproduced with permission from Ref. [137]
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Fig. 1.15 (left) Relative change in the conductance (sensor signal, defined as (GCH4-G0)/G0,
where GCH4 and G0 are the conductance values measured at 450 C under CH4 supporting gas,
respectively.) for undoped SnO2 as a function of CH4 concentrations for different O2

concentrations (N2 balance). Copyright Elsevier, reproduced with permission from Ref. [85].
(Right) Sensor signal of a 0.2 wt % Pt doped SnO2 thick film sensor at 300 C as a function of CO
concentration for different O2 concentrations (0, 10, 25, 50 ppm, 1 and 5 %). Copyright Elsevier,
reproduced with permission from Ref. [141]
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Obviously, our ability for understanding fundamental physicochemical phe-
nomena is limited by dominant physicochemical paradigms. Accordingly, the
interpretation of spectroscopic data depends on the model a priori chosen for the
mechanistic description.

Besides general applicability for describing the mechanism of gas sensing on
semiconducting metal oxides, the ionosorpion model works very well in
explaining also quite unobvious results under a priori made unproven assumptions;
typical examples are:

• higher response to reducing gases such as CO in absence of oxygen compared
with that in the presence of oxygen; here the assumption is made about the
formation of ionosorbed donor-like CO+ species (see, for example [141]);

• large response for smaller crystals; obviously this interpretation does not involve
and does not require the explicit formation of any ions at the surface. In case of the
interaction with gaseous oxygen, the key is only the decrease of electron density
(depletion) in the surface regions of a metal oxide; this effect is more pronounced
in materials with higher surface/volume ratio (see, for example, Ref. [103]);

• reversible p- to n- and to p-type transition on semiconducting metal oxides
induced by gas adsorption [142, 143].

The ionosorption theory fails to explain several important issues, among them:

1. the missing spectroscopic evidence as well as theoretical confirmation of ion-
osorbed oxygen species and

2. electron affinity changes due to the oxygen adsorption.

Fig. 1.16 Schematic representation CO interaction with SnO2 as function of the O2 concen-
tration: in the absence of O2, CO adsorbs as electron donor and leads to a decrease of the sensor
resistance. In the presence of O2, CO reacts mainly with adsorbed O2 species. The contribution of
each mechanism depends on the O2 concentration. Copyright Elsevier, reproduced with
permission from Ref. [141]
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Excluding the electron transfer to adsorbed species by assuming the localization
of electrons in solid material in close vicinity to adsorbed/gaseous species elimi-
nates immediately the issue of missing spectroscopic evidence of oxygen ions. The
polarizability effects can also be involved for explaining the competition between
e.g. CO and oxygen: in the presence of CO, adsorbed O2 molecules will also
attract the electrons from the highly polarizable CO molecules thus reducing the
O2 strength to attract the conduction electrons [144]. This assumption can also
explain large response for smaller crystals (see above). However, it fails to explain
the higher response—meaning the increase in the conductance—to reducing gases
such as CO in absence of oxygen compared with that in the presence of oxygen.

Even if numerous experimental and theoretical works have evaluated the
reduction-reoxidation mechanism and this mechanism still dominates in almost all
spectroscopic studies, the reduction-reoxidation model fails to explain

1. the missing correlation between the conductance of sensing materials and the
degree of reduction under operating conditions (from operando studies);

2. kinetics of oxygen exchange;
3. recovery of the sensor resistance to its initial value after exposure to reducing

gases in oxygen-free conditions where—according to the reduction-reoxidation
mechanism, gaseous oxygen is required for the reverse process (‘‘vacancy
refilling’’);

4. lack of gaseous products of the oxidation of reducing gases (e.g. CO2) from
simultaneous on-line gas analysis.
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Chapter 2
Surface Science Studies of Metal Oxide
Gas Sensing Materials

Junguang Tao and Matthias Batzill

Abstract In this chapter we present recent advances in the study of metal oxide
surfaces and put them in relation to gas sensing properties. A reoccurring scheme
is the dependence of chemical surface properties on the crystallographic orienta-
tion of the surface. This dependence will become more important in gas sensing
applications as nanomaterials with controlled crystal shapes are being designed. In
particular we focus on differences of the surface properties of the two polar sur-
faces of ZnO and the two most abundant bulk terminations of rutile TiO2, i.e. the
(110) and (011) crystallographic orientations. On the example of these metal
oxides, we describe the use of vacuum based surface science techniques, especially
scanning tunneling microscopy and photoemission spectroscopy, to obtain struc-
tural, chemical, and electronic information.

2.1 Relation Between Metal Oxide Gas Sensors
and Surface Science

Semiconducting metal oxides can exhibit a conductivity change due to the
adsorption or reactions of molecules from the gas phase with the surface. Moni-
toring this conductivity change enables the use of this information as a gas
response signal. The change in conductivity is brought about by an upward
or downward shift of the Fermi-level within the band-gap of these predominantly
n-type materials. The Fermi-level shift may be induced by charge transfer from the
gas sensing material to an adsorbate. For macroscopic materials this induces a
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band bending at the surface while for microscopic particles (smaller than the
Debye screening length) the Fermi-level within the entire particle shifts. Such
adsorbate induced shifts of the Fermi-level are dominant for surface sensitive gas
sensing materials such as SnO2 and ZnO. Another mechanism that can result in the
shift of the Fermi-level is a variation of the bulk dopant concentration. For
example, Ti-interstitials and oxygen vacancies in the bulk of TiO2 act as intrinsic
n-type dopants. The concentration of these dopants depends on the oxidation
potential of the surrounding gas phase and the surface of the TiO2 may act as a
source or sink of Ti-interstitials for the bulk.

Clearly, gas sensing with semiconducting metal oxides is initiated by molecular
interaction with surfaces and surface science studies therefore have played an
important role in the understanding and describing of the fundamental mechanisms
[1]. Recent advances in surface science now allow a molecular scale description of
metal oxide surfaces and this has provided many new fundamental insights on the
properties of these materials. Traditional surface science studies make two
important simplifications to the general complex morphology of gas sensing
materials; (1) macroscopic single crystalline materials (usually bulk samples but
sometimes also high quality epitaxial thin films may be used) are studied, and (2)
the surfaces are prepared and investigated under well-controlled ultra high vacuum
(UHV) conditions. The consequences of these simplifications are that in surface
science experiments on macroscopic single crystal samples, no size effects and no
interface effects are observed. Furthermore, because the surfaces are generally
prepared in vacuum, they are exposed to a reducing environment. In return for the
loss of the ‘real’ gas sensing environment we gain control over crystallographic
orientation and surface composition. Furthermore, we have the full arsenal of
surface science techniques at our disposal for a detailed surface analysis. There-
fore, surface science studies can address critical fundamental questions like: What
role does the surface structure play in the adsorption of certain molecules, i.e. do
different crystallographic orientations of the same material exhibit different gas
sensitivities? What are the sites for molecule adsorption? and consequently, can
these sites be controlled to obtain better sensitivity and selectivity? What is the
electronic response of the surface upon molecule adsorption or reaction with the
surface? Modern surface science studies can provide rich information on the
atomic scale surface properties, which is not easily accessible by other methods.

Detailed reviews on surface science studies of SnO2 have been recently pub-
lished by one of the authors of this article [2–4] and interested readers are referred
to those texts. Here we focus on recent studies mainly done in the authors’ lab-
oratory on the two common metal oxide gas sensing materials ZnO and TiO2. On
ZnO we demonstrate the use of high energy-resolution photoemission studies to
obtain information on the fundamental stabilization mechanisms of polar surfaces
and in particular investigate the role of hydrogen adsorption on different surface
orientations. We also illustrate the power of photoemission spectroscopy to gain
information on gas sensing reactions on the example of ZnO reacting with H2S, a
common gas sensing application. In the second part we study two surfaces of rutile
TiO2 and show that the surface structure strongly affects the adsorption of
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molecules on the example of acetic acid. In an attempt to modify surface structures
and to ‘‘engineer’’ specific surface sites we discuss the use of grazing incidence ion
irradiation to create step edges at planar surfaces. Finally, we turn to the oxidation
reaction of TiO2, which demonstrates the mechanism by which the intrinsic bulk
dopant concentration is altered.

2.2 ZnO Surfaces

ZnO oxide is one of the prototypical metal oxide gas sensing materials. Its
properties have obtained a lot of early attention in the surface science community
and have been recently revisited [5]. Its current popularity is also related to the
many different nano-structural forms and shapes ZnO self-organizes in under
various growth conditions. ZnO crystallizes in three forms: cubic zinc-blende,
hexagonal wurtzite and the rarely observed cubic rocksalt structure, which are
schematically shown in Fig. 2.1.

Wurtzite is the thermodynamically favored form of ZnO at ambient conditions
and zinc blende can be stabilized by growth on cubic substrates, while the rocksalt
structure is a high-pressure meta-stable phase. The lattice constants of wurtzite
ZnO are a = 3.25 Å and c = 5.2 Å. This hexagonal lattice consists of two
interconnecting hexagonal-close-packed (hcp) sub-lattices of Zn2+ and O2-, with
each anion surrounded by four cations at the corners of a tetrahedron, and vice
versa. The tetrahedral coordination of Zn and O is typical of sp3 covalent bonding.
The ionic character of the material gives rise to a polar repeat-unit along the c-axis.
As a consequence of this polar symmetry, the (0001) and the (0001) surfaces of
wurtzite ZnO exhibit different bulk terminations, with the first one terminated by
Zn-atoms and the latter by O-atoms. This means that if we cleave a crystal along
the (0001) plane we obtain two distinctively different surfaces. Importantly,
because the repeat unit of the crystal structure perpendicular to these surfaces
(along the c-axis) exhibits a dipole moment the Madelung-energy would diverge at
these surfaces for an ideal bulk truncation. This is a general property of ‘polar

Fig. 2.1 Ball and stick representation of ZnO crystal structures. The gray balls are zinc atoms
and the red ones are oxygen atoms
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surfaces’ and consequently such bulk truncated surfaces cannot be stable. Despite
this inherent instability, the polar (0001) and the (0001) surfaces are among the
most common crystal orientations of ZnO. This implies that there exist efficient
stabilization mechanisms of these surfaces that allow a convergence of the
Madelung energy (electrostatic potential). These stabilization mechanisms may
also influence the gas sensing properties of ZnO and this is discussed in detail
below. Other non-polar surface orientations of wurtzite are the (1120) (a-axis) and
(1010) faces. The (1010) and (1120) surfaces are the prism faces and the (1121)
surface is the pyramid face of the crystal. The non-polar ZnO(1010) surface
contain equal number of Zn and O ions and has also been studied extensively by
surface science methods because at this surface the coordination of the surface
atoms is reduced from fourfold to threefold, thereby creating dangling bonds at the
surface which makes it chemically active. Here we focus on the polar surfaces.

2.2.1 The Polar ZnO Surfaces

The two polar surfaces of ZnO are known to have different chemical and physical
properties [6]. To stabilize polar surfaces, additional positive or negative charges
are required to transfer to the ZnO(000 1)-O or ZnO(0001)-Zn surfaces, respec-
tively. This can be accomplished by removal of lattice ions (surface reconstruc-
tions), formation of electronic surface states, or adsorption of impurities such as
hydrogen. In the absence of any compositional and structural surface variations a
metallization of the surface will occur, i.e. the Fermi-level will be pushed into the
valence or conduction band. As shown in Fig. 2.2a, the electrostatic potential
introduced by the internal dipole moments causes a shift of the electronic levels
relative to the Fermi level in opposite directions at the two polar surfaces, see
Fig. 2.2b. Once the conduction band (CB) on one side and the valence band (VB)
on the opposite side of the crystal intersect the Fermi level, charges are redis-
tributed from one side to the other. This results in a potential opposing a diver-
gence of the surface potential due to the lattice dipole. In this simplified scheme,
the potential due to the internal dipole causes a shift of the energy levels relative to
the Fermi level until the VB is depleted on one side and the CB filled on the
opposite side. Conceptually, this would result in a charge transfer from one side to
the other and thus a potential build up that counteracts the lattice dipoles. How-
ever, such a surface metallization is energetically quite expensive and therefore
polar surfaces usually stabilize by removing ionic surface charges, i.e. they form
surface reconstructions with an altered surface composition compared to the bulk
truncation. Such a stabilization mechanism exists for the ZnO(0001)-Zn surface.
For the ZnO(000 1)-O surface, on the other hand, it is still debated if a stabilization
of this surface by removal of ionic charges exist. This debate may however, mainly
be of fundamental scientific interest, since under most realistic environmental
conditions it appears that the O-side of the ZnO polar surfaces is terminated by
hydrogen and the protons provide the necessary positive charges to converge the
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Madelung energy. The stabilization mechanisms of the polar two surfaces are
discussed next.

2.2.1.1 The ZnO(0001)-Zn Polar Surface

The surface structure of the ZnO(0001)-Zn surface prepared in UHV has been
thoroughly analyzed by scanning tunneling microscopy and the typical surface
morphology is shown in Fig. 2.3a. These measurements resulted in the conclusion
that this polar surface is stabilized by removal of *1/4 ML of Zn atoms from the
surface in a non-periodic manner [8]. This is achieved by formation of high density
of triangular shaped pits and ad-islands that exhibit step edges that are
O-terminated as shown in Fig. 2.3b. Thus the Zn-terminated surface under UHV
conditions is stabilized by a net removal of positive cations. The formation of sub-
stoichiometric polar surfaces is common for the stabilization of many polar mate-
rials, however, what makes the ZnO(0001)-Zn surface special, is that it does not
involve a periodic surface reconstruction and therefore this stabilization mechanism
evaded detection by surface diffraction techniques for a long time. In addition to the
direct visualization of the surface structure by STM, high resolution core-level
photoemission spectroscopy of ionic surfaces also contains information of the
coordination environment in ionic crystals. This is because the core-level binding
energy measured in XPS contains a contribution of the Madelung energy at the site
of the photoelectron emitting atom [9]. Surface-terrace and step-edge atoms have

Fig. 2.2 a Spatial variation of the Electric Field E and of the electrostatic potential V in a sample
cut along a polar direction where r is the charge density on the planes. b Schematic of surface
metallization. Reproduced from Ref. [7]. Copyright 2008, American Physical Society
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different Madelung energy than bulk ions, due to their reduced coordination num-
bers. Therefore photoemitted electrons from different oxygen sites (step-edge, ter-
race, and bulk) on the ZnO(0001)-Zn surface exhibit slightly different binding
energies and this may be used to verify the high density of O-terminated step edges
on the vacuum prepared ZnO surface. Using soft x-ray photoemission a high surface
sensitivity is obtained that enables to observe the binding energy shifts due to the
high density of step edges. A de-convolution of the O-1s peak into its different
components is shown in Fig. 2.4. A test to demonstrate that the different components
are due to the Madelung shift at the surface is to passivate the surface with ZnS (this
is discussed in detail below). Such a passivated surface exhibits a narrower O-1s
peak because the (shifted) surface contributions are missing. Therefore, the detailed
analysis of the O-1s peak shape in soft- x-ray photoemission studies is an elegant
confirmation that this surface is stabilized by the formation of a high density of
oxygen-terminated step edges in vacuum.

Although formation of high concentration of O-terminated step edges is the
stabilization mechanism in vacuum, the stabilization of this polar surface in the
presence of different gaseous environments may be achieved by various adsor-
bates. Different surface terminations have been for example predicted by ab-intio
thermodynamics calculations for different hydrogen chemical potentials of the gas
phase [8, 10]. Also recent STM studies of ZnO(0001)-Zn surface for exposure to
water in vacuum showed that the triangular step edge structure disappears [11],
indicating that even at the low water vapor pressure achievable in UHV alternative
surface stabilization mechanisms by surface adsorbates become dominant. Fur-
thermore, studies in aqueous solutions have shown that a hydroxide stabilized
surface is obtained for pH values between 11 and 4 [12]. Therefore, different
environments can strongly affect the surface structure and composition of metal

Fig. 2.3 Surface structure of ZnO(0001)-Zn. a STM image of surface structure, reprinted with
permission from Ref. [8]. Copyright 2003, American Physical Society. b Ball model of top and
cross-sectional view of the ZnO(0001)-Zn surface showing triangular pits (P) and islands (I). The
step edges exhibit 3-fold coordinated oxygen atoms compared to the 4-fold coordination on the
terraces. Reproduced from Ref. [7]. Copyright 2008, American Physical Society
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oxide surfaces. Future surface science studies in other environments than UHV
will be needed to advance the understanding of the role of environmental condi-
tions on the surface properties.

2.2.1.2 The ZnO(0001)- O Polar Surface

While the stabilization of the polar ZnO(0001)-Zn surface is quite reasonably
explained by removal of � ML of Zn and formation of O-terminated step edges,
the stabilization of the ZnO(000 1)-O polar surface is not fully understood yet.
Kunat et al. observed a 1 9 3 surface reconstruction for a clean surface, which
they interpreted as an ordered array of O-vacancies with 1/3 oxygen atoms missing
[13]. This structure, however, does not entirely satisfy the electrostatic stabiliza-
tion criteria (which requires � ML of missing oxygen) and density functional
theory (DFT) calculations have shown that it is not a stable surface structure [14].
Soft x-ray photoemission studies of the O-1s core level [7], shown in Fig. 2.5 have
revealed the presence of OH on this surface below *300 �C. The hydrogen could
only be removed by annealing and holding the sample at temperatures above
300 �C. At this higher temperature, in the absence of hydroxyl groups, an upward
band bending was observed, i.e. the Fermi-level was pushed into the band gap
towards the valence band. This is reminiscent of the shift in the Fermi-level
expected for an unreconstructed, adsorbate free surface as discussed in Fig. 2.2b.

Fig. 2.4 Soft x-ray photoemission spectra of the O-1s peak on ZnO(0001)-Zn surfaces for
different amount of surface passivation with ZnS. The O-1s peak can be de-convoluted into three
contributions: bulk (B), surface terraces (4-fold coordinated) (S) and surface step-edge sites (3-
fold coordinated oxygen) (S’). With increasing surface passivation the surface contribution in the
O-1s signal diminishes. Reproduced from Ref. [7]. Copyright 2008, American Physical Society
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However, the down-ward shift of the Fermi-level was not sufficient to actually
remove electrons from the valence band. Nevertheless, especially at elevated
temperatures (thermally excited) charge carriers (electrons) are depleted from the
surface region by moving the Fermi-level and this can contribute to the
electrostatic stabilization of the O-terminated surface. Therefore these soft x-ray
photoemission studies demonstrated two important facts. Firstly, at room tem-
perature, even under UHV conditions, the polar surface is likely (partially)
hydrogen terminated and secondly, if the surface is hydrogen free (at elevated
temperature) this surface is not (completely) stabilized by removal of O-ions and
consequently causing a shift in the Fermi-level.

As the photoemission studies showed, hydrogen adsorption on this surface
plays an important role. This obviously will affect the adsorption of molecules and
thus the gas sensitivity. It is also interesting to point out that recent angle-resolved
ultra violet photoemission (ARUPS) studies demonstrated the metallization of this
surface due to the presence of hydrogen. ARUPS measurements of the hydrogen
induced dispersed surface state at low temperatures are shown in Fig. 2.6. This
metallization is due to occupation of ZnO-states in the conduction band from
electrons donated from the adsorbed hydrogen [15], i.e. pushing the Fermi-level
into the conduction band of ZnO and thus demonstrating a truly metallic electronic
surface structure. It is important to point out though that this metallization is
different to the purely electrostatic metallization due to the internal dipole
moments of ZnO discussed in Fig. 2.2. In case of hydrogen adsorption the met-
allization is brought about by electron donation from the adsorbed hydrogen and is
not in response to the stabilization of the polar surface. Consequently, similar
results for surface metallization by hydrogen adsorption can also be obtained for
example for the non-polar ZnO(10–10) surface [16].

In terms of gas sensing of ZnO surfaces, surface science studies have shown
that the two polar surfaces behave very differently and thus a variation in the gas
response is expected for molecular adsorption. Hydrogen may be inadvertently

Fig. 2.5 O-1s core level
photoemission spectra of the
ZnO(000-1)-O surface at
different sample
temperatures. Only at 700 K
a contribution due to surface
hydroxyls has completely
vanished. At lower
temperatures OH groups were
always detected. The binding
energy of the OH group
appears to shift with
increasing hydrogen
coverage. Reproduced from
Ref. [7]. Copyright 2008,
American Physical Society
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present on the O-terminated side while the Zn-terminated side is more likely to be
hydrogen-free. The easy hydroxylation of the ZnO(000 1)-O causes a metallization
of the surface which can affect the conductivity response of such samples. The
studies of the surface properties of the polar surfaces indicate that the differences
in the chemical properties of the two polar surfaces affects the chemisorption of
molecules and this plays an important role in gas sensing of such systems.
However, in gas sensing applications where a more drastic surface restructuring
occurs, due to reactions of the ZnO with gas phase species, the surface orientation
plays less of a role in the gas sensitivity. This is for example the case of H2S
sensing with ZnO, which is discussed in the next section.

2.2.2 Surface Reaction of ZnO with H2S

Detection of hydrogen sulfide (H2S) is one of the classic applications of metal
oxide gas sensors. The gas sensing mechanism can be probed elegantly by surface
science studies on single crystal ZnO under UHV conditions. In these studies ZnO
is exposed to low background pressures of H2S (10-6 Torr) within the vacuum
chamber where the structural, compositional and electronic variations of the sur-
face properties can be monitored by STM and photoemission spectroscopy. It is
well known that ZnO can be easily sulfidized by H2S [17] and therefore it is not

Fig. 2.6 ARUPS studies of ZnO(000-1)-O surface in the presence of hydrogen adsorbates.
a Normal photoemission studies with the inset showing electronic states at the Fermi-level at 32
and 88 eV photon-energies, which corresponds to the C-point in the surface normal direction of
the k-vector. b ARUPS photocurrent intensity measurement of the near Fermi-level emission for
90 eV photon energy along the direction. Reprinted with permission from Ref. [15]. Copyright
2010, American Physical Society
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surprising that a ZnO sample held at 400 �C and exposed to H2S converts to ZnS.
STM studies show that two dimensional ZnS islands form at the surface of ZnO
and these islands grow with exposure until the surface is covered with a dense net-
work of meandering ZnS islands [18]. This is shown in Fig. 2.7. Although the
atomic scale structure of the sulfide film cannot be unambiguously deduced from
these STM studies, some islands exhibit hexagonal symmetry. Consequently, it is
reasonable to assume that ZnS adopts the wurtzite structure of the ZnO substrate
and an epitaxial relationship between substrate and film is established. The much
larger lattice constant of wurtzite-ZnS (a = 3.82 Å; c = 6.26 Å) compared to
ZnO (a = 3.25 Å; c = 5.21 Å) implies that a complete ZnS monolayer would be
under considerable compressive stress. The formation of ZnS island morphology
provides an efficient strain relieve mechanism for pseudomorphic ZnS layers.
Thus STM allows a direct observation of the transformation of the surface of a
gas-sensing material during the reaction with the environment. This real space
information of the surface morphology is important for correctly interpreting
spectroscopic information. Soft x-ray and ultraviolet photoemission enable mon-
itoring the compositional and electronic-structure variation as a function of H2S
exposure and this can be correlated to the morphology changes measured by STM.
The band bending, which is measured in photoemission spectroscopy by evalu-
ating the core-level position shifts relative to the Fermi-level, is a direct measure
of the gas response of the semiconducting metal oxide. Therefore the gas response

Fig. 2.7 STM images of sulfur induced surface structure for a 0.6 L H2S and b 3 L H2S
exposure. The cross-section indicated in (b) is shown in (c). A ball-and-stick model of the surface
structure is shown in (d) with the surface dipole moment indicated. Reprinted with permission
from Ref. [18]. Copyright 2008, American Chemical Society
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can be measured in photoemission without directly detecting changes in the
material conductivity.

Information extracted from photoemission studies of ZnO surface exposed to
H2S is summarized in Fig. 2.8a [18]. Together with STM this gives a compre-
hensive representation of the processes and changes of a gas sensing surface
during operation. It is apparent from Fig. 2.8a that within the first 4 L (Langmuirs)
of exposure most of the surface changes causing the gas sensing response have
already taken place. The sulfur uptake measured by the S-2p/Zn-3s core-level ratio
is rapid for the first 4 L and only very gradually increases at higher exposures. This
is consistent with a 2D mono-layer growth of ZnS observed in STM. Photo-
emission suggests that further sulfidation upon completion of the monolayer is
slow and all the gas sensing action can be attributed to the monolayer formation as
evidenced by the band bending that occurs simultaneously with the initial sulfur
uptake. Since photoemission is a surface sensitive technique, it detects electrostatic
binding energy shifts in the Debye layer which in semiconducting oxides is much
larger than the probing depths in photoemission. In the case of sulfide formation on

Fig. 2.8 Information obtained from photoemission spectroscopy on the surface response of ZnO
to reaction with H2S. a Summary of the changes in the work function, valence band maximum
(relative to the Fermi level), band bending in the substrate, and the S 2p/Zn 3s peak ratios as a
function of H2S exposure. b Valence band and shallow Zn-3d core level spectra for different H2S
exposures. The shift in the Zn-3d core-level represents the band bending. The change in the
valence band is shown in bottom panel of (b). The difference spectra are calculated by subtraction
of the spectrum of the clean surface after shifting it to compensate for band bending effects.
Therefore the positive intensity correspond to electronic states formed by ZnS formation. These
electronic structure information are summarized in the band diagram displayed in (c). Reprinted
with permission from Ref. [18]. Copyright 2008, American Chemical Society
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ZnO(0001)-Zn surface, 0.5 eV upward band bending is observed after exposure to
4 L H2S.

In addition, valence band spectra reveal that, although ZnS is a wide band gap
material, additional electronic states are formed within the band gap of ZnO. The
change in the valence band is shown in Fig. 2.8b and the decrease in the separation
between the valence band maximum (VBM) and the Fermi-level is also indicated
in Fig. 2.8a. Finally, the work function change can be evaluated from the sec-
ondary electron cut-off in photoemission experiments. These measurements indi-
cate that the work-function of the sample increases quite strongly upon sulfidation
of the surface. This change in the work function is attributed to formation of a
surface dipole as illustrated in Fig. 2.7d.

Measurement of band bending, work function, and valence band enables der-
ivation of the surface electronic structure for a sulfidized surface. This is shown in
Fig. 2.8c. Obviously the 0.5 eV upward band bending would give rise to a
decrease in conductivity and thus this is the main reason for the gas response of
ZnO towards H2S. In other studies it has been shown that sulfidation can be
reversed by oxidation and therefore in the absence of H2S the pure ZnO surface
can be re-established in air. The reversibility of the surface composition makes this
a good sensing process.

This example of the sulfidation of ZnO by H2S exposure illustrates how surface
science can be used to measure the fundamental surface transformations respon-
sible for the gas response by surface reactions. Because these studies are per-
formed under UHV conditions the surfaces are only exposed to one gas. In real gas
sensing applications the H2S would be a trace amount in e.g. air. Therefore it
would be interesting to investigate the role of other gases on the surface changes.
Advances in ‘high pressure’ photoemission experimental set-ups [19], which
become now more common at synchrotron facilities, will enable to do surface
science experiments under more realistic pressure and gas mixture conditions in
the near future and thus enable us to close the ‘pressure gap’ between fundamental
surface science studies and ‘real world’ conditions. Although there have been
several studies on heterogeneous catalyst surfaces [19] and even on solid-oxide
electrochemical cells under operating conditions [20], there are, to the best of our
knowledge, no ambient pressure studies on gas sensor surfaces been reported yet.
Ambient pressure XPS studies would enable us to monitor surface properties under
different chemical potentials of the gas phase and thus circumvent the inherent
problem of UHV surface science studies of investigating surfaces in an unrealis-
tically strong reducing environment.

2.3 TiO2 Studies

Titanium dioxide is often used as a model system for transition metal oxide
surfaces [21]. Consequently, the surface properties of TiO2 are the best understood
of all oxides. TiO2 exists in three different crystal structures: rutile, anatase and
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brookite. Of those three, only rutile and anatase are of technological importance.
Rutile is thermodynamically the most stable polymorph, however, for nano-
materials anatase may become favored. Most surface studies have been performed
on rutile, because of the commercial availability of single crystal samples.
Experimental studies on anatase have either been performed on mineral samples or
on epitaxial thin films grown on SrTiO3 or LaAlO3 substrates [22, 23]. In here we
are focusing on the rutile phase of TiO2.

Transition metal oxides may sense reducing and oxidizing gases due to for-
mation and reaction with charged surface species, namely O2

- and O- radicals [2],
or due to the reaction of lattice oxygen, i.e. bulk reduction. The former detection
mechanism is dominant on materials whose conductivity may be strongly affected
by charged adsorbates induced band bending such as SnO2, ZnO or In2O3. The
conductivity of TiO2 on the other hand is more strongly affected by bulk reduction
and oxidation. Nevertheless, the well ordered surfaces of TiO2 make it an ideal
model system for studying fundamental aspects of single molecule chemistry by
e.g. STM. A review of such atomic-scale studies may be found in [24] for studies
on the rutile (110) surface. The (110) surface is by far the most extensively studied
surface orientation of rutile and most important properties of this surface are
reviewed in [21]. Another prominent surface of rutile TiO2 is the (011) orientation,
which is the second most abundant surface in the Wulff equilibrium crystal shape
construction of rutile. The (011) surface has obtained far less interest in the fun-
damental surface science community. The very different structural properties of
the (110) and (011) surface, however, enable a nice comparison of the influence of
surface structure on the surface chemical properties and thus chemical sensing
behavior. Therefore in the next section we will discuss these differences.

The importance of the surface structure leads to the question on how the
structure can be modified in order to achieve better selectivity and sensitivity
towards target gases. Although its effectiveness for tuning gas responses is still
unproven, a new ion beam method is described that enables fabrication of unique
step edge structures on planar metal oxide surfaces. Finally, we end the discussion
of TiO2 by investigating the re-oxidation of TiO2(011) crystals. This is the
important process of changing the intrinsic dopant concentration and thus under-
lies the gas response mechanism for oxidizing and reducing gases of TiO2.

2.3.1 Comparison of the Rutile-TiO2 (011) and (110) Surfaces

The surface structure of stoichiometric TiO2(110) is a bulk truncation with only
small atomic relaxations. Figure 2.9a shows a model of the surface structure of
TiO2(110). The (110) surface exhibits two-fold coordinated bridging oxygen
atoms that protrude from the surface plane and are closely spaced (0.30 nm) along
the [001] direction and are far apart (0.65 nm) along the [10] direction. This gives
the surface a large corrugation and a strong structural anisotropy. Slight reduction
of TiO2 by vacuum annealing, causes the removal of *10 % of the bridging
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oxygen atoms, i.e. formation of oxygen vacancies. These vacancies are very
reactive surface sites and even under UHV conditions are quickly filled by
adsorption of residual water from the gas phase. Water adsorbs dissociatively in
these O-vacancy sites leaving two hydroxyls at the surface. This adsorption of
water at defects has been studied extensively by STM [24]. Because of the very
high reactivity of O-vacancies their relevance for realistic environmental condi-
tions is doubtful. Reduction by vacuum annealing does not only induce surface O-
vacancies but it also increases the number of bulk Ti-interstitials. This formation
of interstitials can be reversed by annealing in an oxygen atmosphere which is
discussed below.

Unlike the (110) surface, the rutile TiO2(011) surface reconstructs to form a
2 9 1 periodicity. The structure of this surface reconstruction was recently
resolved by surface x-ray diffraction measurements and density functional theory
(DFT) calculations by two groups independently [25, 26]. The proposed structure
is shown in Fig. 2.9b. This surface exhibits two different surface Ti5c atoms, with
each of them coordinated to 2-fold coordinated oxygen (O2c) atoms that protrude
out of the surface and partially ‘block’ the Ti5c atoms from the gas phase and thus
potentially hindering molecular adsorption. Although the density of Ti5c at the
(011)-2 9 1 surface is slightly higher than on the (110) surface (0.08/Å2 compared
to 0.05/Å2), the closest separation between Ti5c is similar on the (110) surface
(2.959 Å) and on the (011)-2 9 1 surface (2.963 Å). However, these closest
separated Ti5c atoms on (011)-2 9 1 are coordinated to bridging two fold coor-
dinated O2c atoms while on the (110) surface the Ti5c sites are ‘open’ to the gas
phase as is apparent in Fig. 2.9. Consequently, the large structural differences

Fig. 2.9 Ball-and-stick models for TiO2(110) (a) and (011)-2 9 1 (b) surfaces. Grey and red
spheres are Ti and O atoms, respectively
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between these two surfaces suggest different adsorption properties. One example
of the largely different adsorption is discussed below on the example of acetic acid
adsorption. Now that the surface structure of the (011) surface is resolved, we may
expect more studies on the surface chemistry of this surface in the near future.

STM images of vacuum-annealed TiO2(110) and (011)-2 9 1 surfaces are
shown in Figs. 2.10a and 2.11a, respectively. The bright and dark rows in
Fig. 2.10a correspond to surface five-fold Ti atoms (Ti5c) and two-fold bridging
oxygen (Ob) sites, respectively [21]. There are several bright spots between the
bright rows which are attributed to surface bridging O vacancies (Ob-vac) or -OH,
where the latter is formed by water dissociation at Ob-vac sites, as is typical for
this surface. In contrast to TiO2(110), the STM image of clean TiO2(011)-2 9 1
surface exhibits rows of protrusions arranged in zigzag patterns as given in
Fig. 2.11a. The bright spots in the STM image have been attributed to the geo-
metrically protruding two-fold O (O2c) atoms arranged in a zigzag pattern along
the [100] direction (see Fig. 2.9b) [27].

Initial studies of water [26] and carboxylic acid [28] adsorption suggest that the
(011)-2 9 1 surface behaves very different compared to the (110) surface.
Strongly different molecular interaction with surfaces of different atomic

Fig. 2.10 STM images of acetic acid adsorption on TiO2(110). a clean, vacuum-prepared
TiO2(110) (8 9 8 nm2). b and c after adsorption of 0.16 and 0.43 acetate, respectively. And
(d) close to saturation coverage of 0.5 ML forming an ordered 2 9 1 over layer structure.
Reprinted with permission from Ref. [34]. Copyright 2011, American Chemical Society
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arrangements and coordination suggest face dependent gas responses in gas
sensing materials. In the next section we investigate the role the surface structure
plays for molecular adsorption on the example of acetic acid adsorption.

2.3.2 Comparative Study of Acetic Acid Adsorption
on TiO2(110) vs. (011)-2 3 1

The adsorption of carboxylic acid on TiO2(110) was extensively investigated by
STM, photoemission spectroscopy (PES) [29–31], and computational methods
[32]. The ‘open’ rows of closely spaced Ti5c cations are ideal sites for carboxylic
acids to adsorb dissociatively by splitting-off its acidic hydrogen (which adsorbs
on the surface lattice oxygen). The lattice spacing is such that the acetate adsorbs
in a bidentate fashion, bridging two neighboring surface Ti5c [33]. On the
TiO2(011)-2 9 1 surface, on the other hand, the O2c are bridging the nearest Ti5c

atoms preventing a bridge bidentate adsorption of acetate.
Figure 2.10 shows STM images for various stages of acetic acid adsorption on

TiO2(110) at room temperature. The vacuum-annealed clean surface is shown in
Fig. 2.10a. The bright and dark rows correspond to surface Ti4+ and bridging O2-

sites, respectively [20]. Figure 2.10b, c and d show the TiO2(110) surface with
increasing amounts of acetic acid coverage. Adsorbed acetate appears in the STM
images as bright spots on top of the Ti5c rows. At room temperature these indi-
vidual acetate molecules are mobile and subsequent images of the same area show
the acetate at different positions along the Ti5c rows. The mobility and diffusion of
acetate on this surface has been studied by Onishi and Iwasawa [33]. Also it is
worth pointing out that at this low coverage the acetate never comes very close to
each other indicating a repulsive interaction between individual acetates along the
Ti5c rows. With increasing acetic acid exposure the density of the adsorbed acetate
increases. In Fig. 2.10c the surface is covered with *0.43 ML(110) acetate. At this
coverage different domains with ordered superstructures are observed. The

Fig. 2.11 STM images of acetic acid adsorption on TiO2(011)-2 9 1. a clean vacuum prepared
surface. b and c after exposure of 18 and 24 L acetic acid, respectively. Reprinted with
permission from Ref. [34]. Copyright 2011, American Chemical Society
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formation of these structures can be understood from the repulsive interactions
along the [001] direction, i.e. along the Ti5c rows, which causes the acetates to
maximize their separation in this direction, and an attractive force for acetates
perpendicular to the Ti5c rows, i.e. in the ½1�10� direction. This latter explains why
acetates preferentially form next-neighbor configurations in the ½1�10� direction
[33]. At saturation coverage, shown in Fig. 2.10d, the acetate over layer arranges
in a 2 9 1 superstructure with 0.5 ML(110) coverage.

The well established adsorption of acetate on the TiO2(110) surface is con-
trasted to that on the less studied TiO2(011)-2 9 1 surface [34]. STM images of
the clean TiO2(011)-2 9 1 surface show rows of protrusions arranged in zigzag
patterns, as can be seen in Fig. 2.11a. Compared to the TiO2(110) surface these
Ti5c atoms are less accessible because they are coordinated to the protruding O2c

atoms. Consequently, the O2c atoms may ‘block’ the adsorption of acetic acid or
form a kinetic barrier for adsorption of acetate to the Ti5c sites on this surface.
Indeed, STM images of acetate adsorbed on the (011)-2 9 1 surface shows a very
different adsorption behavior compared to the (110) surface. Figure 2.11b shows
an STM image taken after a nominal acetic acid exposure of 18 L. Contrary to the
homogenous acetate adsorption on the TiO2(110) surface, acetate clusters appear
on the (011)-2 9 1 surface. Initial adsorption of acetate on the (011)-2 9 1 surface
is limited to surface defects, such as step edges and antiphase domain boundaries
in the 2 9 1 surface reconstruction. This indicates that acetates do not adsorb on
perfect defect free (011)-2 9 1 surface under vacuum conditions at room tem-
perature. Defect sites are needed to form nuclei of acetate islands that then can
grow onto the defect free terraces. This indicates that the adsorbed acetates in the
cluster facilitate further adsorption of acetic acid molecules to the edges of the
cluster. Also, the clusters form one dimensional (1D) chains along the ½0�11�
direction, suggesting that diffusion of individual acetates along those rows is the
preferential diffusion direction and/or the acetic acid molecules preferentially
attach to this side of the clusters only. With increasing acetic acid exposure, the
acetate clusters grow in length and the density of the cluster increases until about
77 % of the surface is covered. An STM image of this ‘saturation’ coverage is
shown in Fig. 2.11c for a nominal acetic acid exposure of 24 L. Even much higher
doses do not increase the surface coverage significantly anymore, probably
because of the lack of sites for acetic acid to attach to the existing acetate clusters.
The absolute number of this ‘saturation-coverage’ may however sensitively
depend on the initial defect concentration on the surface. At high coverage many
acetate chain-islands merge as indicated by the dashed circles in Fig. 2.11c. As
shown in the inset of the Fig. 2.11c, the line profile shows that the 1D cluster chain
has corrugation of *2.5 Å. The quasi-1D clusters predominantly consist of three
lines of bright protrusions that are assigned to adsorbed acetates. The protrusions
in the center of these clusters align with the ‘dark’ rows of the substrate and the
protrusions to the left and right are situated over the zigzag rows of the substrate.
Furthermore, the center row is always imaged brighter in STM with an apparent
height difference between the centre and outer rows of *0.3 Å. Because of tip
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convolution effects the width of these clusters is overestimated in STM images.
From analysis of clusters with a larger width and correlation of the protrusions
with the periodicity of the substrate it was concluded that the width of the three-
row clusters corresponds to the width of a 2 9 1 substrate unit cell. The acetate
ions on the left and right rows are shifted in ½0�11� direction by half a substrate unit
cell, indicating that they are bonded to the lattice Ti5c in the zigzag pattern.
Besides the well ordered three-row structure, most of the clusters exhibit a high
density of acetate ‘vacancies’. Most of these vacancies are located in the two outer
rows. For a densely packed cluster we count three protrusions per 2 9 1 substrate
unit cell, i.e. 1.5 ML(011) equivalent or 6.0 molecules/nm2.

In conclusion, these STM studies indicate a quite different acetate adsorption on
these two TiO2 surfaces. While on the TiO2(110) surface acetate adsorbs readily,
acetic acid does not seem to adsorb dissociatively on the perfect TiO2(011)-2 9 1
surface and initial adsorption is limited to defect sites at room temperature. This
suggests a low initial sticking coefficient of acetic acid on the (011)-2 9 1 surface.
However, once acetate clusters have nucleated at defects the experiments show
that clusters grow and eventually cover large portions of the substrate. Thus the
adsorption structure and kinetics is very different on these two surfaces. Further
differences in the charge transfer between the TiO2 substrate and the adsorbed
acetic acid can be detected in UPS measurements. In these studies defect states
induced by electron donation to the TiO2 substrate mainly from adsorbed hydrogen
plays an important role. This is introduced first before we turn to the charge
transfer induced by dissociative acetic acid adsorption.

2.3.2.1 Defect and Adsorbate Induced Band-Gap States in TiO2

Excess-charge induced Ti-3d states within the band gap of TiO2 have been studied
extensively on the (110) surface. These excess charges can originate from surface
oxygen vacancies Ovac [35], which introduces two excess electrons, or adsorbed
hydrogen [36], which introduces one excess electron. These excess charges are
transferred to the Ti-3d states, which has been verified by resonant photoemission
studies [37, 38]. The occupied Ti-3d states are observed in ultraviolet photo-
emission spectroscopy (UPS) [35], as a band-gap state (BGS) about 0.9 eV below
the Fermi level (EF) for the (110) surface.

Figure 2.12a and b compare the differences between the defect states on (110)
and (011) surface for vacuum prepared samples. In Fig. 2.12a, besides the main
feature of predominantly O 2p derived valence band states of bulk TiO2(110), the
Ti-3d derived band gap state (BGS) (located *0.9 eV below EF) is clearly
observed. On the vacuum prepared (011)-2 9 1 surface, on the other hand, the
BGS is very small (see Fig. 2.12b). The BGS intensities are 1.9 and 0.17 % of the
total valence band intensity for the (110) and (011) surfaces, respectively. This is
consistent with STM observations of fewer point-defects on the (011)-2 9 1
surface compared to the (110) surface, which have been counted in STM images to
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typically amount to *10 % and *1 % for (110) and (011)-2 9 1 surfaces,
respectively. Therefore the BGS intensity ratio in UPS agrees with the point-defect
density on these two surfaces.

2.3.2.2 UPS Measurements of Acetic Acid Adsorption

To investigate the effect adsorbates may have on the defect states, acetic acid has
been adsorbed on the two surfaces and the change in the electronic structure
measured by UPS. The UPS spectra for (110) surface before and after acetate
adsorption is shown in Fig. 2.13a. As shown by the difference spectrum in the
lower panel of Fig. 2.13a, the acetate orbitals are mainly located at binding
energies of *10.4, *8.1 and *5.7 eV, which agrees for example with the
reported values for bi-dentate adsorbed acetate on Cu(110) surfaces [39]. The
higher binding energy peaks are dominated by the methylic carbon and carboxylic
carbon orbitals while the low binding energy peak originates from carboxylic
oxygen atoms, which have direct bonding with the substrate through the oxygen
lone pair [39, 40]. In addition to the acetate molecules, contributions from OHr are
expected. However, the binding energy of the OHr bond overlaps with the acetate
peak at *10.4 eV and therefore OH formation cannot be unambiguously con-
firmed from the UPS spectra.

Interestingly the UPS studies show that although the adsorbed hydrogen
donates its electron to the substrate, the BGS on the (110) surface is decreased by
*40 % upon carboxylic acid adsorption. This indicates that on the (110) surface,
the adsorbed acetate is taking up the charges donated from the hydroxyls—formed

Fig. 2.12 UPS spectra of vacuum prepared rutile surfaces: a TiO2(110) and b (011)-2 9 1.
Reprinted with permission from Ref [41]. Copyright 2010, American Chemical Society
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by the dissociative adsorption of acetic acid—and even reduces the excess charges
in the sample that were present prior to acetic acid adsorption. This contrasts
observations on the (011)-2 9 1 surface. Adsorption of acetic acid on TiO2(011)-
2 9 1 at room temperature also results in dissociative adsorption. However,
contrary to the (110) surface, the BGS is increasing on the (011)-2 9 1 surface
upon acetate adsorption, as shown in Fig. 2.13b. This implies that the acetate is not
able to take up all the excess charges donated by the hydroxyls, leaving charges in
Ti-3d states. This difference may originate from the adsorption coordination of the
acetate with a monodentate vs bidentate adsorption on the (011)-2 9 1 and (110)
surface, respectively. Having two acetate-oxygen atoms coordinated to the (110)
surface enables acetate-molecules to overcompensate for the electrons donated by
hydroxyl formation and consequently resulting in the observed suppression of the
BGS. In contrast, coordination of only one oxygen atom of the acetate to the
substrate on the (011)-2 9 1 surface leaves excess charges (donated by –OH
groups) in the TiO2 substrate. Understanding the differences in charge transfer
from the metal oxide to the adsorbate has important implications for gas sensing
mechanisms, since the surface charge are largely responsible for the gas response
in conductivity sensing materials. Therefore, as more crystallographically defined
gas sensing materials are being developed; surface science studies of face-
dependent charge transfer mechanisms can provide answers to fundamental gas
sensing mechanisms.

In addition to the change in intensity of the BGS for the two surfaces a dif-
ference in the binding energy for the two surfaces was also observed. Comparing

Fig. 2.13 UPS valence band spectra of a TiO2(110) and b TiO2(011)-2 9 1 before (black solid
curve) and after monolayer acetate adsorption (blue/red curves). The difference spectra between
the clean and acetate covered surfaces are shown in the lower panels. The defect states just below
the Fermi-level (0 eV binding energy), behaves oppositely on the two surfaces. On the (110)
surface the defect state decreases while on the (011)-2 9 1 surface the defect state increases upon
acetic acid adsorption. Reprinted with permission from Ref [41]. Copyright 2010, American
Chemical Society
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the BGS binding energy for the (110) and (011)-2 9 1 surface reveals that the
binding energy of the BGS for the (011)-2 9 1 surface is * 0.34 eV higher than
for the (110) surface, as emphasized in Fig. 2.14a. This is a significant energy
difference for excess charges at Ti lattice sites and suggests that electrons are more
effectively trapped on the (011)-2 9 1 surface than on the (110) surface.

This higher binding energy of Ti-3d states on the (011)-2 9 1 surface has been
explained by the geometry of the surface reconstruction and the resulting crystal
field at the surface Ti-sites [41]. Due to the surface reconstruction, the Ti–O
coordination environment at (011)-2 9 1 surface is changed to two differently
distorted square pyramid Ti–O coordination as schematically shown in
Figs. 2.14c, d. Generally, a square pyramid coordination causes a larger crystal
field splitting and stronger stabilization of the dxz and dyz orbitals compared to an
octahedral configuration. Only Ti-atoms in the topmost surface layer exhibit this
unique coordination environment and therefore the observed higher binding
energy of the Ti-3d state implies that the defect-electrons are localized in the
surface layer.

Fig. 2.14 a The BGS for the TiO2(110) and (011)-2 9 1 surfaces are compared. The black curve
is for the clean TiO2(110) surface and the pink curve is measured on the (011)-2 9 1 surface after
acetate adsorption, when the BGS becomes noticeable. The BGS for the (011) surface is shifted
*0.34 eV to higher binding energies compared to the (110) surface. b Ball-and-stick models for
TiO2(011)-2 9 1 and (110) surfaces. Grey and red spheres are Ti and O atoms, respectively.
c and d show two different local Ti–O environments on the (011)-2 9 1 surface with the same
color code specified in (b). e shows the octahedral coordination environment for bulk TiO2. The
values shown in (c), (d) and (e) are the bond angles
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2.3.3 Surface Modification by Grazing Incidence
Low Energy Ion Sputtering

In the previous section it has been shown that surface structures and defects play
an important role in the adsorption of molecules and thus in the gas sensitivity of
these materials. Therefore, it would be important to be able to modify surface
structures to enable tuning of surface sensitivity to specific target gases. This
requires a surface modification at the molecular scale since this is the relevant
length scale for adsorption. On oxide surfaces, under-coordinated sites can be
particularly reactive. Such sites are, for instance, step edges. Consequently, cre-
ating surfaces with a high density of defined step edge structures may be an
approach for tuning gas sensitivities of materials. In the following we describe a
method that enables such a surface structuring on the example of TiO2(110). This
method employs grazing incidence low energy ion beams and exploits a self
organization of the surface into nano-ripple structures that exhibit a high density of
step edges.

It has been demonstrated that the sputter yield of a grazing incidence low
energy ion beam varies largely at flat terraces compared to defect sites such as step
edges [42, 43]. Thus, ion sputtering at grazing angles is fundamentally different
from sputtering at steeper angles. At steeper angles, the ions deposit their energy in
the bulk. At grazing angles, on the other hand, planar surfaces re-arrange to
minimize step-edge sputtering. This results in an alignment of step edges in the
direction of the azimuth direction of the ion beam. The alignment of step-edges
combined with a sputter induced surface roughening gives rise to the formation of
nanoscale ripples at the surface. This process is discussed next followed by a
demonstration that this ion beam techniques also allows the formation of high
energy step edge orientations that otherwise cannot be observed.

2.3.3.1 Nanoripple Formation by Grazing Ion Sputtering

Grazing incidence sputtering by low-energy ions can be applied to many planar
single crystal substrates. With increasing ion-incident angle (measured from the
surface normal) the sputter yield initially increases because the ion energy is
deposited closer to the surface and thus collision cascades cause the ejection of
more surface atoms. However, at a critical grazing incidence angle most of the
incident ions will be quasi-elastically reflected from the surface without pene-
trating the surface. Furthermore, for low energy ions, the momentum transfer to
the surface during the reflection is too small to induce lattice defects at defect-free
terraces. At surface defects, and in particular at step edges, the incident ions can,
however, interact more strongly with the substrate and thus induce sputter damage
at these pre-existing surface defects. This results in a sputter yield that varies
locally on the surface and this gives rise to a self-organization of the surface in
nanostructures.
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The initial surface evolution, i.e. for low ion fluences, is shown in Fig. 2.15 for
two different ion beam azimuths at 8� grazing incidence angle. In the low fluence
regime the ion beam induced formation of vacancy islands and their gradual
evolution into vacancy islands with an elongation along the ion beam azimuth can
be observed. Formation of vacancy islands is due to random terrace sputtering of
atoms which agglomerate by surface diffusion into islands at the processing
temperature of *400 �C. Once the vacancy islands are formed increased sput-
tering is observed along the step-edges facing the ion beam. This has two con-
sequences; firstly the total sputter yield from the surface increases with an
increasing step edge density and secondly the vacancy islands form an anisotropic
shape due to the preferential sputtering at step edges exposed to the ion beam. It is
apparent from Fig. 2.15 that this mechanism is also dependent on the crystallo-
graphic azimuth of the ion beam irradiation. Especially on TiO2(110) where the
surface structure is very anisotropic the sputter yield of a grazing ion beam will
also be anisotropic. Furthermore, variations of the step edge formation energies
(see below) prefer certain step edge orientations which can favor vacancy islands
with distinct shapes.

The total amount of sputtered atoms can be deduced from the surface area
covered with vacancy islands that enables a measure of the sputter yield.
Figure 2.15g and h plots the vacancy island density and the number of sput-
tered atoms versus the ion fluence for the two azimuths directions investigated.
The non-linear change in sputtered atoms with ion fluence indicates that the sputter
yield increases with irradiation time. This can only be explained if the changing
surface morphology affects the sputter yield. This is further indication that step

Fig. 2.15 Shown are 200 9 200 nm STM images of TiO2(110) after grazing incidence
irradiation along the\001[azimuth for a 20 min, b 80 min, and c 160 min, and along the\10[
azimuth for d 5 min, e 20 min, and f 30 min. g shows the evolution of the vacancy island density
with sputter time. The totaled sputtered atoms derived from the total vacancy island area as a
function of sputter time is shown in (h). Reprinted from Ref. [44]. Copyright 2010, American
Physical Society
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edge sputtering is a crucial component of the total sputter yield. For both azimuths
the step edge density increases with sputter time, due to the formation of vacancy
islands, and consequently increases the global step edge sputter contribution. As
shown in Ref. [44] fitting a quadratic expression to the sputtered atoms vs ion
fluence plot and estimating the step edge density from STM-images, the relative
contributions from step edge and terrace sputtering can be extracted. This kind of
analysis shows that the step edge sputtering is more than ten times that of the
terrace sputtering.

With increasing ion fluence the surfaces increase in roughness as the STM
images shown in Fig. 2.16 indicate. However, instead of forming a randomly
rough surface, nanoripples form. These nanoripples are aligned with ion beam
azimuth and thus exhibit mainly step edges that are in the direction of the ion
beam. Furthermore, the ripples exhibit a fairly uniform separation of 10–20 nm
and a peak-to-valley roughness of *4 nm. Therefore this technique of grazing ion
beams allows the formation of surfaces with step edges with defined crystallo-
graphic orientation and high density. This is a new method for modifying surfaces
with under-coordinated sites which may be exploited for tuning chemical and gas
sensing properties in the future. This method can be employed not only on single
crystals but also on thin epitaxial films and thus this may be exploited for new gas
sensing materials. In addition, this ion beam method also has the advantage of
being capable of forming step edges that are meta-stable, i.e. step edges with high
formation energy. Such steps are often the most chemically active step edges and
thus preparation of surfaces with a high density of such steps is especially inter-
esting for obtaining surfaces with new chemical functionalities. This is briefly
discussed in the next section.

2.3.3.2 Formation of Meta-Stable Step Edge Orientations

Step edges on oxides and other covalent and ionic materials have strong orien-
tation dependent formation energies. This causes the presences of only step edge
orientations with the lowest formation energies to be present on a surface in
thermodynamic equilibrium. If the step edge formation energies are known the
shape of atomic-layer high adislands can be derived from a 2D analogue of the
crystal shape Wulff construction where the surface energies are replaced by step
edge energies [45]. For a vacuum annealed TiO2(110) surface only step edges
along the [11] and [001] directions are observed but not in the [10] direction,
which would be the third low index direction within the (110) surface. The
observed step-edge orientations are illustrated in Fig. 2.17. This implies that the
latter direction is an energetically unfavorable direction for step edge formation.
Can this direction be prepared using the above described grazing ion beam
method?

Directing the ion beam along the [10] azimuth indeed results in step edges
aligned in this direction and STM allows the determination of the structure of this
step edge [46]. Figure 2.18b and e show atomic resolved STM images. It is
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apparent that the periodicity of this step edge is twice that of the terrace. This
suggests a step edge structure as shown in Fig. 2.18d and DFT simulations of a
STM image of such a step edge results in very good agreement with the mea-
surement. The fact that this step edge is only meta-stable is highlighted by the fact
that annealing of the surface to *600 �C results in a reformation of energetically
more favorable step edges along the [11] azimuths. This is shown in Fig. 2.18c by
the formation of zigzagging steps.

In conclusion, the use of grazing ion beam step structuring allows not only the
preparation of surfaces with a high step edge density but it also enables the
stabilization of steps that are otherwise not present at the surface. Therefore this
method may be used to structurally alter the surface and thus tune the sensing
properties of metal oxide surfaces.

Fig. 2.16 STM images (400 9 400 nm) of the surface morphology after extended periods of
grazing incidence irradiation in a\110[azimuth- and b\001[azimuth-direction. Nano-ripples
are formed that are aligned parallel to the ion-beam directions. The corrugation of these ripples is
*4 nm as can be judged from the shown cross-sections. Reprinted from Ref. [44]. Copyright
2010, American Physical Society
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2.3.4 Reaction of Sub-Surface Ti Interstitials
with Gas Phase Oxygen

When Titania is reduced, excess titanium occupies interstitial sites. These inter-
stitials are fairly mobile and at elevated temperatures can readily diffuse into the
bulk. The opposite is also observed. If a reduced TiO2 crystal is annealed in an
oxidizing atmosphere the Ti-interstitials are diffusing to the surface where they can
react with oxygen [47, 48]. The formation and annihilation of Ti-interstitials at the
surfaces of TiO2 is directly related to the gas response of TiO2 to oxidizing and
reducing gases. Ti-interstitials act as n-type dopants in TiO2 and thus changes in
their concentration affect the conductivity of the material which can be used as the
gas response signal.

The phenomenon of re-oxidation of Ti-interstitials can be directly observed by
surface science techniques in vacuum. Annealing of a slightly reduced crystal in
*10-6 Torr O2 pressure results in the reaction of Ti-interstitials at the surface
with oxygen. As a consequence new layers of TiO2 are growing at the surface.
This has been thoroughly studied on the more frequently investigated rutile
TiO2(110) surface [49, 50]. Recently, the re-oxidation of a slightly reduced
TiO2(011) surface has been studied [51]. Similar to the (110) surfaces oxidation of
Ti-interstitials results in the formation of new TiO2 layers. However, on the (011)

Fig. 2.17 Low energy step-edge structure on TiO2(110). a STM image of a typical surface
structure of clean TiO2(110) surface, b orientations of the step edges on the surface (top view),
and (c)–(e) illustrative structures of the different step edges (side views). In (c)–(e), the shaded
area represents micro facets of an extended low index crystallographic plane corresponding to the
step edge. Ti and O atoms are represented by small and big balls, respectively. Reprinted from
Ref. [46]. Copyright 2009, American Physical Society
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surface this new TiO2 surface layer is different in its structural and electronic
properties compared to the original surface. This new surface structure and its
properties are discussed in the following.

2.3.4.1 Formation of New Metastable Surface Structure on TiO2(011)

Vacuum prepared clean TiO2(011) surface undergoes 2 9 1 reconstruction which
show rows of protrusions arranged in zigzag patterns in STM images, as discussed
above and shown in Figs. 2.9b, 2.19a and b. When this surface is exposed to O2 at
*300–400 �C, high resolution STM images illustrate that islands with a different
structure are formed on the surface as shown in Fig. 2.19c and d. Although the
periodicity of the new surface structure can also be described as a (2 9 1) surface
unit cell, the structure of these islands is different from the original TiO2(011)-
(2 9 1) surface or a (1 9 1) bulk truncation. In particular, the new surface phase is
less corrugated on the atomic scale along the long axis of the surface unit cell than
the ‘original’ surface structure, while having a similar corrugation along the short
axis of the unit cell. The corrugation measured in the STM images is shown as the
line scan in Fig. 2.19e.

Fig. 2.18 Fabrication of meta-stable step edges by grazing ion beam irradiation along the [10]
azimuth of TiO2(110). (a) and (b) STM images of surface morphology after grazing ion beam
irradiation with the majority of steps aligned with the ion beam azimuth direction along [10].
Annealing to 600 �C results in the restructuring in energetically more favorable [11] steps as
evidenced by the zigzagging steps in (c). (d) shows an atomic scale model of the [10] steps and
(e) and (f) is a comparison of the experimental STM image with a DFT-simulated STM image.
Reprinted from Ref. [46]. Copyright 2009, American Physical Society
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This new surface structure is thermally stable to *500 �C and only annealing
in vacuum above this temperature causes the reformation of the ‘original’ surface
structure. Therefore this new structure is only metastable, however, its fairly high
thermal stability suggests that it may be important in applications.

In addition to the structural variation the electronic properties of this new
surface structure is also surprisingly different. In Fig. 2.20a and b, scanning tun-
neling spectroscopy (STS) spectra obtained for the original TiO2(011)-(2 9 1)
surface structure and the new TiO2 phase are shown. A comparison of STS spectra
of the two phases shows that the new phase exhibits filled electronic states that are
in the band gap region of bulk rutile TiO2. Also the empty states exhibit a weak
variation between the two surfaces with the conduction band minimum slightly
shifted towards the Fermi level for the new phase. Therefore, these spectra
demonstrate that the new TiO2 phase has a smaller band gap than bulk rutile TiO2.

For a more accurate determination of the filled states of the new TiO2 structure
and to obtain information on the electronic states that make up the new valence
band, UPS studies were performed using synchrotron radiation. Figure 2.20c and d
show valence band photoemission spectra of the TiO2 sample. After formation of
the new surface structure, a new state within the bulk band gap of TiO2 is observed
with a maximum at 2.1 eV below the Fermi level. From comparison with STS

Fig. 2.19 Atomic-resolution STM images of the rutile TiO2(011) surface. The (2 9 1)
reconstructed surface is shown in (a) and (b) and the new TiO2 phase formed after annealing
in 10-6 Torr O2O2 atmosphere is shown in (c) and (d). The image size for (a) and (c) are both
(50 9 50 nm2). The surface unit cell for the rectangular (2 9 1) reconstruction is indicated in
(b) and the quasi-hexagonal symmetry of the new TiO2 phase is shown in (d). A line defect in the
new TiO2 phase can also be seen in (d). This defect is an anti-phase boundary due to the registry
of the new phase with the TiO2(011) substrate. The line-profiles indicating the atomic corrugation
along the indicated lines in (b) and (d) are shown in (e). Adapted from Ref. [51]
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measurements these filled states are assigned to the new surface phase of TiO2.
After annealing the sample to above 500 �C, the valence band structure of the
original TiO2(011)-(2 9 1) surface is regained (see Fig. 2.20c), demonstrating the
reversibility of the structural and electronic surface transformation in agreement
with the STM studies. Also, a *0.3 eV upward shift of the bulk bands is observed
due to band bending at the surface indicating a depletion of the surface regions of
charge conduction electrons. Therefore, the formation of this new structure may

Fig. 2.20 Electronic structure determination of new structure on TiO2(011) surface. Scanning
tunneling spectroscopy (STS) measurements. In (a), the original (2 9 1) reconstructed surface is
coloured in blue, while the new TiO2 phase is indicated in red. The color coded I–V spectra taken
in the respective surface areas are shown in (b) and the numerically differentiated dI/dV curves
are also shown in (b). Photoemission spectra confirm the formation of new electronic states
within the band gap. UPS spectra taken with an 80 eV photon energy are shown in (c) and (d).
The black curve corresponds to the photoemission spectrum for the original (2 9 1)
reconstructed surface. The red curve has been acquired after low pressure oxidation and (partial)
formation of a new TiO2 phase. The blue line indicates a photoemission spectrum that has been
taken after annealing the sample to *600 �C in vacuum and re-formation of the (2 9 1) surface
structure. The band diagram is schematically shown in (e). Adapted from Ref. [51]
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aid the gas response not just by oxidation of Ti-interstitials but also by the band
bending effect induced by the new surface structure.

Based on the experimental results, the electronic structure energy diagram for
this new surface phase can be drawn as shown in Fig. 2.20e. The new electronic
state penetrates into the bulk band gap and reduces the surface band gap by 0.9 eV.
This observation of the formation of a new surface structure with unique electronic
properties illustrates that oxide surfaces, although often considered as static, may
exhibit a surprising variability and that their remains many unknowns about their
atomic scale behavior especially if in contact with different gas phases. Therefore,
oxide surfaces will remain a challenging topic for fundamental surface science
studies for some time to come. The better understanding of structural, chemical,
and electronic properties of these surfaces will ultimately aid the understanding
and tuning of metal oxide gas sensors.

2.4 Summary and Perspective

This chapter has given examples of how surface studies of metal gas sensing
materials can add to our fundamental understanding of the gas response of
semiconducting metal oxides. We intended to show that surfaces can behave quite
differently not just between different materials but also for different surface ori-
entations of the same material and even the same surface orientation under dif-
ferent oxidation potentials. In addition, minority sites, like surface defects, can be
crucial in determining the surface reactivity and may play a dominant role in the
adsorption of molecules and consequently in the gas response of metal oxides.
Therefore, from a surface science perspective, an increase in selectivity and sen-
sitivity may be obtained by designing materials with single surface orientations
[52] and by controlling defect constellations by e.g. doping or step edge orienta-
tions. For the latter point a method has been described that may be used for
designing surfaces with defined step edge orientations and this may provide a way
forward, at least for fundamental studies, to examine the role of step edges on gas
responses. With the progress in real space analysis of surfaces by STM and other
scanning probe techniques we may see more studies of the role of molecular scale
surface features on chemical surface properties in the future.

Another important advancement in the surface science of gas sensing materials
will be to investigate surfaces under more relevant environments with similar
precision as is currently possible by traditional vacuum technology. To achieve
this goal some of the surface science techniques that rely on vacuum need to be
sacrificed but others will substitute for them and some can be modified to allow for
higher pressure conditions. We are at the brink of getting out of vacuum and
therefore we may expect to learn a big deal more from surface science studies
about the fundamentals of gas sensing in the near future. In particular photo-
emission experiments can now be performed at elevated pressures [19] at a few
selected beamlines at synchrotron facilities around the world. The merger of
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vacuum surface science with ambient pressure characterization of surfaces will
ultimately enable us to determine what surface processes are central for the gas
response.

Acknowledgments Support from the National Science Foundation under grant CHE-0840547 is
acknowledged.
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Chapter 3
Design, Synthesis and Application
of Metal Oxide-Based Sensing Elements:
A Chemical Principles Approach

Valery Krivetskiy, Marina Rumyantseva and Alexander Gaskov

Abstract The chemical approaches to improvement of selectivity of semiconductor
metal oxide gas sensors are the main subject of this chapter. Current concepts of
interrelationships between metal oxide chemical composition, crystal and surface
structure and its activity in the reaction with gas phase components are considered.
Application of such concepts to the design of sensor materials based on nanocrys-
talline SnO2 is discussed thoroughly. Experimental data concerning chemical
composition, solid–gas chemical interaction activity and sensor properties is given
and critically analysed. The possibility of utilization of solid–gas chemical reaction
activity concepts for directed synthesis of new metal oxide semiconductor sensor
materials with selective response to given gases is highlighted.

3.1 Introduction

A major shortcoming of SnO2 as a material for gas sensors is its low selectivity, due to
the presence of a wide range of adsorption sites on its surface that cannot distinguish
the contribution of each type of molecule in the gas phase to the total electrical signal.
One of the ways to improve its selectivity is the surface modification of a highly
dispersed oxide matrix with clusters of transition metals or their oxides, which may
affect the electrophysical and chemical properties of the surface. Quite a number of
approaches has been suggested to date to direct the choice of modifiers for sensor
materials, using the values of electronegativity [1], changes in work function [2], as
well as structural properties of oxides of d-elements [3] as correlation parameters.

For sensors targeting sulfur-containing gases (in particular hydrogen sulfide) it
was proposed [1] to select a modifier based on the electronegativity values of the
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corresponding cations. It was assumed that the bond formation between the sulfur ion
and metal cation with low electronegativity leads to a weakening of the S–H bond and
facilitates the dissociation of the molecule. Another approach is based on the change
in work function during the chemisorption of molecules from the gas phase on metal
surfaces [2]. The magnitude of this change depends on the nature of the metal and the
gas molecules, and likely enables the selective detection of gases using planar
structures of a metal/semiconductor interface, as well as with polycrystalline systems
in which metal clusters are distributed on the surface of the semiconductor.

Certain predictions on sensitivity and selectivity of sensor materials can be
made based on the catalytic activity of transition metals and their oxides. Possible
mechanisms for the catalytic effect of additives on the sensor properties of the
material were proposed [4]:

• the effect on the rate of Redox reaction, which leads to higher sensitivity and
better dynamic properties at low operating temperatures;

• formation of intermediates, which can change the conductivity of SnO2;
• the impact on the surface coverage and rate of adsorption.

Different concepts of heterogeneous catalysis allow linking the physical,
chemical and electronic properties of materials and their catalytic activity in dif-
ferent processes [5]:

• acid–base catalysis theory, based on the number and strength of acidic and basic
centers on the catalyst surface;

• the theory of ‘‘structural matching’’ assumes that an active center—an ensemble
of atoms having some specific size and structure—is needed for the reaction on
the surface to take place;

• the electronic theory of catalysis on semiconductors [6], the concept, based on
the correlation of catalytic activity and electronic structure of the material,
which includes consideration of the quantum-size effects with decreasing par-
ticle size to the nanometer range.

However, there is scarce number of works that use the reasoned choice of mod-
ifiers for sensor materials surfaces. In the development of SnO2-based gas sensors the
representatives of all families of chemical elements: noble metals and oxides of s-, p-,
d- and f-elements, have already been tested as modifiers (Fig. 3.1). In most cases, the
results are obtained by ‘‘trial and error’’ effort and do not imply correlations between
the properties of the modifier and sensor performances to the target gas.

3.2 Reactivity of Oxide’s Surface in Solid-Gas
Interaction

This section discusses the approaches described in the literature to assess the acid–
base and Redox surface properties of metal oxides, based on their chemical com-
position, oxidation state of the metal, coordination environment and crystal structure.
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3.2.1 Adsorption–Desorption Interactions, Acid–Base
Properties

The key chemical process that leads to the emergence of a sensor response in the
presence of any detectable component is the adsorption (chemisorption) of gas
molecules on the surface. This process is usually considered in terms of a Lewis
acid–base interaction [7]. The active sites of adsorption on a metal oxide surface
are coordinatively unsaturated metal cations and oxygen anions. Metal cations as
electron-deficient atoms having vacant orbitals, exhibit Lewis acid properties,
while oxygen anions act as bases.

The main problems in the synthesis of new materials with a well defined surface
acidity are (1) a quantitative description of the changes in acidity made by mod-
ification and especially (2) predicting the reactivity of the newly created com-
posites. The advances in IR-spectroscopic methods of probing molecules [8, 9],
their thermo-programmed desorption [10] and microcalorimetric methods [11],
allow a quantitative comparison of the acidity of the synthesized materials. It is
important to emphasize that the acidity of the metal cation in the oxide surface is
defined by a set of parameters: the type and oxidation state of the cation, the
presence of defects on the surface, and the number of vacancies in the anion
sublattice, which is different in the oxidized and reduced state of the surface [7]. At
the same time, the acidity and reactivity of the metal oxide surface are closely
associated with the ‘‘bulk’’ properties of the phases present [5].

In the 1970s Duffy proposed a universal approach which, allows ranking of
various metal oxides on their Lewis acidity and introduced a new notion of the so
called optical basicity of oxides [12]. This value characterizes the degree of ‘‘red’’
shift (towards longer wavelengths) of characteristic bands in UV absorption

Fig. 3.1 Elements that have been tested as modifiers in the development of SnO2 based gas
sensors
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spectra corresponding to the 1S0 ? 3P1 transitions of probe ions (Tl+, Pb2+ or
Bi3+), embedded in an oxide structure. This shift is caused by the expansion of the
outer electron orbitals of the cations (acidic centers), surrounded by anions (basic
centers). This so called nephelauxetic effect is based on the covalent interaction
between the central cation and its surrounding ligands, which leads to the for-
mation of molecular orbitals with a predominant contribution of orbitals from the
central cation. The expansion is due to the fact that the formed boundary molecular
orbitals are antibonding in nature, and also due to increased screening of the
positively charged nucleus of the cation. On the example of complex-forming
metal cations, this effect is manifested as a change in the absorption spectra
corresponding to the energy transitions of d-electrons. Orbital expansion is
accompanied by the weakening of electron repulsion forces and, consequently, the
partial degeneracy of the energy sublevels of the excited states surrounded by the
ligands (Lewis bases), one can estimate the degree of this acid–base interaction.
According to this concept, the bulk Lewis acidity of the cations forming the oxide
can be estimated to be inversely proportional to the basicity of oxygen anions. It
can be determined by measuring the magnitude of the nephelauxetic effect arising
in its absorption spectrum with introducing a probe d-element cation into the oxide
matrix. The more the red shift of spectral bands caused by the expansion of the
outer orbitals of the cation, the more the basicity of oxide and the weaker the
Lewis acidity of its constituent cations.

By generalizing the experimental data obtained in the course of studying the
optical basicity of silicate oxide glasses of different compositions, it has been
shown [13] that the optical basicity K is an additive quantity, and therefore, the
majority of individual oxides can be classified based on measured values of optical
basicity of glasses of known composition:

Kth ¼ XAOa=2
KðAOa=2Þ þ XBOb=2

KðBOb=2Þ þ . . .; ð3:1Þ

K(AOa/2), K(BOb/2)… optical basicity of oxides AOa/2, BOb/2 …
XAOa=2

; XBOb=2
. . . proportion of oxygen atoms, provided by each oxide

Optical basicity of simple oxides, of the substance, is correlated with other
fundamental parameters. It has been shown [14] that K is proportional to the
electronegativity of the metal, which is forming the oxide:

K ¼ 0:75=ðvM � 0:25Þ ð3:2Þ

vM Pauling electronegativity of metal cation

Another type of correlation is related to the so-called polarizability of the
oxygen atom in the oxide, a2�

O [13]:

K ¼ 1:67 1� 1=a2�
O

� �
ð3:3Þ
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The polarizability of the oxygen atom, reflecting the tendency of electrons
involved in chemical bonding to move from of the ionic core in the presence of an
external electric field, is calculated from the molar polarizability of simple oxides:

am AiBj

� �
¼ iaA þ jaB; ð3:4Þ

A :cation
B :anion
i and j :their stoichiometric coefficients in oxide

Molar polarizability of oxide can be calculated from the refractive index of the
oxide according to the formula of Lorentz-Lorenz (also known as Clausius-
Mozotti equation) [13, 15]:

am ¼
3Vm

4pN

n2 � 1
n2 þ 2

ð3:5Þ

Vm -molar volume
N -Avogadro number
n r-efractive index

Thus, it is possible to estimate the strength of acid centers on the surface of an
oxide material using the bulk properties of the compound and the fundamental
parameters of its constituent atoms. This simple approach has its drawbacks. The
more important one is that the calculations are based on Pauling electronegativity
values of the cations with no regard of the structural features of oxides and,
consequently, neglects their effect on the electronegativity. As a result this
approach was suitable only for compounds with ionic metal—oxygen bonds.

In 1982 Zhang for the first time made an attempt to create a quantitative Lewis
acidity scale of various cations [16]. He found the approach to the quantitative
description of the ion contribution to the metal—oxygen bond through the so-
called polarizing power of the cation. The polarizing power P can be calculated as:

P ¼ Z=r2
k ð3:6Þ

Z formal cation charge
rk ionic radius

At the same time Zhang has developed a scale of electronegativities of the
elements [17], calculated from the thermodynamic parameters using the formula:

vZ ¼
0:24n� Iz=Rð Þ1=2

r2
þ 0:775 ð3:7Þ

r covalent metal radius
Iz ionization potential

3 Design, Synthesis and Application of Metal Oxide 73



R Rydberg constant
n* effective main quantum number

Covalent components of the metal–oxygen bond in the metal oxide compounds,
according to Zhang, are determined by their electronegativity. The value of Lewis
acidity Z is determined by the formula:

Z ¼ P� 7:7vZ þ 8:0 ð3:8Þ

Zhang was able to rank a large number of cations. However, this scale is not
valid for small cations with high nuclear charge. Portier et al. [18] proposed a new
parameter related to acid strength, taking into account the ionic-covalent character
of the metal–oxygen bond in oxides (ionic-covalent parameter, ICP):

ICP ¼ log Pi � Avi þ B ð3:9Þ

Pi polarizing power
vi electronegativity

The coefficients A and B are chosen, so that the ICP of Au+ cation was zero
[19]. This cation acts as a reference due to its extremely low acidity and instability
of compounds, even with very strong bases. Using this parameter authors have
been able to carry out a quantitative classification of Lewis acidity of about 500
cations in different oxidation states and coordination environments.

Further attempts were made to develop the concept of optical basicity on the
basis of a quantitative understanding of the ionic-covalent character of metal–
oxygen bond in oxides. These approaches are based on the linear correlation of the
optical basicity of alkali and alkaline earth metal oxides with ICP. Using the
method of linear regression five different linear correlations between the optical
basicity and the ionic-covalent parameter of different types of cations (s-p, d10s2,
d0, d1–d9, d10) were subsequently established [20]. The quantitative relationship
between the Lewis acidity and the fundamental parameters of the substance
identified in this way can be used to predict the reactivity of not only the individual
oxides, but also composite materials based on them Fig. 3.2.

Another approach that is widely used in predicting the reactivity of oxide
materials, is the principle of electronegativity equalization developed by Sander-
son, and the corresponding scale of electronegativities of the elements [21, 22].
Sanderson started from the principle that the formation of the ionic part in the
chemical bonding between atoms of different nature is inevitably accompanied by
a decrease in its covalent component. This is due to the redistribution of electron
density between the atoms that form a chemical compound. This redistribution, in
turn, induces a charge which balances the difference in the electronegativity of
atoms. Thus, the compound acquires certain electronegativity, which is the geo-
metric mean of electronegativities of its constituent atoms.
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Sanderson’s concept allows us to calculate the partial charges on the atoms
forming the compound, reflecting the contribution of the ionic component of a
chemical bond directly from the values of the electronegativities of the cations.

rM ¼ 0:48�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SMþð Þx SChð Þyxþy

q
� SMþ

� �
� S

�1=2
Mþ ð3:10Þ

rM cation partial charge
SM+ cation electronegativity
SCh- chalcogen electronegativity (for oxygen S = 3.61)
x, y stoichiometric coefficients

To date, these values are known for a large number of cations in various formal
oxidation states, so one can easily rank the corresponding oxides by their Lewis
acidity (Fig. 3.3). The most comprehensive work in the field [23] has shown that
the difference between the degree of oxidation of the cation and the calculated
partial charges reflects the value of Lewis acidity. This approach was also
developed further to calculate partial charge distributions in complex oxide
compounds on the basis of their structural parameters [24].

It is important to note that metal oxides possess, in addition to Lewis acidity,
also Brønsted acidity, defined as the ability to protonate bases (H+-transfer). This
type of acidity is the result of dissociative adsorption of water molecules on the
oxide surface to form protons (H+) and hydroxyl groups (OH-). The driving force
of these processes is the interaction between a Lewis acid (cation on the metal
surface) and its conjugate base (the oxygen atom in a molecule of H2O). A proton
(Lewis acid), formed as a result of this dissociation, is captured and tightly binds
the surface lattice oxygen atom of the metal oxide (Lewis base) while a hydroxyl
group (base) is fixed to the metal cation (acid). It is the latter type of hydroxyl
groups on the surface that are capable to exhibit acidic properties. The strength of
acid sites is determined by the energy of deprotonation, which is fairly easy to

Fig. 3.2 The scale of optical
basicity of selected cations
based on their oxidation state,
coordination number and
electronegativity [20]
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quantify with the help of quantum chemical calculations [25–27]. This method is
often used for catalytic materials that have shown linear correlation between the
strength of Brønsted acid centers and the partial electric charges on the atoms
(oxygen anions and metal cations) [24].

3.2.2 Reactivity in Oxidation Process

In most cases sensors are designed to operate in excess of oxygen in the gas phase
(mainly in humid air) which means that for the majority of molecules, adsorbed on
the SnO2 surface, the next chemical step will be the interaction with different
oxygen species. They are represented as chemisorbed forms of oxygen: molecular
O�2 or atomic O�; or lattice, oxygen on the SnO2 surface. The former are known as
highly reactive electrophilic forms of oxygen, readily interacting with almost all
adsorbed molecules, while the latter, lattice oxygen, considered to be less reactive
nucleophilic form of oxidant. While it is widely accepted, that the concentration of
chemisorbed oxygen species is the main parameter, affecting nanocrystalline SnO2

conductance in air, little is reported about their relative importance in the process
of chemical interaction of SnO2 with gas molecules.

3.2.2.1 Oxidation by Lattice Oxygen

Oxidation of chemisorbed molecules with lattice oxygen of the oxide material was
firstly described by Mars and van Krevelen [28]. For a large number of oxide systems
this mechanism has been confirmed by kinetic methods as well as using direct
methods of investigation of the oxides surface structure [29–31]. This process is due
to lability of nucleophilic anions, which can attack the adsorbed molecules, breaking

Fig. 3.3 Lewis acidity scale
of simple oxides calculated
on the basis of Sanderson
electronegativity table [23]
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the existing chemical bonds in these molecules and forming the new ones. The
adsorption of gas molecules, which occurs with a partial transfer of electron density
to the metal cation on the surface, leads to the activation of these adsorbed species—
the creation of additional centers with a partial positive charge, which later may
become centers for nucleophilic attack by the anion O2�; located in position of lattice
oxygen of the oxide compound on the surface of the material. Newly formed mol-
ecules can re-enter the process of oxidation or desorb from the oxide surface. As a
result, the surface oxide is transferred into the so-called ‘‘reduced’’ state, charac-
terized by a large number of oxygen vacancies and metal cations in lower oxidation
states as compared with the cations in the bulk material.

If the gas phase contains a significant amount of oxygen, then re-oxidation of
surface occurs through the processes: adsorption of molecular oxygen, its disso-
ciation, and incorporation into the position of oxygen vacancies, in accordance
with the following equations:

O2ðgÞ $ O2ðadsÞ ð3:11Þ

O2ðadsÞ þ e� $ O�2ðadsÞ ð3:12Þ

O�2ðadsÞ þ e� $ 2O�ðadsÞ ð3:13Þ

O�ðadsÞ þ e� $ O2�
ðadsÞ ð3:14Þ

O2�
ðadsÞ $ O2�

lat ð3:15Þ

where O2�
lat is an anion located in position of lattice oxygen of the oxide compound

on the surface of the material.
Thus there is a restoration of the original chemical state of the surface and the

completion of the catalytic cycle of oxidation. Processes involving nucleophilic
oxygen species can be described by the following general schemes:

Oxidation Mnþ � O2� þ R! Mðn�xÞþ þ RO ð3:16Þ

Regeneration Mðn�xÞþ þ x=4ð ÞO2 ! Mnþ þ x=2ð ÞO2� ð3:17Þ

The use of these schemes allowed the authors [32] to describe the activity of
oxides in a catalytic cycle on the basis of thermodynamic parameters. Although
such a fundamental approach has revealed the energy functions that characterize
the reactivity of the oxides in Redox processes, the authors could not find parallels
with the real catalytic activity of oxide compounds even in very simple transfor-
mations. The reason for the failure of this, at first glance a promising concept, was
the large number of additional factors influencing the Redox processes on the
oxide surface, which are not taken into account in the proposed scheme of oxi-
dation. These factors are hard to account for in a quantitative way so they are
mainly used as qualitative concepts.
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3.2.2.2 Oxidation via Adsorbed Oxygen

It should be taken into account that oxidation by nucleophilic lattice O2- is not the
only kind of oxidation reactions on the surface of oxides. The adsorption of
oxygen in accordance with equations (3.11–3.14) can lead to the formation of
electrophilic anions, O2

- and O-, on the oxide surface. The high mobility and
reactivity of such species leads to oxidation processes on the surface with
chemisorbed gas molecules, not subject to the ‘‘Mars-van-Krevelen’’ mechanism.

The nature, mechanisms of formation and chemical properties of such elec-
trophilic oxygen anions, adsorbed on oxide surfaces, which are the subject of
decade-long discussions, are still poorly known. According to the energy diagram,
proposed by the authors [33], the higher the charge of the ionized forms of
adsorbed oxygen, the lower its stability Fig. 3.4.

The ionized form of oxygen O2
- in the gas phase is energetically more

favorable compared to the electrically neutral molecular form. The latter can be
stabilized on the oxide surface via electrostatic interaction. This chart suggests that
the ionized O2

- and O- can exist in a mobile form on the oxide surface for a long
time. The O2- ion can be stabilized on the surface only in the position of the
oxygen vacancy, since it is energetically very unstable species. The numerical
values listed in the chart, are approximations, since they are dependent on the
exact position of the ionized atoms of oxygen adsorbed on the surface, as well as
their surroundings.

The ability of the oxide surface to bear chemisorbed oxygen species can only be
described in a qualitative manner. For these purposes a division of oxides into
three groups was proposed [34]:

Fig. 3.4 Survey of oxygen
species (From [87]. With
permission.)
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The first group with a high tendency to adsorb oxygen is presented by oxides
formed by the metal cations which are easily oxidized into a higher oxidation state,
and therefore can easily donate electron density to the adsorbed oxygen species. A
huge quantity of electrophilic anions (O-, O2

-) quickly form on the surface of
these oxides (Examples include: NiO, MnO, CoO, Co3O4) at room temperature in
an atmosphere with oxygen excess. With the rise of surface temperature the speed
of this transformation increases considerably, and also adsorbed O2- is formed,
which is involved in the formation of additional lattice planes on the surface with
utilization of cations, migrating from the bulk to the surface.

The second group of oxides (ZnO, TiO2, V2O5, SnO2) also possess the ability of
donating electron density to the adsorbed oxygen molecules, arising primarily due
to bulk non-stoichiometry within the oxygen lattice. The main difference between
these two groups of oxides is the latter contains a relatively small number of active
centers on the surface, through which the electron density transfer to the adsorbed
oxygen molecules could pass. Formation of adsorbed O2- ions is far less probable,
whereas almost all the ionized particles of oxygen adsorbed on the surface are
represented by O- and O2

-. The ability of the oxide surface to stabilize electro-
philic adsorbed oxygen species may largely depend on the structural factors,
namely the type of coordination environment of the metal cation and the quantity
of surface oxygen vacancies. For this reason, the nature and structural features of
the defects on the surface of such materials, which includes nanocrystalline SnO2,
thoroughly discussed in this chapter, can play a crucial role in the interaction of
gas molecules and the subsequent sensing characteristics of metal oxide
nanomaterials.

The third group of oxides is represented by compounds that do not have the ability
to donate electron density to adsorbed oxygen molecules and therefore stable
adsorbed electrophilic ionized forms of oxygen do not form on the stoichiometric
surface of these oxides. Examples of such oxides are different molybdates, tung-
states, vanadates, and other complex oxides with cations of transition elements in
their highest oxidation state. Oxidation of gas molecules on their surface, as well as
brief formation of adsorbed electrophilic oxygen species, can be described as a
mechanism of the ‘‘Mars-Van-Krevelen’’-type. Formed on the reduced surface of
such oxide systems, electrophilic forms of oxygen very quickly become the nucle-
ophilic form O2-, occupying the oxygen vacancies in the crystallographic positions.

This classification is not valid for non-transition metal oxides, in which cations
can exist in only a single oxidation state, and therefore do not possess electron-
donor activity. The use of such oxides as heterogeneous oxidation catalysts
requires extra effort to create defects in their crystal structure [34] and oxygen
vacancies (F-centers) on the surface. They act as centers of adsorption and for-
mation of electrophilic active oxygen species. Such oxides can be attributed to
group II described above.

Currently, there are only a limited number of works devoted to a detailed study
of the mechanisms of formation and reactivity of electrophilic forms of adsorbed
oxygen on the oxide surface [35]. It is believed that these species are much more
reactive than the nucleophilic lattice ions O2- on the surface and have a much
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greater mobility. For this reason, oxides, included in the first group mentioned
above, and materials thereof, are most commonly used as catalysts for the com-
plete and non-selective oxidation of adsorbed molecules on the surface [36]. At the
same time, a clear consensus on the selectivity of oxidation processes involving
electrophilic forms of adsorbed oxygen on the surface of oxides in the scientific
community is currently unavailable. In some studies the role of adsorbed elec-
trophilic O- ions in the selective oxidation of organics is underlined [37, 38].

3.2.3 Implications for Materials Design

The synthesis of materials with well defined activity in chemical interactions with
gas molecules, should be based on a theory that quantitatively describes the above
mentioned considerations in clearly defined physical concepts. Such a theory so far
does not exist, due to a lack of analytical techniques to examine each elementary
step of interaction of adsorbed molecules on solid surfaces. These in situ experi-
ments, including identification of the dynamic structure transformation of solid
surfaces in real conditions of chemical interactions with gases, are particularly
complicated in the case of oxide systems [39]. At the same time the theoretically
calculated equilibrium state of the surface and molecular complexes formed on it
during reaction may indeed differ from the real ones. Moreover, measurement of
the kinetics of these transformations generally is beyond the capacity of modern
theoretical calculations.

These reasons are responsible for the impossibility of a sensing material’s design
from first principle calculations. Thus, the theoretical basis for the development of
new oxide materials with improved properties in Redox reactions (higher activity
and/or selectivity)—is still a huge accumulated empirical experience, combined with
the qualitative concepts of reactivity given above. Therefore, one of the possible
approaches for a partially directed synthesis of new oxide materials is a modification
of the existing oxide systems by the introduction of additives [40]. Such modifiers
may occupy different positions, both on the surface of the material and in its structure,
providing a complex effect on its activity in interaction with the gas phase [41].
Depending on the concentration and type of introduced additional components, they
can form solid solutions based on the main phase or create a segregation of the
modifier on the surface of crystalline grains of the main phase. In some cases the
stabilization of thermodynamically unstable phases can be observed. So, the modi-
fiers cause changes in the parameters of the crystal structure itself, as well as in
related properties (for example energy and length of the metal–oxygen bond), and
also change the concentration of point defects, both in the cation and anion sublat-
tices. Being distributed on the surface, these additives can also change the local
structure and properties of active sites, through formation their own two-dimensional
oxide structure and thus ‘‘block’’ the pre-existing active sites.

To check the validity of the proposed approach to selected modifiers that
provide increased sensitivity and selectivity of tin dioxide towards gases of
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different chemical nature, we experimentally examined the modifiers with variable
acid–base properties and activity in the oxidation process such as noble metals and
metal oxides: Au, PdOx, RuO2, NiO, CuO, Fe2O3, La2O3, V2O5, MoO3, Sb2O5.

3.3 Influence of Modifiers on SnO2 Surface Acidity

Thermoprogrammed desorption of ammonia (TPD–NH3), along with methods of
microcalorimetry and IR spectroscopy is one of the most commonly used methods
to assess the acidity of the surface—the strength and the concentration of both
Lewis and Brønsted centers. The number of acid sites and their distribution over
the activation energy of desorption of ammonia can be carried out using a model
[42] with the assumption that one molecule of NH3 desorbs from a single acid site.

For most of the materials, discussed in this chapter, two types of adsorption sites
on the surface, possessing different acidity, were found—weak (Tdes * 120 �C) and
strong (Tdes * 480 �C) (Fig. 3.5). Weak acid–base interaction of NH3 with the
material‘s surface corresponds to the Brønsted acidity centers—the hydroxyl groups
on the surface which formed partly due to the adsorption and dissociation of
molecular water from the air. It is reasonable, however, to judge that the number of
these hydroxyl groups is governed by the heat treatment conditions of the precur-
sor—a-stannic acid [43]. Complete removal of water is achieved at temperatures
above 600 �C, which is reflected in a gradual decrease in the desorption peak in the
spectra of TPD-NH3 at 120 �C, (Acquisition of this TPD followed the sample pre-
treatment for 1 h at 300 �C in dry air with subsequent cooling down to room tem-
perature in same gas flow; saturation with 10 % NH3 in N2 for 0.5 h and further TPD
in a N2 flow), for materials based on pure tin dioxide produced by higher annealing
temperatures in an air atmosphere. Strong adsorption sites are coordinatively
unsaturated metal cations on the surface of materials, which have the capacity to
interact with Lewis bases due to unfilled positions in an oxygen coordination. There
are two types of such cations on the surface—Sn4+ with 5 oxygen atoms in the
coordination sphere and Sn2+ with 4 oxygen atoms in the anion environment. In this
case, cations Sn2þ

4c have greater bond strength with adsorbed NH3 molecules due to
the additional contribution of covalent interactions [44]. Displacement of the TPD-
NH3 maxima at higher temperatures with increasing annealing temperature is
probably due to the effects of long-range order, manifested in a decrease in the degree
of crystal lattice defects on the surface of the grains. For this reason, a valid com-
parison between Brønsted and Lewis acidity of the surface of modified materials with
each other is only possible for substances produced using the same annealing tem-
perature and with the same annealing gas conditions. Concentrations of Brønsted and
Lewis acid sites for the materials under discussion are presented in Table 3.1.

Introduction of modifiers with lower optical basicity (higher Lewis acidity of
cations) to the SnO2 matrix and vice versa is accompanied, as in the case of
Brønsted acid centers, with the corresponding change in their concentration on the
surface (Fig. 3.6). We emphasize that such a law is valid only for materials with
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the same thermal treatment, indicating the decisive contribution of crystal lattice
defects on the surface in the amount of acid sites.

For a number of materials (SnO2–Cr2O3, SnO2–Pd and SnO2–Ru) the desorp-
tion peak at about 300 �C instead of 480 �C was observed. One can attribute the
peaks at 300 �C not to the desorption of ammonia, but to the products of NH3

dissociation and oxidation (molecular nitrogen or nitrogen oxides). This is due to
pronounced catalytic activity of deposited clusters of noble metals, manifested in
many oxidation reactions of adsorbed molecules with oxygen. Also the possibility
to create the additional chromyl oxygen anions (Cr = O) on the surface of Cr2O3,
actively involved in the oxidation of adsorbed molecules [45, 46], may be the
reason of such NH3-TPD dependencies in the case of Cr-modified SnO2.

Fig. 3.5 Examples of TPD-
NH3 spectra of SnO2-based
sensor materials
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Table 3.1 Parameters of SnO2-based semiconductor sensor materials

Samplea Tan

�C
dXRD,
nm

S, m2/
g

Brønsted acidity, lmol
NH3/m2

Lewis acidity, lmol
NH3/m2

SnO2-300 300 4 65 0.554 ± 0.05 3.1 ± 0.3
SnO2-500 500 9 27 0.147 ± 0.01 1.58 ± 0.2
SnO2-700 700 13 15 0.135 ± 0.01 1.03 ± 0.1
SnO2-Fe2O3-

500
500 5 40 0.385 ± 0.04 3.73 ± 0.4

SnO2-V2O5-
500

500 6 42 1.56 ± 0.15 7.05 ± 0.7

SnO2-Cr2O3-
500

500 9 40 1.64 ± 0.16 –

SnO2-MoO3-
500

500 5 75 0.915 ± 0.09 2.22 ± 0.2

SnO2-Cr2O3-
300

500 4 114 1.11 ± 0.1 –

SnO2-Pd-500 500 8 27 – –
SnO2-Pd-300 300 4 61 0.633 ± 0.06 –
SnO2-Au-300 300 4 60 0.188 ± 0.01 1.96 ± 0.2
SnO2-NiO-Au-

350
350 5 75 0.457 ± 0.05 1.86 ± 0.2

SnO2-Pt-500 500 13 15 0.673 ± 0.07 –
SnO2-Ru-300 300 5 67 0.334 ± 0.03 –
SnO2-Ru-700 700 20 13 – –
SnO2-La2O3-

700
700 5 27 0.032 ± 0.03 1.53 ± 0.2

SnO2-CuO-700 700 13 15 – –
SnO2-Sb-300 300 4 71 0.76 ± 0.08 2.33 ± 0.2
a Sample naming: Base material-Modifier-Calcination temperature

Fig. 3.6 Density of brønsted-type acid sites on the surface of differently modified nanocrys-
talline SnO2 calcined at 300 �C (left) and 500 �C (right)
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3.4 Redox Properties of Modified Materials

3.4.1 Chemisorbed Oxygen

Information regarding the Redox properties of surface modified tin dioxide can be
obtained by the in situ investigation of a material’s interaction with oxygen and
temperature-programmed reduction within a H2 environment.

The dependence of the SnO2 electrical conductivity on oxygen partial pressure
was investigated in detail in a wide temperature range [47, 48]. The electrical
behavior of these semiconductor oxides at low temperatures is controlled by
acceptor impurities—various species of chemisorbed oxygen. At 200 – 400 �C the
interaction of atmospheric oxygen with an n-type semiconductor oxide surface
leads to the formation of molecular (O�2 ) and atomic (O�; O2�) chemisorbed
species. In general, the oxygen chemisorption can be described as [49]:

b
2

O2ðgasÞ þ a � e� þ S$ O�a
bðadsÞ; ð3:18Þ

where O2ðgasÞ is an oxygen molecule in the ambient atmosphere, e� is an electron,
which can reach the surface, meaning it has enough energy to overcome the
electric field resulting from the negative charging of the surface. Their concen-
tration is denoted as nS; nS = [e�]; S is an unoccupied site or other surface defects
suitable for oxygen chemisorption; O�a

bðadsÞ is a chemisorbed oxygen species with

a = 1 and 2 for a singly and doubly ionized forms, b = 1 and 2 for atomic and
molecular forms respectively.

Following the reasoning presented by authors [50] and considering the Weisz
limitation [50], one can obtain

lg nS ¼ const0 þ lg 1� nS

nb

� �
� m lg pO2 ð3:19Þ

where nb is the concentration of charge carriers in the bulk, m = 1, 0.5, or 0.25 for
O�2 ; O� and O2� respectively.

If the sensing element is a porous film formed by small grains with grain size
dXRD \ 50 nm, complete grain depletion and a flat band condition can be expected
[50] and the conductivity is proportional to nS. Thus, Eq. (3.19) can be presented as:

lg G ¼ const1þ lg 1� G

G0

� �
� m lg pO2 ð3:20Þ

In this case G is the material conductivity at the given partial oxygen pressure,
G0 – material conductivity at pO2 ! 0. Taking G0 to be equal to the material
conductivity under an inert atmosphere (for example in pure Ar, containing no
more than 0.002 vol. % O2), it is possible to determine experimentally the value of

lg 1� G
G0

� �
for any fixed po2 . If the experimental plots of G vs. po2 in coordinates
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lg G� lg 1� G
G0

� �� �
against lg pO2ð Þ are linear, one can determine from the curve

slope the predominant form of chemisorbed oxygen [51].
For pure and chemically modified SnO2 the reversible decrease in electrical

conductivity G is observed with increasing the partial pressure of oxygen in the gas
phase (Fig. 3.7). The values of G for a fixed partial pressure of oxygen can be used

for the analysis of the lg G� lg 1� G
G0

� �� �
against lg pO2ð Þ dependence in the

temperature range 200–400 �C. In the coordinates corresponding to Eq. (3.20), the
obtained dependencies of conductivity vs. oxygen partial pressure are linear
(Fig. 3.8). That allows us to determine the coefficient m in the equation for the
slope and to suppose the predominant form of chemisorbed oxygen. Thus, the
values of m = 1, 0.5 and 0.25 suggest that the predominant form is
O�2ðadsÞ; O�ðadsÞ and O2�

ðadsÞ respectively. The calculated values of m for unmodified

SnO2 are summarized in Table 3.2.
At T = 200 �C oxygen chemisorption on SnO2 surface proceeds mainly with

formation of the molecular O�2ðadsÞ form (m & 1). A decrease of m with the

temperature increase points to an increase in the amount of atomic O�ðadsÞ: With the

increase of SnO2 grain size this effect becomes more significant.
At T = 200 �C the introduction of modifiers does not affect the type of the

predominant form of chemisorbed oxygen. Thus, the chemisorption of oxygen at
this temperature occurs mainly with the formation of the molecular form,
regardless of the type of modifier. For higher temperatures, the value of
m decreases for the modified tin dioxide, which indicates an increasing contri-
bution of atomic O�ðadsÞ form (Fig. 3.9).

The observed trend in increasing the influence of modifiers on the type of the
predominant form of chemisorbed oxygen in the series Fe \ In \ La \
Ru \ Ni \ Au \ Pd \ Pt can be due to a combination of several factors. The
formation of a monatomic form of chemisorbed oxygen can occur in dissociative
adsorption (reaction (3.11–3.15)), as well as due to the decomposition of unstable

Fig. 3.7 Conductivity of
SnO2-500 sample at step-by-
step increase of oxygen
partial pressure at 400 �C
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molecular formO2�
2ðadsÞ that can be formed by the localization of the second electron

on molecular O�2ðadsÞ ion:

O�2ðadsÞ þ e� $ O2�
2ðadsÞ: ð3:21Þ

Fig. 3.8 Conductivity of
SnO2-500 (dXRD = 14 nm)
vs. oxygen partial pressure in
coordinates of Eq. (3.20)

Table 3.2 Calculated values of coefficient m for unmodified SnO2

dXRD, nm m

200 �C 250 �C 300 �C 350 �C 400 �C

4 0.98 ± 0.05 1.03 ± 0.02 1.02 ± 0.05 1.02 ± 0.03 0.80 ± 0.04
14 1.03 ± 0.07 1.03 ± 0.03 0.98 ± 0.05 0.88 ± 0.06 0.69 ± 0.05
28 0.94 ± 0.05 1.05 ± 0.02 1.02 ± 0.05 0.70 ± 0.06 0.67 ± 0.06
43 – 0.94 ± 0.03 0.89 ± 0.05 0.68 ± 0.09 0.65 ± 0.03

Fig. 3.9 Influence of modifier on the oxygen chemisorption on SnO2 surface
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Thus, the conditions of O�ðadsÞformation may be the dissociation of oxygen

(reaction (3.13)) or increase of negative charge on the adsorbed molecular oxygen
species.

The authors of review [5] showed that, depending on the ratio of the charge qo of
the lattice oxygen atom and the difference in electronegativities of elements Dv,
crystalline oxides can be generally divided into three groups. The first group includes
oxides of platinum metals. For this group of oxides, the minimum value qO from -0.8
to -1.0 is typical. The second group includes oxides of p-and d-elements, and
uranium oxides. The charge of oxygen varies in the range qO from -0.6 to -1.3. The
third group consists of oxides of alkali, alkaline earth and rare earth elements. This
group can be characterized by the highest negative charge of oxygen qO from -1.0 to
-1.9 and the maximum Dv value. In all groups, the negative charge of oxygen
decreases with Dv increasing.

Tin dioxide and oxides of the above modifiers can be assigned to the groups
described in Table 3.3. Within each group the increase of negative charge on the
oxygen anions within the modifier oxide results in the growth of oxygen chemi-
sorbed on the surface of nanocrystalline SnO2 as the atomic ion, O�ðadsÞ: Thus, the

partial charge on oxygen in the corresponding modifier oxide can be used as a
criterion for assessing the ability of the cation to the transfer of electron density to
oxygen.

At the same time, with similar values qo; the modifiers of group I have the
greatest influence on the chemisorption of oxygen. Probably, this may be due to
the fact that clusters of platinum metals and their oxides additionally catalyze the
dissociation of oxygen molecules by reaction (3.13), which leads to a significant
increase in the atomic form of chemisorbed oxygen. The high activity of platinum
group metals in this process is shown earlier in experiments on isotopic exchange
of oxygen O16/O18 [52, 53] in oxides SiO2, Al2O3, ZrO2, TiO2.

Oxygen adsorption on gold particles occurs without dissociation [54]. Thus, the
mechanism of the effect of gold on the dominant type of particles of chemisorbed
oxygen differs from that discussed above. Adsorption of oxygen on the surface of
heterocontact Au/SnO2 was studied by the authors [55] through electrical con-
ductivity and calorimetry measurements. It was found that the heat of oxygen
adsorption on the Au/SnO2 is significantly higher than the corresponding values

Table 3.3 Distribution of oxides between the groups [5] in accordance with qo dependence on
Dv value

Group

I II III

Oxide qo Oxide qo oxide qo

RuO2 -0.74 SnO2 -0.86 La2O3 -1.08
PdO -0.89 Fe2O3 -0.87
PtO2 -1.00 In2O3 -0.87

NiO -1.02
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obtained for the adsorption of O2 on the SnO2 and Au separately. It was suggested
that at the interface gas—Au–SnO2 there are forms of chemisorbed oxygen with a
higher negative charge compared with the species chemisorbed on the surface of
the unmodified oxide. The mechanism proposed in [56], includes the exchange of
electrons between the Au and SnO2. Thus, one can assume that the formation of
oxygen particles on the Au/SnO2 occurs through an intermediate stage of forma-
tion of unstable molecular O2�

2ðadsÞ forms.

Overall, the observed tendency to increase the fraction of atomic form of
chemisorbed oxygen is in a good agreement with the increase of optical basicity or
decrease of Lewis acidity of the cations of modifiers (Fig. 3.10). Thus, these
approaches can be used for the qualitative prediction of the influence of modifiers
on the oxidative activity of oxygen chemisorbed on SnO2 surface.

3.4.2 Temperature Programmed Reduction by H2

Hydrogen consumption during TPR-H2 (preannealing at 300 �C in dry air with
further cooling in the same flow, followed by TPR in 5 % mixture of H2 in Ar)
goes through two pronounced maxima, the first of which is in the low temperature
range of 100–350 �C, while the second, more pronounced - in the high temperature
range 380–660 �C (Fig. 3.11). High-temperature maximum corresponds to the
hydrogen absorption during reduction of material to metallic tin, the low-tem-
perature one reflects the absorption of hydrogen by chemisorbed oxygen species
and the terminal atoms of the lattice oxygen on the surface of SnO2. This process,
called ‘‘reduction of the surface’’, results in an increase of the number of lattice
oxygen vacancies in the positions of the bridging oxygen, and the proportion of
cations Sn2þ

4c on the surface. The presence of the shoulder in the high-temperature
peak of hydrogen consumption reflects the transition of tin dioxide SnO2 into SnO,
followed by full reduction to metallic tin. Reduction to an intermediate state is
ensured by reaction with surface O2-anions among the total number of oxygen
atoms in the lattice. With increasing SnO2 grain size, the fraction of surface
oxygen atoms is sharply reduced, as evidenced by the decrease in the low-tem-
perature peak for hydrogen consumption. At the same time the shoulder on high-
temperature peak almost disappears and becomes shorter, indicating that the
processes of reducing the tin dioxide matrix to SnO and then to metallic tin occur
in parallel.

For materials modified with Ru, Pt and, in particular, Pd, the high-temperature
hydrogen consumption maximum shifts toward lower temperatures (Fig. 3.12).
This may be caused by the catalytic activity of noble metal clusters in the matrix of
nanocrystalline tin dioxide. The most likely mechanism is a joint spillover of
hydrogen and oxygen on the SnO2 crystal lattice through the PdOx clusters [56].
Reduction of SnO2 at a lower temperature becomes possible due to the dissociation
of hydrogen molecules on Pd or PdOx clusters. Examples illustrating this
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mechanism of interaction with the gas phase for systems Rh/TiO2, Rh/Al2O3, Rh/
CeO2, Rh/SiO2, Pt/Al2O3, Pd/Al2O3, Pd/Mn2O3, are presented in the review [57].
The onset of high temperature maxima, representing hydrogen consumption, for
other materials is manifested nearly at the same temperature (*420 �C), which
indicates the energy barrier for Mars van Krevelen oxidation of adsorbed mole-
cules [57].

For pure SnO2 with small crystallite size of 4 nm the amount of chemisorbed
oxygen estimated from TPR-H2, assuming the interaction

O�2ðadsÞ þ 2H2 ¼ 2H2Oþ e� ð3:22Þ

Fig. 3.10 The relationship between nanocrystalline SnO2 surface modifier Lewis acidity, defined
in terms of optical basicity (top) and Zhang electronegativity (bottom), and ratio between
different forms of adsorbed oxygen
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is *5 9 10-6 mol/m2 or 5 9 10-2 of monolayer. According to Weisz limitation
[51], this quantity corresponds to the upper boundary of the coverage density of
the semiconductor surface by charged particles in equilibrium conditions.

In most cases surface modification of tin dioxide leads to a decrease of
hydrogen consumption at low temperatures. This may be indirect evidence of
increasing the atomic anionic form of chemisorbed oxygen on the SnO2 surface
(see Fig. 3.9). In fact, if one compares the reaction (3.22) and

O�ðadsÞ þ H2 ¼ H2Oþ e� ð3:23Þ

for the surfaces with the same negative charge caused by oxygen acceptor species
the hydrogen consumption is less in the latter case. However, comparing the
amount of consumed hydrogen and the part of atomic form of chemisorbed oxygen
for tin dioxide modified with various catalysts, does not show unequivocal cor-
relations. The decrease in the total amount of chemisorbed oxygen may be addi-
tionally due to blockage of adsorption centers by the cations of modifiers. It is
impossible to take into account this factor quantitatively because of the compli-
cated distribution of modifiers between surface and bulk of SnO2 crystallites.

Analysis of the concentration of highly reactive oxygen species on the surface of
materials can be done by TPR-H2 after pre-treatment in different atmospheres
(Fig. 3.13). Annealing in nitrogen flow at 300 �C for 1 h, in contrast to the pre-
treatment in synthetic air under the same conditions, is intended to remove weakly
bonded forms of chemisorbed oxygen from the surface. The chemical inertness of
nitrogen allows exclusion of the possible surface reduction in the chemical reaction.
At the same time, desorption of mobile oxygen species from the surface is sustained
due to the fact that the nitrogen molecule has a polarizability close to that of
molecular oxygen. This property makes the N2 molecule competitive in the process
of adsorption at the centers occupied by chemisorbed oxygen particles [34].

Fig. 3.11 Typical TPR
spectra for unmodified SnO2

with different crystallite size
dXRD
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The decrease of low-temperature peak of hydrogen consumption after sample
pre-treatment in nitrogen indicates the desorption of mobile forms of chemisorbed
oxygen. The difference of TPR-H2 spectra, taken under different pre-treatment
conditions, allows us to estimate the concentration of these oxygen species on the
surface of materials (Fig. 3.14).

For the samples, obtained in the same conditions, the maximum concentration
of mobile oxygen species is observed for materials modified with Cr2O3 and PdOx.
In both cases a likely explanation may be explained via the chemical oxidation of
the modifier in an air atmosphere to the higher oxidation state. In the former case
the oxidation goes through formation of chromyl group Cr = O and at least partial
oxidation of metallic Pd clusters to PdO in the latter. Both materials are presumed

Fig. 3.12 TPR spectra of
SnO2-based sensor materials
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thus to be especially active in the surface oxidation processes. Overall the intro-
duction of modifiers leads in general to a slight increase in adsorbed oxygen
content, perhaps due to the introduction of additional point defects on the surface
acting as additional adsorption and dissociation sites for oxygen molecule.

3.5 Classification of Gases

Properties of certain molecules: first ionization potential, electron affinity, proton
affinity, which have an impact on the nature of their interaction with the surface of
a semiconducting oxide, are shown in Fig. 3.15 [58]. The compounds are grouped
in order of increasing proton affinity and reducing first ionization potential.

A pre-selection of the modifier to create a selective sensing material can be
made on the basis of analyzing the properties of gas molecules to be detected.
Target gases can be divided into groups as shown in Fig. 3.15 based on the mode
of interaction with the semiconductor oxide surface. First it is necessary to dis-
tinguish oxidizing (electron accepting) and reducing (electron donating) ones.
Gases should be considered as oxidizing agents when their adsorption on the
surface leads to a decrease in charge carrier concentration in the surface layer of n-
type semiconductor oxides due to electron capture. This group includes gas
molecules with high electron affinity and high ionization potential (Group I,
Fig. 3.15): oxygen, nitrogen dioxide, ozone, chlorine.

The reducing agents are gases, for which the interaction with the surface of n-type
semiconductor oxide results in an increase of the charge carrier concentration in the
surface layer of the latter. This effect is caused by oxidation of the reducing gas
molecules by oxygen chemisorbed on the oxide‘s surface or lattice oxygen as it is
described in the previous paragraph. This mechanism of a change in charge carrier

Fig. 3.13 TPR-H2 spectra of
SnO2-300 material evaluated
after sample pretreatment in
different gas atmospheres
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concentration is typical, especially, in the oxidation of gases that do not possess
pronounced electron-donor properties and have low proton affinity: CO, H2, satu-
rated hydrocarbons (Group II, Fig. 3.15). In contrast, the reactions of gas molecules
having pronounced acidic (Group III, Fig. 3.15) or basic (Groups VII, VIII,
Fig. 3.15) properties with the surface of sensitive material may include an interaction
of the donor-acceptor mechanism in addition to oxidation. The reactions of complex
organic molecules containing various functional groups (Groups IV–VI, Fig. 3.15),
on the surface of a semiconductor oxide can proceed via different routes, depending

Fig. 3.14 The amount of
hydrogen, consumed by
mobile adsorbed oxygen
forms on the surface of SnO2-
based sensor materials

Fig. 3.15 Classification of gases
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on the concentration of basic and acid adsorption centers of different strengths on the
surface of the semiconductor.

In Sects. 5.1–5.5 these principles will be discussed in more detail. Specific
attention will be paid to material and chemical characteristics which lead to a
general selection of sensor materials (and modifiers) for detection of typical rep-
resentatives of the different groups of gases mentioned above—NO2 (Group I), CO
(Group II), NH3 (Group VII), H2S (Group III), and acetone vapor (Group V).
Section 6 will highlight the sensor operating characteristics of the selected sensor
materials (and modifiers) towards these specific target gases.

3.5.1 Oxidizing Gases: NO2

Interaction of NO2 molecules with the surface of oxides can proceed by the
mechanism of molecular and dissociative adsorption. In the first case the formation
of various nitrite (NO2) and nitrate (NO3) surface groups [59] is possible
(Fig. 3.16)

Numerous literature data provide evidence that the interaction of n-type semi-
conductor oxides with NO2 is accompanied by a decrease in electrical conductivity,
i.e., like oxygen, nitrogen dioxide is an electron acceptor. Thus, the interaction of
NO2 with surface centers—Lewis acids with the formation of nitronium ion
(Fig. 3.16b)

NO2 þMnþ ! NOþ2 þMðn�1Þþ ð3:24Þ

can not be responsible for changing the electrical conductivity of materials.
The electron affinity of NO2 molecule is 2.27 eV [60], which considerably

exceeds the analogous value for the oxygen molecule (0.44 eV [61]). This
determines the possibility of detecting low concentrations of NO2 in the air in the

Fig. 3.16 Various NO2

derived species, formed on
oxide surface
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presence of *20 vol. % of oxygen. Authors [62] using Raman spectroscopy
showed that the electrical conductivity of SnO2 in the presence of NO2 correlates
with the concentration of surface bidentate nitrite group. Ab initio calculations
[63] indicate that the most energetically favoured is the molecular adsorption of
nitrogen dioxide with the coordination of one or both of the oxygen atoms of NO2

molecules on the vacancies of bridging oxygen atoms on a partially reduced
surface of tin dioxide.

Study by infrared spectroscopy and programmed desorption in the temperature
range 25–400 �C [64] showed the possibility of dissociation of NO2 during
interaction with the surface of tin dioxide. The presence of NO in the thermal
desorption products can serve as indirect evidence of the occurrence of following
reactions:

NO2ðgasÞ $ NO2ðadsÞ; ð3:25Þ

NO2ðadsÞ þ e� $ NO�2ðadsÞ; ð3:26Þ

NO�2ðadsÞ $ NOðgasÞ þ O�ðadsÞ: ð3:27Þ

To increase the SnO2 sensor signal towards NO2 it seems to be reasonable to
introduce electron donor modifiers that increase the concentration of electrons with
sufficient energy to overcome the barrier created by the negatively charged sur-
face. Alternatively the use of modifiers that are able to transfer electron density to
the oxygen belonging to the acceptor chemisorbed species through an increase in
the degree of oxidation should also enhance the sensing signal towards NO2.

3.5.2 Reducing Gases: CO

The mechanism of CO interaction with the surface of metal oxides depends primarily
on temperature. Since the CO molecule can act as both the donor and acceptor of
electrons, it can react with acidic surface centers—coordinatively unsaturated metal
cations (Lewis acids) and oxygen ions, which have basic properties according to
acid–base classification, given by Lewis. At low temperatures, CO adsorbs on metal
cations. The structure of the molecular orbitals of CO is that the electron density
transfer is possible from both the CO molecule to the free orbital of the metal (r-
donor), and vice versa—from the d-orbitals of the metal to unoccupied antibonding
orbitals of CO (p-acceptor) [60]. At elevated temperatures carbon monoxide on the
surface of oxide reacts with chemisorbed oxygen species or with oxygen anions in the
crystal lattice. The final product of oxidation is CO2.

The main reaction responsible for sensor signal generation, is namely the oxi-
dation of CO by chemisorbed oxygen. Therefore, modifiers that increase the con-
centration and mobility of oxygen species on the surface of SnO2, are of greatest
interest for the development of highly sensitive materials for CO detection.
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3.5.3 Reducing Bases: NH3

Ammonia molecules can adsorb on the oxide surface through formation of
hydrogen bonds with surface atoms of oxygen or oxygen from hydroxyl groups
(Fig. 3.17a), a hydrogen bond between the nitrogen and hydrogen of the hydroxyl
group (Fig. 3.17b) or a coordinative donor-acceptor bond with an unsaturated
surface metal cation (Fig. 3.17c) [60]:

The formation of NHþ4 ion is a criterion for the presence of surface Brønsted
acid centers—hydroxyl groups, whereas the coordination of the NH3 molecules
indicates the presence of Lewis acid centers. Dissociative adsorption of ammonia
leads to the formation of NH2-and OH-groups on the surface:

ð3:28Þ

Based on the presented data one can suggest that the increase in NH3 adsorption
on the surface of tin dioxide and, possibly, enhancement of sensor response can be
achieved by increasing the number of acidic adsorption sites.

3.5.4 Reducing Acids: H2S

Interaction of gaseous hydrogen sulfide with the oxide surface is characterized by
two factors. First, hydrogen sulfide is a strong reducing agent: the value of the
ionization potential of the H2S molecule is 4.10 eV. Secondly, hydrogen sulfide is
a Brønsted acid, i.e. heterolytic cleavage of the S–H bond is quite easy, especially
via the formation of new donor-acceptor bonds. Thus, H2S can interact with
various centers on the oxide surface (Fig. 3.18) [60]:

Fig. 3.17 Scheme of possible ammonia coordination on oxide surface

96 V. Krivetskiy et al.



The possible reactions are [60]:

ð3:29Þ

ð3:30Þ

ð3:31Þ

MnþO2� þ H2S! ½Sv� þMðn�2Þþ þ H2O ð3:32Þ

As a result of interaction with gaseous hydrogen sulfide the following changes
were found at the oxides surface [60]:

• formation of sulfides;
• partial blocking of Lewis acid sites;
• reduction of metal cations with variable valence;
• oxidation of sulfur and increasing acidity of the surface through formation of

SOx groups.

Fig. 3.18 Scheme of possible H2S coordination on oxide surface
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An increase in H2S adsorption on the surface of tin dioxide can be achieved
with the introduction of modifiers that increase the electron-donor ability of sur-
face basic centers (oxygen anions). In this case the H2S adsorption is accompanied
by heterolytic reaction with the Lewis acid/base pair on the oxide surface. The
maximum augmentation of sensor signal is possible if the interaction of a high-
resistance modifier oxide with hydrogen sulfide results in the reversible formation
of a highly conducting sulfide.

3.5.5 Complex Organics: Acetone

Acetone represents a complicated case for gas sensing since it can interact with
metal oxide surfaces via a number of reaction routes. Each of these mechanisms
for sorption affects further transformation steps, so there are number of products
expected to form prior to desorption. In this sense the assumption, that the con-
version of organic molecules to CO2 and H2O is the process, which solely governs
the sensor response, seems to be an oversimplification. The polar carbonyl group is
a moiety, which in the first step, could take part in the adsorption on a metal oxide
surface. According to IR data it usually goes through formation of an enol species
[65, 66] with further dissociation and formation of propene-2-olate strongly
bonded to the surface metal cation and a proton bound to surface oxygen with the
formation of a hydroxyl group. This transformation may lead to acrolein or acrylic
acid. At the same time the highly electrophilic carbonyl carbon atom may be
attacked by nucleophylic O2- with further carbon chain cleavage and partial
oxidation to acetic acid [67] or acetic aldehyde. It was shown also that the con-
densation of two nearby adsorbed enolates gives rise to complex molecules
(oxidative coupling) [66, 67]. The interaction of adsorbed enolate with Brønsted
acid sites may give a dehydration product—propene—and water as a result of the
slight Brønsted basicity of the enol group. The ratio of these reaction rates at the
solid surface is governed mainly by surface cation acidity and anion basicity and
may be shifted to either of the processes via surface modification [37].

Also the interaction of adsorbed organic molecules with highly reactive elec-
trophilic adsorbed oxygen species should be taken into account. It is generally
referred to as an unselective interaction, giving rise to a number of products of
partial oxidation or complete burning to CO2 and H2O. At this point it is hard to
propose any restricted number of surface modification agents for SnO2 to achieve
sensor response enhancement without additional information regarding the
mechanism of conversion and the sensor response to the vapor of this compound.
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3.6 Sensor Properties Studies

3.6.1 CO Sensing

The benchmark study of sensor sensitivity to CO, a common reducing gas, is of
special interest since it allowed for the formation of general trends with respect to
mechanisms of sensor sensitivity towards reducing gases [68].

The synthesized materials showed a different temperature dependence for
sensor sensitivity to CO (40 ppm in air RH = 30 % Fig. 3.19). The material
modified by catalytic clusters of Pd, had the largest sensor response at a low
operating temperatures (200–250 �C). For most other materials, the sensor
response, in contrast, increases with increasing operating temperature. Only in the
case of SnO2-Ru-700, this dependence passes through a maximum at 300 �C. At
the high measurement temperature, 350 �C, the maximum sensor response was
observed for the materials modified with catalytic clusters of gold. These differ-
ences indicate the various chemical mechanisms that underlie sensor sensitivity to
CO.

The process of CO oxidation by different adsorbed oxygen species on the
surface (O2

-, O- and O2-) has a decisive contribution to the formation of an
electrical signal in relation to CO in the case of materials based on nanocrystalline
SnO2 :

b � COðgasÞ þ O�a
bðadsÞ ! b � CO2ðgasÞ þ a � e� ð3:33Þ

where COðgasÞ—the CO molecule in the gas phase, O�a
bðadsÞ—an atomic or molec-

ular form of oxygen, e�—an electron that is injected into the conduction band of
the semiconductor, CO2ðgasÞ—the molecular reaction product desorbed from the
surface.

In this context the low-temperature CO sensitivity of the Pd modified material
is reasonable to connect to reaction (3.33) involving the above-discussed mobile
forms of oxygen. Oxidation takes place according to the Eley-Riedel ‘‘collision’’
mechanism, which involves the oxidation of CO molecules in the gas phase, by
atomic oxygen species, located on the PdO surface. This reaction occurs during
rapprochement of two species, which in this case when a CO molecule passes near
a solid surface with a partially oxidated Pd cluster [69]. We propose that the
compensation of chemisorbed ionized forms of O- expended on the oxidation of
CO runs due to the phenomenon of reverse spillover—the transfer of already
existing adsorbed O- ions on the surface of SnO2 to the clusters of Pd. This
process leads to a change in the concentration of adsorbed oxygen on the surface
of the semiconductor and, consequently, the change in electrical conductivity of
the material that causes the sensor response to CO. With temperature increase, the
process of re-oxidation of PdOx accelerates due to the dissociation of molecular
oxygen, adsorbed directly onto noble metal clusters. This phenomenon leads to a
complete localization of the CO oxidation process on catalytic clusters and a
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cessation of reverse spillover transport, which is accompanied by the disappear-
ance of the sensor response to this gas.

A similar combination of factors underlies the sensor response to CO in the case
of the material, modified by RuOx clusters [70]. Displacement of the sensor
response maxima in this case to the higher temperatures in comparison with the
SnO2-Pd-500 may be due to additional unusually high diffusion barriers in the case
of the RuO2 surface [71].

According to monotonous growth of the sensor response with increasing
operating temperature in the case of other materials, the oxidation of adsorbed CO
molecules occurs on the surface of the matrix SnO2. The sharp rise in sensor
response at a 300 8C working temperature in this context corresponds to the
transition of molecular chemisorbed forms of O2

- into the reactive atomic O-

discussed above. Thus we can assume that the participation of lattice oxygen in
CO oxidation is secondary, because the growth of sensor response is observed at
significantly lower operating temperatures of sensors than the temperature used to
determine the activation barrier for Mars—van Krevelen type oxidation mecha-
nism. The role of catalytic gold clusters in the case of materials showing the
highest sensor response to CO, apparently, is activation of the oxygen species
chemisorbed in the close vicinity to triple metal-oxide-gas interface [72, 73].
Despite the fact that this special form of oxygen is not dominant on the surface, it
has extremely high reactivity. More accurate experimental data on this form of
adsorbed oxygen on the surface of such materials to date are not available.

3.6.2 NH3 Sensing

The main process that determines the sensor response of semiconductor metal
oxide sensors to ammonia is usually postulated to be the oxidation of surface
adsorbed NH3 [74]:

Fig. 3.19 Pattern of SnO2-based materials sensitivity to CO (40 ppm in 30 %RH air) at low
(200 �C) (left) and high (200–350 �C) working temperatures (right)
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2NH3ðgasÞ þ
3
b

O�a
bðadsÞ ! N2ðgasÞ þ 3H2Oþ 3e� ð3:34Þ

In accordance with the interconnection between surface acidity, molecular
adsorption and sensor response the increase in the concentration of Brønsted acid
sites on the surface in the case of materials modified with such acidic oxides as
MoO3 and V2O5 is accompanied by an increase in sensor response with respect to
NH3 gas (Fig. 3.20).

It must be noted, however, that this advantage in the magnitude of sensor signal
is minuscule which respect to otherwise modified materials, which to some extent
can be attributed to the competition of water vapor and NH3 for surface adsorption
on the same acidic sites. This phenomenon decreases ammonia adsorption thus
limiting further steps for its oxidation on the surface, which leads to a reduction in
the sensor response. At the same time in accordance to the data on the CO
detection, materials, modified by gold, also express pronounced sensor response to
ammonia since it exhibits a reducing nature as well as basic one (Fig. 3.21). The
fall of the sensor response with increasing operating temperature, which is
observed in the case of all tested materials, is likely due to a reduction in NH3

adsorption [75]. It is important to note that the highest response towards NH3 is for
the case of SnO2-Ru-700. The nature of this phenomenon could be explained with
additional considerations on the chemical form of the modifier (Ru) on the sensor
material surface. As it is introduced in the form of Ru(III) acetylacetonate with
further annealing, an EPR study of this material (SnO2-Ru-300) reveals a distinct
signal, that corresponds to EPR-active Ru3+. At the same time the interaction with
reducing gas (NH3) leads to an order of magnitude decrease of this signal indi-
cating that Redox catalytic activity of this modifier is due to transition to oxidation
states, other than Ru+3. That might be Ru0 and Ru+4 [76]. In this sense the presence
of metallic form of Ru on the sensor material surface may activate the additional
path of adsorbed ammonia conversion.

Fig. 3.20 Correlation
between SnO2-based
materials surface brønsted
acidity and sensor response
towards NH3 (20 ppm in
humid air RH = 30 %,
T = 200 �C)
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The metal surface of Ru is active in the catalytic dissociation of adsorbed
molecular ammonia [77, 78] with formation of atomic nitrogen and hydrogen,
desorbed in the molecular form:

NH3ðgasÞ þ Ruð0001Þ !kads

kdes

NH3ðadsÞ þ � !
kdiff

kdet r

NH3 � ��!
kdiss

N � � þ 3HðadsÞ�!
kNdiff

NðadsÞ

þ 3HðadsÞ

ð3:35Þ

with NH3(gas)—a molecule of ammonia in the gas phase, Ru (0001)—Ru metal
surface, NH3(ads)—ammonia molecule adsorbed on a metal surface *—active site
of dissociation of molecular ammonia, NH3-*—ammonia molecule adsorbed at
the center of the dissociation on the surface of metallic Ru, N-*—nitrogen atom
adsorbed at the center of the dissociation on the surface of metallic Ru, N(ads)—the
nitrogen atom, which left the center of the dissociation, H(ads)-adsorbed hydrogen
atom.

Thus, despite the lack of experimental evidence it is reasonable to propose the
formation of small amounts (clusters) of metallic ruthenium on the surface of
Ru-modified SnO2 during the interaction with reducing agents as a reason for
especially pronounced response of this material towards ammonia. In addition,
significant contributions to the chemical reactions on the surface are possible
through the interaction of adsorbed species and atomic nitrogen via the formation
of the nitrosyl species, NO, which is a chemical radical [79]:

NðadsÞ þ O�ðadsÞ ! NOðadsÞ þ e� ð3:36Þ

With its increased reactivity these newly formed nitrosyl species, NO, on the
surface may play a role for additional centers of adsorption and chemical reaction
of NH3. These chemical processes may contribute significantly to the sensor
response of SnO2-Ru-700 with respect to ammonia, but this issue is generally
unexplored as of yet.

Fig. 3.21 Pattern of SnO2-
based materials sensitivity to
NH3 (20 ppm in humid air,
RH = 30 %)
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3.6.3 H2S Sensing

Materials modified with catalytic Au clusters, showing an increased sensor sen-
sitivity to reducing gases, also have an elevated sensor response in the case of H2S
(Fig. 3.22), which is associated with the occurrence of the Redox process:

b � H2SðgasÞ þ 3O�a
bðadsÞ ! b � SO2ðgasÞ þ b � H2OðgasÞ þ 3a � e� ð3:37Þ

The largest sensor response, however, was achieved for the case of the copper
and iron oxide modified material, which in this case is likely caused by the
chemical transformation of the material’s surface.

In the case of nano SnO2–CuO a significant change in resistance in the presence
of H2S should be attributed to the formation of copper (I) sulfide [80], which is a
narrow-gap semiconductor:

6CuOþ 4H2SðgasÞ ¼ 3Cu2Sþ SO2ðgasÞ þ 4H2OðgasÞ ð3:38Þ

As a result of this reaction the energy barrier at the grain boundaries p-CuO/
n-SnO2 is removed and electrical conduction increases. A similar mechanism of
sensor signal formation can be attributed to tin oxide modified with Fe2O3.

With an increase of the sensor working temperature, the sensor response of the
material drops sharply, indicating that in these circumstances, a decisive contri-
bution to the sensor response is made only by the process of oxidation of hydrogen
sulfide to sulfur oxide by active species of oxygen adsorbed on the surface, pre-
venting the formation of sulfides.

3.6.4 NO2 Sensing

Despite the fact that the detailed mechanism of sensor response with respect to
NO2 is still a subject of debate, it was shown [63] that the change of the

Fig. 3.22 Pattern of SnO2-
based sensor materials sensor
response to H2S (2 ppm in
humid air, RH = 30 %)
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conductivity of nanocrystalline SnO2 in the presence of NO2 molecules corre-
sponds to the change in the concentration of adsorbed bidentate nitrite species:

NO2ðgasÞ þ e� $ NO�2ðadsÞ ð3:39Þ

The increase in operating temperature sensor causes a decrease in sensor
response due to desorption of NO2 (Fig. 3.23).

In our study the increase of sensor signal in the case of several materials with
the comparison to pure nanocrystalline tin dioxide was observed:

1. The most pronounced signal to nitrogen dioxide is obtained at 200 �C by means
of SnO2 doped with Sb. In this case the signal may be due to an electronic
effect. Antimony introduction into tin dioxide is a well known route for
increasing the density of electrons in the conduction band of semiconductor
[81]. After the adsorption on the surface, the NO2 molecule performs as an
electronic trap, profoundly depleting the electron density in the conductance
band and leading to significant decrease of nanocrystalline material conduc-
tance. So, the increase of concentration of electrons, which have enough energy
to overcome the electric field resulting from the negative charging of the sur-
face, favors reaction (3.39) that leads to the growth of sensor signal. The
increase in working temperature greatly decreases the sensor response perhaps
by a shift in the surface adsorption-desorption equilibrium of NO2. This process
also goes same way in the case of pure nanocrystalline SnO2 that appears as the
increase of sensor signal with SnO2 crystallite size growth. Response growth
with the transition from SnO2-300 to the SnO2-700, as described in the liter-
ature [82], has not yet found its comprehensive explanation, but it is proposed
that this effect is caused by an increase in the charge carrier concentration in the
conduction band of a semiconductor, which occurs with an increase in the
crystallite size of SnO2. This may be responsible for the shift of adsorption
equilibrium (3.41). It cannot be excluded that the difference in charge carrier
concentration in the presence of NO2 molecules on the surface and in the pure
air becomes greater for materials with large grain size and higher initial

Fig. 3.23 Pattern of SnO2-
based sensor materials sensor
response to NO2 (3 ppm in
humid air RH = 30 %)
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concentration of free electrons in the surface layer in the atmosphere of pure air.
It must be assumed that the same size effect is also responsible for increased
sensitivity to NO2, exhibited by the material SnO2-La2O3-700;

2. in the case of SnO2-MoO3 the high sensitivity of this material with respect to
NO2 can be linked to the ability of Mo atoms to penetrate the surface layers of
the SnO2 grains and occupy lattice Sn positions in a variable oxidation state
Mo+5 or Mo+6 [83–85]. Re-oxidation of Mo+5 to Mo +6 upon NO2 adsorption,
probably leads to the formation of additional acceptor energy levels in the band
gap, which are accompanied by a sharp drop in the material’s surface con-
ductivity. For materials modified with NiO a similar effect of ‘‘receptor’’
sensitivity may underlie their high sensitivity to NO2.

3.6.5 Acetone Sensing

The similarity of the sensor sensitivity diagrams for sensor materials studied in
relation to acetone (Fig. 3.24) and to CO indicates a possible similarity of
mechanisms for the sensor response.

However, the low-temperature sensor response mechanism, observed in the
case of CO for the materials modified by clusters of Pd, is not found during the
detection of acetone. This may be related to the blocking of the reverse spillover
mechanism caused by the decrease in concentration or mobility of chemisorbed
oxygen on the surface of the oxide matrix. This restriction is lifted out at higher
sensor operating temperature that allows SnO2-Ru-700 material to show a maxi-
mum sensitivity to acetone vapor at 300 �C, similar to the process of detecting CO.

The maximum sensor signal with respect to acetone is exhibited by Au-mod-
ified materials, but only at a 350 8C working temperature. This indicates the
complexity of the conversion process of acetone on the surface of materials
flowing through a set of parallel mechanisms, rather than the simple oxidation to
CO2 and water.

The concentration dependence of the sensor response toward acetone (Fig. 3.25)
has a linear form in double logarithmic coordinates at low concentrations.

The position of the tipping point of this linear dependence is proportional to the
rate constants of interaction between the reducing gas and ionized adsorbed oxygen
forms. In the simplest case it can be stated that the O- oxygen formed on the surface
of materials governs the conductivity of sensor layer [86]. The concentration of O-

adsorbed on the surface is governed by the interrelationship of oxygen dissociative
adsorption on the surface of semiconductor oxide, O- recombination and desorption
and the process of interaction between O- and adsorbed gas molecules.

O2ðgasÞ þ 2e�$k1

k�1

2O�ðadsÞ ð3:40Þ

qO�ðadsÞ þ pAðadsÞ !
k2 productsðadsÞ þ qe� ð3:41Þ
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d O�ads

	 

dt

¼ k1PO2 e½ �2�k�1 O�ads

	 
2�k2PA
p O�ads

	 
q ð3:42Þ

where O2(gas) oxygen molecule in the gas phase, O�ðadsÞ—ionized atomic form of

adsorbed oxygen on the SnO2 surface, A(ads)- reducing gas molecule, adsorbed on
the surface, PO2- oxygen partial pressure in the gas phase, PA- reducing gas partial
pressure in the gas phase.

Since the sensor response is calculated at kinetic equilibrium state

d½O�ads�
dt

¼ 0 ð3:43Þ

and the equation governing the [O-] concentration could be written as

k1

k�1
PO2 e½ �2¼ O�½ �2 1þ k2

k�1
PA

p O�½ �q�2
� �

ð3:44Þ

For the detailed analysis of this equation and the interrelationships between
sensor material conductance, sensor response and gases partial pressures the reader

Fig. 3.24 Pattern of SnO2-
based materials sensor
response to acetone (130 ppm
in humid air, RH = 30 %)

Fig. 3.25 Calibration curves
of SnO2-based sensor
materials sensor response to
acetone (T = 400 �C, dry air,
RH = 4 %)
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is kindly asked to follow the [86] reference. For simplicity sake we must say that
the sensor layer conductivity and sensor response is the interplay of semiconductor
oxide physics and surface reactions chemistry. The relationship between the
resistance of ‘‘ideal’’ SnO2 with clean surface without any adsorbed oxygen or
reducing gases (R0) and actual resistance in air atmosphere with reducing gases
present (R) is expressed as follows [86]:

R

R0
¼ exp

m2

2

� �
ð3:45Þ

where

m ¼ w

LD
ð3:46Þ

where w is the electron depletion layer thickness, LD- Debye length—physical
values, governing electric conductance of sensor layer. Further:

½e� ¼ Nd exp �m

2

� �
ð3:47Þ

½O�� ¼ Ndw ð3:48Þ

where Nd—concentration of donors, giving rise of electrons in conduction band of
semiconductor oxide. In the case of SnO2 them are oxygen vacancies in oxide
lattice, serving as electron donors. The application of such notation gives one a
possibility to introduce new form of Eq. 3.44:

k1
k�1

PO2

� �1=2

LD
� exp �m2

2

� �
¼ m 1� k2

k�1
PA

p NdLDmð Þq�2
� �1=2

ð3:49Þ

Thus using new function, which is dependent only on reducing gas partial
pressure at given reaction constants:

y ¼ k2

k�1
NdLDÞq�2
� �1=p

PA ð3:50Þ

it is possible to numerically solve the relationship between R/R0 (sensor response)
and reducing gas concentration. The examples for different x (different k1 to k-1

ratio) and different p and q (gas ‘‘reducing power’’) are shown on Fig. 3.26.
It must be noted that Yamazoe and Shimanoe [86] used R0 as a resistance of

semiconductor in a ‘‘flat band mode’’—i.e. when nothing is adsorbed on the surface
whereas we use R0 for sensor response calculation as a resistance of semiconductor
with surface covered with adsorbed oxygen to the highest extent possible in the
measuring conditions. That’s why the Fig. 3.25 looks like Fig. 3.26 rotated upside
down.

According to this simplified model the increase of reducing gas partial pressure
leads to a linear increase of sensor response (in double logarithmic coordinates)
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only in restricted range of reducing gas partial pressure (i.e. reducing gas con-
centration). The k2/k-1 ratio and p coefficient, given the oxygen partial pressure
and k1/k-1 ratio are fixed, governs the value of reducing gas concentration above
which the further increase in concentration leads to no further increase in con-
ductivity. Accordingly the sensor response also stops to rise. The height of linear
slope above the X-axis (sensor response value) is governed by k1/k-1 ratio—the
higher the ratio, the bigger the response. The concentration regions of linear sensor
response growth have the same slope in the case of all materials, with SnO2-NiO-
Au, demonstrating a significantly higher sensor response, which could be associ-
ated with a higher rate constant for dissociation of molecular O2 on the surface of
the material. In this sense the Au clusters role on the surface of SnO2 in the
increase of sensor response towards reducing gases is in the increase of k1 con-
stant—acceleration of molecular oxygen diffusion on the surface of oxide.

At the same time SnO2-Pd-500 material manifests pronounced deviations in the
form of calibration curve and the length of the concentration range with linear
growth of sensor response. This notion is in line with considerations of differences
in sensor response mechanisms for this material and other tested samples, based on
oxidation processes carried on top of the Pd clusters coupled with adsorbed O-

transfer via reverse spillover mechanism.
In line with these arguments gas chromatographic analysis has shown a con-

nection between a sharp rise in the sensor response with the degree of conversion
of acetone (Fig. 3.27) as the working temperature rises. The analysis was made
through the use of a special setup which allows the detection of products formed
via acetone interaction with the sensor materials under the same conditions as the
sensor experiments are made. This type of experiment can be generally charac-
terized as an ‘operando’ experiment as discussed in the Gurlo chapter.

Fig. 3.26 Reduced resistance, R/R0, as correlated with reduced reactivity of reducing gas,

y ¼ k2
k�1

NdLDð Þ
q�2

p PA on logarithmic scales for complex surface reactions where q (a) and p (b) are

varied. Variable x ¼
k1

k�1
PO2

LD
reflects kinetic constant ratio given oxygen partial pressure is constant.

([86] With permission.)
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Analysis of the chromatographic peaks (Fig. 3.28) suggests the formation of a
large number of products of incomplete conversion of acetone at low operating
temperatures and a decisive contribution of their complete oxidation to CO2 and
H2O towards the sensor response magnitude. This in total can be described by the
equation:

ðCH3Þ2COgas þ
8
b

O�a
bðadsÞ ! 3CO2gas þ 3H2OðgasÞ þ

8a
b

e� ð3:51Þ

At the same time GC/MS analysis showed a number of complex compounds,
formed during interaction even at maximum operating temperatures that have
bigger molar masses than that of acetone.

Two of such condensation products has been identified as 2,4-dimethylfuran
and 3-pentene-2-on :

ð3:52Þ

ð3:53Þ

The accumulation of such substances on the sensor material’s surface leads to
the blocking of the molecular O2 adsorption and dissociation centers, which is

Fig. 3.27 Acetone conversion with temperature rise—1,800 (left) and 200 (right) ppm in dry air
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Fig. 3.28 a Chromatogram of products mixture obtained after acetone (1,800 ppm) interaction
with sensor material (SnO2-500) at T = 300 �C. b–f Comparative graphs of absolute content in
products mixture exhausted from reactor vs. temperature of acetone (1800 ppm) interaction with
sensor material (SnO2-500)

Table 3.4 Selection of modifiers for SnO2-based gas sensors with enhanced selectivity

Target gas Interaction with the surface of n-
type semiconductor oxide,
resulting in conductance change

Suitable modifier

Reducing gases
without pronounced

acid/base
properties: CO, H2,
CH4

Oxidation by chemisorbed oxygen Noble metals and their oxides, Au

Lewis bases: NH3,
amines

Oxidation by chemisorbed
oxygen; Adsorption on surface
acid sites

Metal oxides more acidic than
SnO2: V2O5, MoO3, WO3

Acids: H2S Oxidation by chemisorbed
oxygen;

Metal oxides more basic than SnO2:
Fe2O3, In2O3, La2O3

Heterolytic reaction with Lewis
acid/base pair on oxide surface

Complex organic
molecules with
different functional
groups:

Oxidation by chemisorbed
oxygen;

Noble metals and their oxides, Au

Oxidizing gases
O2, NO2, O3 Chemisorption with localization of

electrons from oxide
conduction band

Noble metals and their oxides, Au;
Electron donor additives: Sb(V);
Modifiers, which can increase their

oxidation state during
interaction with oxidizing gas
Mo(V), Ni(II)
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accompanied by decrease in the conversion of acetone via the total oxidation
reaction (3.40), leading to a decrease in sensor response.

Comparative analysis has shown that introduction of catalytic clusters of Au on
the SnO2 surface, leads to an increase in acetone conversion, a reduction in the
formation of heavy products of the acetone conversion on the surface of the SnO2-
based sensor materials and an increase in the value of the sensor signal perhaps
due to enhanced acetone combustion to CO2 and H2O.

3.7 Concluding Remarks

On the basis of the sensor response patterns towards CO, acetone, NH3, H2S and NO2

one can conclude that chemical modification of SnO2 with different catalysts pro-
vides an effective route for tailoring sensor materials with enhanced selectivity
towards the detection various gas molecules. To predict the most suitable modifier to
maximize the SnO2 sensor response to any particular gas it is necessary to analyze the
chemical nature of the interaction between semiconductor matrix, modification
agent and the target gas molecule. These conclusions are summarized in Table 3.4:

However, it is currently impossible to establish a parameter, which would
clearly link the fundamental properties of modifiers with their catalytic activity
and their influence on SnO2 sensor properties. The final optimization of the sensor
material should be based on the requirements determined by practical tasks:
sensitivity, response and recovery time, energy consumption, working tempera-
ture, precision of measurements, long term stability. In each case it is necessary to
take into account the following factors:

• Tin oxide nanostructure;
• Concentration of modifier and its distribution between surface and bulk of tin

oxide crystallites;
• Humidity;
• Target gas concentration range;
• Possible poisoning of sensor material.

Accounting for these factors still require detailed experimental studies to resolve
specific practical problems.
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Chapter 4
Combinatorial Approaches for Synthesis
of Metal Oxides: Processing and Sensing
Application

Clemens J. Belle and Ulrich Simon

Abstract This chapter gives an overview about the application of metal oxides in
chemiresistors. A generalized model of working principle and the influence of
particle size, microstructure, volume and surface doping are discussed. The quality
factors of sensor performance and the necessity of high-throughput experimenta-
tion and combinatorial techniques for the development of new sensor materials are
explained. In this context high-throughput impedance spectroscopy is presented as
a rapid characterization method of a large number of samples. The complete
workflow is introduced involving material synthesis and analysis, layer preparation
by a laboratory robot, impedometric characterization and automated data evalua-
tion. As examples two series of surface and volume doping demonstrate the
systematic identification of new sensor materials.

4.1 Introduction

4.1.1 Sensor Concepts and Fields of Application

Gas sensor elements are employed in a widespread application spectrum, e.g. intel-
ligent process management, environmental protection and medical diagnostic, in
order to detect and to monitor a multitude of pure and mixed gases. The reliable
detection, particularly of explosive, toxic or hazardous components is essential due
to the continuously increasing requirements in safety and environmental regulations.
Thus, the worldwide growing sensor technology market expands in both, the private
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and the industrial sectors and concerns nearly all areas of daily life, such as the
domestic (e.g. automobile, fire alarm or humidity control), the food (e.g. fermenta-
tion or maturation), the medical (e.g. diagnostics or patient monitoring), the security
(e.g. explosive or hazardous substances) and the industrial (e.g. technical processes
or exhaust gases).

Already for a long period the conventional analytical methods such as mass
spectroscopy, gas chromatography or optical techniques (e.g. IR and UV/Vis) are
capable of precisely and selectively measuring traces of a single compound in a
complex gas mixture. However, the main drawbacks of these extractive methods are
the stationary operation due to their physical size of instrumentation and their total
cost linked with manpower and logistics. Therefore, modern application fields
require portable, user-optimized and economic devices that are adapted to mass
production markets. These practical requirements are fulfilled by solid state gas
sensors developed so far, because they allow in situ and immediate measurements at
varying locations. Nevertheless, with respect to the above mentioned application
fields in the private as well as in the industrial sector the demand for new, highly
sensitive and selective gas sensor materials is steadily growing.

All existing sensor concepts are based on the transformation of chemical or rather
physical interactions of the sensor material with the target analyte in the surrounding
gas phase into an analytically manageable signal. Examples of different detecting
principles are calorimetric sensors (pellistors) [1], electrochemical cells (e.g. k-
probe) [2], field-effect transistors [3], acoustic wave devices [4] and quartz micro-
balances [5 , 6]. The electrical output signal as the final result of solid–gas interac-
tions consists of a change in capacitance, potential or conductance of active sensing
elements. The electrochemical sensor devices are commonly classified according to
the respective type of measuring principle as amperometric, potentiometric or
conductometric gas sensors [7–10].

4.1.2 Chemiresistors

Conductometric or resistive gas sensors, so-called chemiresistors, are typically based
on metal oxides. This type of solid-state gas sensor is the most extensively applied
type because of the thermal and chemical stability of metal oxides. Generally, the gas
sensitivity of metal oxides is connected with the change of electrical resistance (i.e.
conductivity) upon surface reactions with the reactive analyte gas (es). This effect
was initially reported by Brattain and Bardeen [11] in 1953 for the semiconducting
metal Ge and by Heiland [12, 13] shortly afterwards for the semiconducting ceramic
ZnO. During the following decade Seiyama [14, 15] and Taguchi [16] did a lot of
pioneering work that finally yielded the first commercial product a fire alarm sensor.
The metal oxides which are today typically used as gas sensors are in decreasing
order of their frequency of occurence: SnO2 (35 %), ZnO (10 %), TiO2 (7 %), WO3

(7 %), In2O3 (5 %), Nb2O5 (3 %), Ga2O3 (3 %), Fe2O3 (3 %), various mixed metal
oxides as BaTiO3 and Ba2WO5 as well as mixtures of metal oxides as SnO2-In2O3
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and ZnO-SnO2 (a total of 13 %) [17]. This order of occurence is basically the same
regarding their percentages of publications during the last three decades [18].

The example from this group of initially investigated binary oxides is In2O3.
The n-type semiconductor possesses a high electrical conductivity due to a large
number of oxygen defects in the lattice [19]. Because of it’s history it is, besides
SnO2, the most studied resistive gas sensor material and is reported to be sensitive
towards small concentrations of oxidizing (NO [20], NO2, O3 [21], SO2 and Cl2) as
well as reducing gases (H2 [22] and CO [22–24]).

While the first types of gas sensors were composed of binary metal oxides more
recent examples of chemiresistors are mainly based on ternary oxides, such as
rare-earth perovskites, LnBO3 (Ln = lanthanide series; B = Cr and Fe), which are
also applied as materials in electrodes of fuel cells [25], (photo) catalysts [26, 27]
and magneto-optics [28]. In 1976 perovskites have been reported as quantitative
gas sensing materials towards C2H5OH (ethanol) at 150–400 �C due to their
thermal and chemical inertness [29]. In particular, several orthoferrites of which
LaFeO3 and SmFeO3 are the best studied materials among this class of substances
[30, 31] have been investigated concerning their sensitivity towards CH3OH
(methanol) [32] and NO2 as well [33]. Most recently LaFeO3 has been the subject
of first-principle studies of the molecular oxygen adsorption on Fe ion sites [34]
and LnFe0.9Mg0.1O3 (Ln = Nd, Sm, Gd and Dy) has been tested for C2H5OH
sensitivity [35]. Unlike the group of the orthoferrites, the group of the orthochr-
omites, with LaCrO3 [36, 37] as the most common composition, has widely been
left unattended [32]. Ilmenite oxides, as for example CoTiO3, have been investi-
gated in respect of humidity detection in combination with Ta2O3 [38], but they
are also of interest as catalytic [39, 40] or high-j dielectric [41] materials. The
p-type semiconductor CoTiO3 was first published as an ethanol detecting material
in 1999 [42].

In the last decades many attempts have been made to overcome the limitations
of the first unmodified oxides and to discover new sensor materials with improved
or even tailored properties. Two common pathways to strongly influence the
sensor performance of a given base material are surface and volume doping by
various elements or oxides. But for detailed investigations of the influence of a
specific parameter or dopant the discrimination of all other side effects is essential.
Thus, novel methods, such as high throughput experimentation (HTE) and com-
binatorial techniques, are applied which allow for keeping most parameters con-
stant while selectively varying just one. The application of these methods
accelerate both, the sample preparation and characterization by ensuring identical
sample processing as well as the systematic evaluation of reliable statistical data.
In order to rapidly classify and compare the obtained gas sensor performances
basically four essential quality factors are used which are specified in the following
section.
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4.1.3 Quality Factors of Sensor Performance

A perfect gas sensor acts precisely and immediately to the prevailing ambient
chemical or atmospheric conditions. The four crucial characteristics which
determine the sensing quality of a certain material are the sensitivity, the selec-
tivity, the response time and the stability.

The sensitivity S is defined as the slope of a calibration curve and thus, is a
function of the specific analyte concentration. It is described as the ratio of the
change in the output signal y (i.e. the change in electrical resistance in the case of
chemiresistors) to the concentration x of the analyte gas (Eq. 4.1). Hence, the
sensitivity describes the sensibility of a sensor material to detect a certain analyte
concentration from an ambient atmosphere [43]. However, the sensor response is
more commonly used to express different calculated ratios of the analyte resistance
to the reference resistance (cf. Sect. 5.1.2).

S ¼ dy

dx
ð4:1Þ

The selectivity Q reflects the ability of a sensor to differentiate between the
specific gas x to be detected and the other components of the gaseous environment
x0, and expresses the cross-sensitivity (Eq. 4.2).

Qð%Þ ¼ 100 � dy=dx0

dy=dx
ð4:2Þ

The response behavior expresses numerically the attended response or recovery
time Dt90 % of the output signal to reach 90 % of its saturation value after turning
on or off an analyte gas [43]. The response behavior is determined by the chemical
reaction kinetics between material surface and analyte molecules, and therefore,
by diffusion processes and surface reactions.

The stability describes the endurance of a sensor material to maintain its output
signal over a long period of time and to target systematically varying concentra-
tions of analyte gas. This reproducibility can be affected by (thermal) aging of the
sensor layer as well as by poisoning of the sensor’s surface comparable to the
properties of catalysts. The stability concerns both, the structural and the electro-
physical properties of the sensor material during long-term operation which is an
often neglected demand in research but essential for commercial products.

4.1.4 High Throughput and Combinatorial Approaches

Facing the rapid increasing economic demands and challenging technical stan-
dards the research denoted to the development of new functional sensor materials
has attracted great attention to the materials research community [44]. Thereby,
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the fundamental challenge consists in identifying appropriate sensor materials
among the almost infinite pool of possible material compositions with respect to
the possible combinations of all chemical elements that form ternary or even
multinary metal oxides, independently of further modifications. Furthermore, the
significant but unpredictable impact of various parameters deriving e.g. from
electrode layout, preparation history or after treatment (e.g. electrode parameters,
precursors, chemical composition, synthesis conditions, additives, doping, modi-
fication, annealing conditions etc.) on the sensor properties requires novel working
methods that accelerate the classical one-by-one approach in finding new
improved materials.

Since 1970 a ‘‘multiple sample concept (MSC)’’ or rather the vision of a
high-throughput experimentation (HTE) technique is successfully applied in con-
trast to the conventional ‘‘one sample at a time’’ method. The MSC enables the
simultaneous processing of ‘‘expensive and time-consuming’’ steps in an integrated
material development workflow [45]. A high degree of automation and robotics,
ranging from material synthesis and sensor fabrication, up to analytical methods and
property characterizations, provides the comparability of samples by varying single
parameters while keeping all others constant. Thus, the HTE procedure implements
sample plates which facilitate the parallel processing and easy handling of up to
several dozen samples which are distinguished by a composition spread (gradient
library of one parameter) [46]. However, the large quantity of samples produced by
the HTE procedure on a short time scale requires at the same time adequate rapid
analytic and characterization methods. As such a rapid testing method, in particular
the impedometric characterization, which is also applied in the material development
including superconducting [47], dielectric [48], magneto-resistive [49], photo-
chemical active [50] and catalytically active materials [51, 52], has proven to be an
extremely valuable tool in the evolution of novel gas sensing materials [53].

Besides HTE, the usage of combinatorial approaches via the predecessor MSC
advances the conventional ‘‘empirical trial and error process’’ by intelligent
combination of different materials or components of the synthesis workflow [54].
For the combinatorial purpose as a first step, an expanded diverse parameter space
is constituted by the discovery strategy (primary screening) to find novel or
alternative materials. Then, the restriction to a realistic well-defined space is
applied by the material development (secondary screening) in order to optimize
hits of the previous generation or parameters of established materials. A statistical
and intelligent design of experiments (DoE) should minimize the experimental
operating expense and maximize the knowledge gained on the basis of multidi-
mensional parameter optimization by descriptors, genetic algorithms (GA), arti-
ficial neural networks (ANN) and last but not least by experience [55, 56]. Initial
experiments utilizing the combinatorial approach have been published in the 1960s
in the context of material science. In the 1990s these strategies have been estab-
lished by the pharmaceutical and biotechnological industries [57].

Combining the HTE and the combinatorial approach accelerates the improve-
ment of present sensor materials as well as the development of novel complex
sensor materials by a factor of about 10–100 and leads to extensive material
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libraries [55]. Such material libraries differ from each other in the systematic
variations of a single or a few specific parameters (e.g. synthesis condition, analyte
gas, calcination temperature etc.) or in the base material (e.g. different volume
additives) and the surface dopant, respectively.

The large amount of individual information recorded throughout all working and
measuring steps is collected in a database which is used for statistical interrogation of
quality factors as well as for data mining. The nontrivial data interpretation via
statistical analyses leads to a knowledge discovery (KD) that enables the mapping of
composition-structure–property relationships, a process which was first published in
1999 for the catalytic activity towards the oxidative dehydrogenation of ethane and
its dependence on the chemical composition of doped Mo-V-Nb-oxides [58].

In summary, the combination of the HTE and the combinatorial approaches in
materials and sensors research, as recently reviewed [55, 59], has a huge impact on
the research of enhanced sensor materials. Specifically, it helps to understand
correlations between chemical composition, microstructure and sensor perfor-
mance. But until now findings related to this correlation are not very common for
chemiresistors. For the future it is expected that the KD will help to draw con-
clusions about the sensing mechanism in a qualitative and quantitative way, which
is actually of much academic interest and studied by novel in situ or operando
spectroscopic methods [9, 10, 60, 61].

4.2 Metal Oxide Gas Sensors

This subchapter addresses the basic working principles of chemiresistors exem-
plified by SnO2 as sensor material and CO as reducing analyte gas. The overall
parameters which influence the sensor performance refer to the structural prop-
erties of sensor layers and the chemical composition of sensor materials. Within
the following two subchapters the particle size and the microstructure of the sensor
material as well as the variation of the material composition by volume and/or
surface doping are discussed in more detail [62].

4.2.1 Working Principle

The common working principle model for resistive gas sensors was developed
concerning unmodified binary metal oxides, e.g. ZrO2, TiO2, WO3, Fe2O3, In2O3,
ZnO and SnO2 [17, 63]. The latter two are well-known as polycrystalline thin-film
materials in Figaro [14] and Taguchi sensors [16] (Figaro Inc.) and represent the
first commercial application of resistive gas sensors in the 1960s. Since that time
the wide-bandgap semiconductor SnO2 is the best studied material in this field
beside In2O3. [64–66] All these gas sensing materials of the so-called ‘‘first gen-
eration’’ have been n-type semiconductors in which charge transport results from
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mobile electrons. In contrast to that, the charge transport takes place via holes in p-
type semiconductors as for example CoO and perovskite structures as LnBO3

(Ln = lanthanide series, B = Cr and Fe) [17].
By zooming in on the active sensing element of a metal oxide gas sensor

(Fig. 4.1), which is responsible for the output change in resistance (i.e. the sensor
response) via an electrode structure (Fig. 4.1a), the metal-oxidic sensing layer
upon it reveals a microstructure of nanoscaled particles (Fig. 4.1b). The gas-
penetrable particle assembly is associated with a transducer function and
accordingly the sensing surface of the metal oxide nanoparticles with a receptor
function (Fig. 4.1c) [67, 68]. The specific interaction of the surface with target gas
molecules causes a change in the electrical resistance of each grain. The trans-
duction of this information on the molecular level results in a macroscopically
accessible signal by the electrodes in terms of a change in the electrical conduc-
tivity of the entire layer.

A closer look at the sensing mechanism on the surface of nanoparticles reveals
the following processes: first, ambient oxygen is physisorbed by van der Waals
forces and then chemisorbed. The nature of the predominantly ionosorbed
species has been detected by IR, TPD and EPR, and changes from molecular
O2

- (\420 K) to atomic O- (420–670 K) and O– parallel with O2- ([670 K)
before finally, the direct incorporation of the adsorbed species into the lattice takes
place ([870 K) depending on the temperature [62, 63].

During the associated exothermal oxidation the adsorbed species become
chemically bound as electron acceptors with a relative energetic position below
that of the Fermi level EF of the solid (Fig. 4.2, bottom). The required electrons are
extracted from the conducting band EC of the donor-solid which are intrinsic
oxygen vacancies and trapped from the acceptor adsorbate at the surface leaving
an electron-depleted region behind. [69–72] Thus, the depth of the positively-
charged space charge layer Kair is simultaneously enlarged due to the negative
surface potential. The maximum surface coverage is determined by the Weisz
limitation to be about 10-3–10-2 cm-1 ions denoting the equilibrium between the

Fig. 4.1 Working principle of a semiconductor gas sensor: a output function (electrode
structure). b transducer function (sensing layer) and c receptor function (nanoparticle surface)
[adapted from 67]
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Fermi level and the site energy [73, 74]. Transferred to the energy-band model this
negative surface potential causes a band bending of both, the valence band EV (not
shown) and the conducting band EC, with a potential height of the surface potential
barrier eVsur of about 0.5–1.0 eV at the grain boundaries. Both, the depth and the
height of this layer are affected by the amount and the nature of ionosorbed oxygen
at the surface and their associated charges. Additionally, the depth of the layer
corresponds to the Debye-length LD which is characteristic for every semicon-
ductor material and dependent on the temperature at a particular donor concen-
tration (Eq. 4.3).

LD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e0ekBT

e2nd

r
ð4:3Þ

The permittivity of free space is given by e0, the dielectric constant by e, the
Boltzmann constant by kB, the operating temperature by T, the electron charge by
e and the carrier concentration by nd which corresponds to the donor concentration
assuming full ionisation.

However, it is worth noting, that this idealised model conception [75] assumes
the complete absence of humidity and the sufficient presence of oxygen (e.g. in
synthetic air). But in every real system [76] the presence and the influence of water
deriving from hydroxyl groups has to be taken into account of respective surface
processes.

Besides the surface chemistry, the microstructure of sensing layer bridging two
electrodes (Fig. 4.2a, top) plays a key role in the sensing mechanism. In the
polycrystalline sensing layer the electrical conductivity occurs along percolation

Fig. 4.2 Structural model (top) and band model (bottom) of the intergranular percolation path
regarding a polycrystalline nanoparticle layer: a initial state upon exposure of air and b final state
upon exposure of reducing CO gas on potential barrier eVsur and space-charge layer Kair [adapted
from 81, 82]
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paths by means of grain-to-grain contacts of sintered nanoparticles. As a conse-
quence of the increased potential barriers at the grain boundaries, so-called
Schottky-barriers, the free electron flow within the layer is hindered. The height of
the Schottky-barriers corresponds directly to the thermodynamic equilibrium of
the oxygen adsorption and desorption reactions. This phenomenon results in an
increased resistance. Overall, according to the total percolation paths along adja-
cent grains, a specific base resistance occurs which depends on the surface
potential of the ambient atmosphere. The Maxwell–Boltzmann distribution
describes the number of electrons which succeed in overcoming the potential
barrier [77] and accordingly, the conductance G of the sensing layer is expressed
by Eq. 4.4 [78].

G � exp
�eVsur

kBT

� �
ð4:4Þ

Depending on the prevalent atmosphere the types of pre-adsorbed species (e.g.
oxygen, hydroxyl groups, carbonates etc.) have a tremendous impact on the suc-
cessive surface reactions and therefore on the sensing mechanism.

In the case of reducing gases (e.g. H2, H2S, CO, CH4 and C2H5OH) first
adsorption and then consecutive reactions via intermediates occur which result in a
total oxidation to CO2 and H2O for hydrocarbons. For instance, in the presented
case of CO (Fig. 4.2b, top) mono-dentate and/or bi-dentate bound carbonate
groups are formed by reaction with the ionosorbed oxygen species and finally
desorb as CO2 (but for better clarity only O- species are displayed). [79] In the last
reaction step the previously localized electrons are released back to the bulk of the
metal oxide by desorption of the reaction products. Thus, even traces of an analyte
gas significantly increase the electron density and decrease the potential barrier at
the intergrain contacts in comparison to the equilibrium state without the analyte.
The material conductance of the entire layer and its change are reflected on the
partial pressure of CO [pCO] in terms of a power-law dependence (Eq. 4.5)
wherein, the exponent n depends on the morphology of the sensor layer and the
properties of the sensor material [80].

G � pCO½ �n ð4:5Þ

In contrast, for oxidizing gases (e.g. NO, NO2, SO2 and O3) direct chemi-
sorption leads to the opposite reaction, because then additional oxygen atoms are
incorporated into the lattice by acceptance of electrons from oxygen vacancies of
the solid. The additional electrons cause a decrease in conductivity. In the case of
p-type semiconductors these two effects are vice versa. On closer inspection one
has to consider the specific gas to be detected and the chemical reactions of the
formed intermediates.

Summarized, the sensing mechanism is microscopically restricted to the par-
ticle surface. For polycrystalline materials the sensing effect macroscopically
results in a measurable signal that is a change in resistance. This change strongly
depends on the grain size of interconnected particles. Furthermore, since the
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working temperature influences the reaction rate of all surface processes as well as
the interpenetration of the gas molecules into the porous sensing layer, every
analyte gas exhibits a specific temperature of maximum sensitivity which depends
on its surface coverage and the conversion rate of ionosorbed oxygen. At this
favorable temperature the relative cross sensitivity towards other gases is sup-
pressed to its lowest level [83, 84].

Concluding, the sensitivity of a given base material depends on several critical
parameters, such as microstructure, chemical composition, after treatment and
working temperature. The microstructure includes the particle size, the thickness
and the porosity of the sensor layer. The chemical composition involves surface
and volume doping of the base material with various other components. These
parameters and their complex interplay on the sensing property are described in
the following subchapters.

4.2.2 Particle Size

Considering that the sensing mechanism is directly linked to the surface reactions
at the interface between the near-surface metal oxide and the ambient analyte
molecules the sensitivity behavior is expected to increase with increasing surface
area and consequently, decreasing particle size. Therefore, the particle size is one
critical parameter to influence the sensing properties of a given base material.
Nanoparticulate layers are inherently tailored for sensing applications, because of
their tremendous surface-to-bulk ratio compared to their microcrystalline coun-
terparts. Additionally, taking into account that the electrical properties are directly
related to the intergranular percolation paths consisting of depleted zones near the
surface and unaffected bulks in the centre of particles (Fig. 4.2) the response
behavior should depend on the surface-to-bulk-ratio. Hence, new approaches
follow the development of a hollow or hierarchical particle design to eliminate the
ineffective core and to improve the sensing characteristics. These approaches have
most recently been reviewed [85].

However, as the particle size is reduced, the radius will approach the dimension
of the space-charge layers, eventually leading to their overlap. The progressive
shrinking of the ineffective bulk also involves the Schottky-barriers at the grain
boundaries. Accordingly, by further lowering the intergrain distance the energetic
difference becomes smaller than the thermal energy and the heterogeneity of both
regions vanishes. In this case the conductance G becomes proportional to the
difference between the Fermi level EF and the lower edge of the conduction band
EC (Eq. 4.6) [71, 81]

G � exp
� EC � EFð Þ

kBT

� �
ð4:6Þ
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The special case, when the energy bands are nearly depleted of mobile charge
carriers, is called ‘‘flat-band condition’’ (eVsur B kB T). At this point the bulk
conductivity of the interconnected grains becomes negligible and the conductivity
of the space-charge layers dominates the sensory properties [86, 87].

Based on the theoretical considerations related to the fundamental scale impact
on the sensing performance, systematic investigations have been performed by
Yamazoe and co-workers in the early 1990s in order to prove the theoretical model
of the transducer function up to the range of flat-band conditions [66, 88–90] For
that purpose various sintered SnO2 elements have been produced which differ in
the sensor material SnO2 (foreign-oxide-stabilized, pure and impurity-doped
SnO2) and in the particle size (4–32 nm). Thereby, for nanoparticles bigger than
about 20 nm an approximate independent linear correlation between the average
particle diameter D and the sensor response (expressed as Rgas/Rair) towards H2

(800 ppm) and CO (800 ppm) was determined at 573 K. For smaller particles the
sensitivity starts to rise and then, a steep increase for crystallite sizes below about
10 nm was observed. This value exactly coincides with the range in which the
diameter becomes equal and smaller than twice the depleted zone.

The authors explain the three different regions of grain size influence by a
sensing layer model of partially sintered crystallites (Fig. 4.3). This model is based
on the fact that the particles form smaller aggregates and that these aggregates are
interconnected by grain boundary contacts (Fig. 4.3a, top). Thus, generally in the
case of larger grains (D � 2 K), the sensitivity or rather the conductivity is nearly
independent of the grain size and mostly dominated by the bulk conductivity. In
the case of middle-size grains (D [ 2 K) the sensitivity is affected by both, the
grain boundaries and the grain size, because the depleted regions form conduction
channels within every aggregate (constriction effect) (Fig. 4.3b, middle). At last, in
the case of small grains (D \ 2 K) the whole crystallite is depleted, the conduction
channels vanish and the conductivity becomes grain size controlled (Fig. 4.3,
bottom) [66, 91].

Besides the above described grain model, another model defines the inter-
granular necks between the polycrystalline grains as a further important parameter
which controls the sensoric properties (Fig. 4.3b) [66, 92]. According to this model
the width of necks, which depending on the sample history starts forming between
partly sintered particles at higher annealing temperatures ([700–800 �C), [66] is
responsible for the height of the potential barrier. The length of necks determines
the width of the potential barrier and thus, restricts the total conductivity along the
percolation paths [93].

In conclusion, an adequate application of either the grain or the neck model
strongly depends on the presence of necks, that is insignificant for materials of
separated grown grains (e.g. thin films) or materials which have not been thermally
treated [92].

Based on the experimental data of Yamazoe and co-workers [66, 89] the
effective carrier concentration was calculated as a function of the surface state
density for spherical SnO2 crystallites between 5 and 80 nm [90]. The quantitative
model described the transducer function based on the assumption that the
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variations in the surface state density were caused by trapping electrons due to
surface-gas interactions. The theoretical considerations (i.e. numerical computa-
tion) led to response curves which exhibited a steep decrease of carrier concen-
tration in the range in which the surface state density reaches the condition of fully
depleted grains (i.e. all electrons are trapped at the surface). These theoretical
findings explain the linear increase in conductivity with decreasing trapped charge
carriers. According to the simulations the measured sensor responses (i.e. Rgas/
Rair) of SnO2 towards H2 (800 ppm) and CO (800 ppm) at 573 K are linear
functions of 1/D where D is the average grain size (Fig. 4.4). Thus, the experi-
mentally found correlation in which the sensitivity is proportional to the surface to
volume ratio was confirmed and the sensitivity can be calculated to 6/D for
spherical-like nanocrystallites of SnO2 [90].

However, experimental investigations published so far, generally confirm—
even though the sample history and analytic methods differ in each case and thus,
do not permit a quantitative comparison—that the material properties are com-
plementarily affected by the number of both, structural and electronic defects.
These kinds of defects are stabilized with decreasing particle size as known for
spherical particles, although the form also plays a role [94]. The active sensing
surface exhibits a multitude of various defects and crystallographic faces which are
energetically unequal, so that the reaction kinetics of the adsorption of gas mol-
ecules, the consecutive reactions of intermediates and the desorption of reaction
products all differ. [95, 96] Hence, a decrease of the particle diameter linked with
an increasing surface-to-bulk ratio leads to a significant increase in surface reac-
tivity due to a growing amount of defects on surfaces with greater curvature [92].

Fig. 4.3 a Sensing layer model (adapted from [90] and neck control model [adapted from 92] of
partly sintered crystallites
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This improved surface reactivity upon decreasing particle size accompanied with a
decrease of the working temperature was published for catalytically active nano-
particles [97–99]. Additionally, the accessibility of the gas detecting surface
represents a key parameter in controlling the sensitivity properties of the sensor
material. Thus, the microstructure including the porosity and the thickness of the
sensing layer which determines the diffusion processes has a profound impact on
the sensor performance.

4.2.3 Microstructure

Beside the fact that the size of particles determines the surface area and thus, the
ratio between the depleted zones and the unaffected bulk, it also determines the
internal microscopic surface as well [71, 100]. Additionally, the thickness and the
porosity of the sensing layer affect the total surface area accessible for interpen-
etrating gas molecules.

The layer thickness is among the dimensional factors as the already mentioned
grain and neck size and thus, affects the sensor performance as well. Due to
different design approaches, sensor layers are classified as thick film (d [ 100 nm)
or thin film (d \ 100 nm) types. In contrast to ceramic thick films, where synthesis
conditions and thermal treatment are the main tuning parameters, the particle size
of thin films is found to depend directly on the deposited film thickness [92]. Thus,
for thin films a change in layer thickness leads to a change in the magnitude and
temperature of the maximum sensor response correlated with the shift in particle
size and gas-permeability. For thick films the gas accessibility depends on the
nature of target analyte molecules and dominates the sensing effect, while other
dependencies (e.g. the sensitivity towards reducing gases) are contradictorily
reported. Due to the accessibility of all percolation paths contributing to the sensor
signal thin films are found to be more sensitive and faster in response and recovery
behavior than thick films [101].

Fig. 4.4 Influence of particle
diameter D on sensor
response (Rgas/Rair) of SnO2

towards a H2 (800 ppm) and
b CO (800 ppm) at 573 K
[adapted from 90]
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In contrast to the layer thickness, the layer porosity displays a critical
morphological factor which directly determines the accessible surface area. With
decreasing particle size, in principle, the layers become more compact and the
porosity decreases. Additionally, with increasing layer thickness the interpene-
tration of gas molecules becomes more hindered so that a concentration gradient
occurs within the layer. This gradient strongly depends on the diffusion rates of the
target analyte and its reaction products as well as on the interactions of analyte gas
and reaction products with the metal oxide surface. As a result a stationary
equilibrium is formed that determines the response and recovery time of the sensor
[102]. In the case of strong interactions, the analyte gas reacts within short dif-
fusion distances while in the case of relatively weak interactions, a longer diffusion
distance can be covered [99].

Summarized, the sensor performance is critically influenced by the grain size,
which controls the degree of analyte-surface interactions (e.g. adsorption/desorp-
tion, catalysis, reduction/reoxidation, charge transfer and chemical reactions) as
well as by the layer thickness and the porosity, which affect the diffusion processes
(e.g. intergrain oxygen diffusion, bulk oxygen diffusion, gas diffusion inside the
metal oxide matrix and surface diffusion of adsorbed species). [92] Hence, an ideal
sensing layer consists of nanoparticles embedded in a thin film featuring mac-
ropores, so that all percolation paths contribute to the overall conductivity [103].

However, one has to keep in mind that the sensing effect always results from a
complex interplay of various structural parameters. These parameters can be
classified by four basic factors: the geometrical factor including the sensor and the
electrode set-up, the dimensional factor including grain size, neck size and film
thickness, the crystallographic factor including crystal shape, film texture, surface
geometry and surface stoichiometry and lastly the morphological factor including
porosity, agglomeration, grain networks and intergrain contacts (Fig. 4.5). The
fundamental influence of every single structural feature on the overall sensor
performance complicates a direct comparison of publications and a rash transfer of
results in this field even for material samples of the identical chemical
composition [92].

A new approach towards the enhancement of diffusion rate and the improvement
of sensing materials utilizes one-dimensional non-spherical nanostructures such as
wires, rods, belts, fibers and (carbon nano) tubes. To accomplish such anisotropic
morphologies, bottom-up strategies are applied in order to gain control over the nano
and the microstructure at the same time. Achievements in this novel field of research
are discussed in the corresponding literature [104–107], and have recently been
reviewed [18, 108], including those related to carbon nanotubes [109–112].

Beside the fundamental influence of structural parameters on the performance
of an ideal sensor, the working temperature can be varied to decrease cross-
sensitivity characteristics, as previously mentioned. Additionally, the chemical
composition by addition of various dopants to the sensor material itself can lead to
an enhanced selectivity or reduced cross-sensitivity, as discussed in the following.
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4.2.4 Doping

Though, commercial chemiresistors have already been optimized concerning
preparation and structural parameters, most simple metal oxide based sensor
materials, suffer from limitations with respect to cross-sensitivity, thermal aging
and long-term instability. In order to overcome these inherent limitations the
chemical composition of the sensing material is modified by doping.

On the one hand active surface dopants enhance the sensor performance by
enabling selective interactions with the target analyte and thus, increase sensitivity
and selectivity while at the same time decrease reaction time and working temper-
ature, which has a pronounced effect on the long-term stability. On the other hand
volume dopants are incorporated into the lattice and thus, are present in surface sites
and influence the material and sensor properties of the base material itself. A control
mode to shift between the bulk modification of homogeneous or heterogeneous base
materials and the surface modification by discrete particles is realized by basically
two different methods for the introduction of dopants. By volume doping the metals
or metal oxides are incorporated as additives during the material synthesis whereas
by surface doping the catalysts are deposited subsequent to the thick film preparation.

4.2.4.1 Volume Doping

Volume-dopants are introduced into the gas sensing matrix of the base material
during the preparation process. Thereby complex multi-component systems are
formed with modified chemical, physical and electronic properties in the bulk and
the surface states. For this purpose catalytically active (e.g. transition metals) or
inert additives (e.g. metal oxides) are applied in quantities of about 1–10 wt %.
However, their impact on the sensing properties does not always correlate with
their catalytic activity as a result of different mechanisms. Although minor
quantities of catalytic additives are sufficient for forming completely modified

Fig. 4.5 Four basic structural parameters affecting sensing properties of gas sensor materials
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materials with respect to their sensing properties, a rising amount of additives can
also result in the formation of mixed layers or even segregated phases. Depending
on the mutual solubility of the additive (guest) and base material (host) the for-
mation of discrete particles, solid solutions or even foreign phases occurs at the
surface [113].

The incorporation of volume dopants can have a significant influence on the
sensing performance via a multitude of interacting parameters. The parameters can
be arranged under four basic aspects: the microstructure including dimension
(grain size), morphology and crystallography, the composition including elemental
composition, surface potential, free charge carriers and electron exchange rates,
the catalysis including catalytic activity, active phase, catalyst stabilization and
adsorption/desorption energy and lastly the electrical properties including con-
ductivity, surface potential, free charge carriers and electron exchange rate
(Fig. 4.6). The dopants are capable of improving the sensor properties by for-
mation and stabilization of smaller grains, by increasing the nanostructure porosity
and by enhancement of long-term stability. Nevertheless, the preparation of an
ideal sensor material still remains challenging, since progress of a positive-con-
tributing parameter might simultaneously degrade another or promote a negative-
contributing characteristic [111].

4.2.4.2 Surface Doping

Surface dopants are deposited on top of the pre-fabricated gas sensing materials in a
working step (impregnation, spraying, etc.) subsequent to the base material prepa-
ration. This type of doping leads to a modification of the active sensing surface of the
base material. Typical doping materials are noble metals (e.g. Rh, Pd, Ag, Pt, Au,
etc.) or oxides of transition metals (e.g. Fe, Co, Cu, Zn, etc.) or main group elements
(e.g. B, Se, etc.). Upon annealing the noble metals form distributed metallic or oxidic
clusters on the sensing surface which may act catalytically as promoters or inhibitors
of surface reactions and thus, shift the sensitivity maximum to lower operating

Fig. 4.6 Four basic factors affected by volume doping of base materials [adapted from 111]
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temperatures [111]. Generally, two mechanisms can be distinguished, electronic and
chemical sensitization: [114–116].

In the electronic sensitization (Fig. 4.7a), the surface dopant acts as a stronger
electron acceptor and consequently an enlarged electron depleted space-charge
area is formed near the interface. Upon reaction with reducing analytes (e.g. H2)
the redox state or rather chemical potential, is changed, the trapped electrons are
released back into the bulk and the conductivity significantly increases. Examples
for this mechanism are AgO/Ag, PdO/Pd and CuO/Cu [66]. In the chemical
sensitization (Fig. 4.7b), the mechanism refers solely to the catalytic surface
reactions, whereby the deposited dopant acts as a catalyst and remains unaltered.
The clusters therefore act as adsorption and activation sites for the target gas
molecules (e.g. H2) and subsequential pass the activated gas fragments down to the
ionosorbed oxygen. Thus, the average oxygen coverage and therefore eVsur is
reduced and the conductance or the sensitivity is increased (according to Eq. 4.4).
This mechanism is widely described as the ‘‘spill-over’’ effect [66].

Moreover, the optimization of catalytic parameters can be achieved by varying
the clusters dimension, the inter cluster distance and additionally, the catalytic
material itself. The sensitization is not only restricted to superficial clusters of
catalytically active dopants as proposed by the mentioned models but also to
atomically distributed Pt and Pd on surface and sub-surface sites as demonstrated
for the enhanced sensitivity of noble metal doped SnO2 towards CO [117, 118].
Alternatively, the diffusion of the dopant into the metal oxide and the alloy for-
mation of reduced metal oxide in the near surface region is possible, as observed
for Pd or Rh doped SnO2 [119, 120]. Furthermore, the cooperative effect between
several dopants affects the surface doping as reported from studies of heteroge-
neous synthesis [121, 122].

However, sometimes sufficient selectivity can only be achieved by the in-front-
arrangement of additional physical auxiliaries. Specifically, these can be realized
in terms of porous or rather catalytic filter layers as well as oriented or func-
tionalized membranes as recently surveyed for zeolites [123]. Thereby, a group of
diverse and (non-)reactive microporous zeolites are the most popular examples
exhibiting physical (i.e. precisely adjustable pore sizes) as well as chemical fil-
tering (frameworks for catalysts) [124]. Beside zeolites, other materials can be
used which act as passive membranes or catalytic sieves for blocking parasitical
interferant or material-poisoning gas molecules. Several examples in this context

Fig. 4.7 Mechanism
of a electronic sensitization
(redox state changing) and
b chemical sensitization
(analyte activation) by
surface doping of metal
oxides [adapted from 66]
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are multilayer sensors containing Pd doped Al2O3 [125], zeolite filters containing
hydrophobic TiO2 [126], mesoporous filters of Pd/Pt doped SiO2 [127] or metallic
films of Ru electrically isolated by SiO2 [128].

In summary, the significant impact of synthesis involving the various doping
possibilities combined with various measurement conditions vastly extends the
experimental parameter space. Thus, characterization of new gas-sensing materials
requires novel strategies which allow the investigation of correlations between
composition, structure and sensing properties. Due to the tremendous influence of
every single parameter on sensor performance, the systematic investigation of a
single parameter requires a workflow which keeps a defined number of parameters/
conditions of the sensor preparation constant while a small and distinct number of
parameters are varied. Therefore, high-throughput experimentation and statistical
investigation are combined with rapid characterization via impedance spectros-
copy and infrared thermography to discriminate between electrical and thermal
effects [129–132]. The following chapter will highlight the first steps towards the
use of such a high-throughput approach for the development of novel gas sensing
materials.

4.3 High Throughput Screening

For a rapid identification of new sensor materials with improved sensor perfor-
mance a high-throughput impedance spectroscopy (HT-IS) workflow including
material synthesis, layer preparation, property screening and data evolution has
been established. The approach focuses on semiconducting nanoscaled binary or
ternary metal oxides which are derived from a polyol method and modified via
volume or surface doping. The preparation via the polyl-mediated synthesis has
several advantages compared to solid-state reaction techniques which typically
suffer from by-product formation and high calcination temperatures. The polyol-
mediated process is derived from the sol–gel process and gains access to ultrapure
nanoscaled products at relative low processing temperatures. Furthermore, it
allows the easy control of chemical composition on a molecular level and suitable
access to materials of different size and shape. The term ‘‘polyol’’ refers to high-
boiling polyalcohols, such as diethylene glycol which dissolve the inorganic
precursor salts by a chelating effect and which serves as stabilizing ligands to
avoid particle agglomeration during the synthesis. This procedure yields nano-
scaled metal and metal alloy particles [133–137] as well as metal oxide nano-
particles [138] with very high specific surface areas. As mentioned before, the gas-
sensitive properties of the obtained materials can be modified by volume doping
during the synthesis or by surface doping prior to calcination.

The automation of the material synthesis and layer preparation procedure uti-
lizing robotics (i.e. pipetting robot system) combined with the impedometric
screening and the automatized data evaluation opens the access to detailed
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libraries of functionalized materials and their corresponding gas sensor properties.
Thus, the following subchapter describes the characteristics of such a HT-IS
material and sensor screening set-up [127–129, 139, 140].

4.3.1 Multi-Electrode Array

For impedimetric screening multi-electrode substrates (MES) have been developed
(Fig. 4.8b). The substrate (101.6 mm side length and 0.7 mm thickness) consists
of Al2O3 which is chemically inert, exhibits high thermal and mechanical stability
up to 600 �C and is a good electrical insulator. The top-side of the Al2O3 substrate
is screen-printed with platinum leads to form an 8 9 8 array of interdigital
capacitors (IDCs) (Fig. 4.8a). These 64 positions (wells) are labeled with numbers
from 1 to 8 for horizontal rows (from left) and vertical columns (top down),
respectively (e.g. 34 marks the third position from left and the fourth from above
which is enlarged in the detail). Conducting leads connect each IDC-structure with
two contact pads near the edges of the plate for addressing the electrical properties
of a respective sample position. After screen-printing the Al2O3 substrates have
typically been calcinated at 1350 �C for 48 h prior to their use [127, 128].

A particular IDC structure composed of two interdigitating finger electrodes
and their corresponding structural parameters are depicted in Fig. 4.9. The type
and design of electrode was selected with a focus on the applied impedometric
characterization method, which measures the resistive and capacitive properties of
the samples. Since the number of IDCs within the array is limited by the size of the

Fig. 4.8 Top view of a multi-electrode substrate (MES): a layout of a single interdigital
capacitor in detail (position 34) and b layout without (left part) and photography with deposited
thick films (right part). The positions 34 and 55 as well as their conducting leads and contact pads
are highlighted in black [adapted from 141]
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substrate, the electrode parameters have been optimized by previous calculations
related to the measurability of high sample resistivities and small capacitance
changes. The structural parameters required for this calculation include the number
of fingers (N), the finger length (L), the finger height (h), the space between two
fingers (s) and the finger width (w). Additionally, the calculations consider that the
preparation of the substrate, the accuracy of the screen printing process (i.e. grain
size of platinum paste) and the volume contraction during the sintering process
which may cause small irregularities of the electrode structures [127].

Generally, the optimal structural parameters (e.g. width of IDC) are determined
by the permittivity of the substrate material and the thickness of the sensor layer.
Furthermore, the relative sample resistance rises with increasing electrode dis-
tance, whereas the electrical field between the electrodes decays within the sensor
layer, if the layer thickness is of the same magnitude as the electrode distance
[142]. Depending on synthesis and sintering conditions the thickness of sample
layers ranges between 50 and 200 lm. Simulations of vaccum capacitance for
different possible set-ups of the two electrodes revealed that the effect on the
capacitance is negligible, if the substrate is much thicker than the width and gap of
the electrodes.

Consequently, as a result of these considerations the chosen parameters are: 12
electrode fingers with a width of 135 lm and an electrode distance of 140 lm. The
whole spatial arrangement of a single electrode structure amounts to 3.4 mm in
length and 2.3 mm in width [127, 137].

The compact set-up of the entire electrode array causes different lengths and
distances of the conductor pathways between the IDCs in the centre and the pads at
the edges. Therefore it has to be considered that different capacitive amounts of
these pathways and other parasitic effects add to the fundamental capacitance of
each IDC. In order to compensate the capacitance distribution of different posi-
tions, corresponding circuit equivalents are used to accurately describe the

Fig. 4.9 Layout of electrode structure (IDC) and corresponding structural parameters [127]
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individual electrical properties of IDCs [127, 143]. Figure 4.10a depicts the case of
an IDC structure with almost parallel supply leads as for example found at position
34 of the MES and Fig. 4.10b displays the corresponding circuit equivalent. On the
contrary, the parasitic effects are negligible in the case of more nearly orthogonal
pathways as for example existent at position 55 of the MES. Thus, the last
mentioned position exhibits the smallest capacitance deriving only from the IDC
itself and it is used to determine the parasitic effects of the other positions. The
displayed circuit equivalent consists of one contact resistance RS and one pathway
inductance LS in series for each pathway, and an RC-element in parallel to the
sample impedance ZSample. The RC-element considers the stray capacitance CO of
the IDC and the substrate resistance between both pathways as 1/GO in parallel to
the sample impedance. The resistances of conductor paths (\10 mX) and the
conductivity of the substrate material itself ([20 mX) are neglected during the
evaluation steps. The resistive contribution to the parasitic effects can be elimi-
nated by an offset adjustment (shortcut of electrodes) and the capacitive part by a
compensation measurement (blank electrodes), so that consequentially the sample
impedance can be calculated. In the present case the inductive parasitic effects LS

of the measured sample impedance are eliminated like the capacitive ones during
the step of data fitting. Therefore the presented MES is applicable for resistive as
well as for capacitive measurements.

4.3.2 High Throughput Impedance Spectroscopy Set-up

The electrical sample characterization is performed by HT-IS over a broad fre-
quency range. The set-up of this station basically consists of the gas supply
(Fig. 4.11a) (i.e. mass flow controllers and water reservoir) the measuring station
(Fig. 4.11b) (i.e. measuring head with MES and furnace) and the instrumentation
(Fig. 4.11c) (i.e. two relay matrices, impedance analyzer, source meter and per-
sonal computer). The relative humidity of the applied test gas atmospheres can be
adjusted from 0 to 90 % by bubbling through a temperature controlled water
reservoir. During alternating conditioning times and measurements a variable gas
flow (standard 100 sccm) is applied by several mass flow controllers (models
1179/2179) and a multi-gas controller (647 B, all MKS Instruments).

Fig. 4.10 Scheme of interdigital capacitor (IDC): a single structure with nearly parallel supply
leads and b corresponding equivalent circuit [adapted from 127]
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Two relay matrices (KRE-2450-TFCU multiplexers, MTS-Systemtechnik)
connect the coaxial plugs of the measuring head by means of multi-channel
switching via high frequency capable coaxial wires to the analytic instruments. For
reasons of clarity only two of the overall 128 wires (i.e. two wires due to two
electrodes of every IDC) are displayed in Fig. 4.11.

Two-probe conductivity measurements can be carried out either in AC-mode
using an impedance analyzer (Agilent 4192 A, Agilent Technologies; 5–1.3 • 106

Hz and 0.1–1.299 MX) or in DC-mode using a source meter (Keithley 2400,
Keithley Instruments Inc.; 0.2–200 V, 1 • 10-6–1 A and 2 • 10-4–200 MX). A
self-developed software (Visual Basic 6, Microsoft Corporation) and a simple
script language allows for combined monitoring, controlling, measuring and data
recording via digital and analog interfaces (RS232 interface by GPIB protocol and
IEEE interface by ASCII protocol) in all devices.

The coated MES is placed on a sample rack which is integrated into the
measuring head (Fig. 4.12). The gas stream inlet is distributed via a binary tree
construction [144], 64 hollow Al2O3-tubes and a hole-plate with individual
headspaces. Thus, an equal amount of gas per position is guaranteed by a similar
flow resistance for each individual channel [137, 138]. The sample rack is ther-
mally decoupled and enables electrical contact of the substrate via Al2O3-covered
platinum wires. The spring-loaded contact tips are equipped with coaxial plugs and
cables and thus, ensure a steady electrical contact by compensation of the thermal
expansion of materials at elevated temperature. All materials used for the

Fig. 4.11 Configuration of HT-IS set-up: a gas supply. b measuring station and c instrumental
equipment. For clarity only two measuring lines are exemplified due to two electrodes of a single
IDC (i.e. position 11)
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measuring head are high-temperature resistant steels (dark gray) or pore-free
Macor� ceramics (white) which exhibit low thermal expansion coefficients, long-
term thermal stability and mechanical stress tolerance. Additionally, these mate-
rials possess a persistent chemical inertness and a low absorbance/desorbance
capacity for gas. Both, the gas distribution and the cover plate of the measuring
head are cooled by water and air due to the high temperatures during measurement.
In order to heat the sample plate in a range from room temperature up to 600 �C a
furnace can be moved over the measuring head. The furnace is equipped with four
heating elements which are controlled by a thermo-controller (Eurotherm 2416)
combined with a thermocouple (Ni–Cr/Ni, Thermocoax�). Steady gas and tem-
perature conditions for all samples of one MES as well as for all measurements of
different MES are crucial to obtain reproducible results and to build up comparable
material libraries.

This set-up allows fully automated gas mixing, temperature controlling, sample
addressing and data recording. Thereby, all of the time-consuming steps, such as
heating/cooling or conditioning are simultaneously proceeded for all sample
positions, which enables sequential electrical measurements.

In order to organize and to manage the large quantity of data which is recorded
during the workflow (i.e. material synthesis and layer preparation as well as
measuring conditions and characterization data) a flexible database has been
developed in advance. That database enables the creation of material libraries
which contain all of the characteristic sensing and material properties for a given

Fig. 4.12 Configuration of HT-IS measuring head and furnace with embedded MES [adapted
from 137, 138]
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sample from a MES. For data mining of the gas-sensing properties, the values of
resistance and capacitance are deduced from the frequency dependence of the real
and imaginary part of the fitted impedance spectrum and these fits are also
included in the database. This procedure enables statistical analyses of the quality
factors and the critical parameters as well as systematic data mining.

Altogether, the described procedure allows the investigation of correlations
between the sensor properties, the microstructures and the chemical compositions
and to trace them back to single variable parameters. [130] The application of this
procedure in order to detect specified materials with desired properties from a
multitude of samples is demonstrated in the following section by examples of the
volume and surface doping influence on binary or ternary base materials.

4.4 Experimental Workflow

The polyol method [145–148] allows for both, the synthesis of various base metal
oxides (e.g. LnCrO3 and LnFeO3, Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb and Lu [149]) and the incorporation of various volume dopants into
different base materials (e.g. CoTiO3 with 2 at. % Li, Na, K, Sb, La, Sm, Gd, Ho
and Pb [150]) during the synthesis. This enables the systematic study of the Ln-
variation effect on the gas sensing behavior, predominantly of materials that had
not been studied so far. Finally, the study of the nearly complete Ln-series will
enable the comparison of structure–property relations and the development of
basic design rules for specific sensors.

The wet impregnation technique facilitates the precipitation of hundreds of dif-
ferent surface dopant solutions on the surface of a base material (e.g. La doped
CoTiO3 further denoted as CoTiO3:La [151]) subsequently to the preparation.

The following section describes the experimental procedures for material syn-
thesis, layer preparation, material analysis and data mining. In this HTE approach the
preparation steps from synthesis to doping are proceeded automatically by a pipet-
ting robot system in the case of surface doping. Thereby the above mentioned
examples of volume and surface doped materials are introduced to exemplify the
single workflow steps. A more detailed description of the experimental elaborations
has been published elsewhere [136, 152, 153].

4.4.1 Sample Preparation

Typically, for the synthesis of the base or the volume doped materials soluble
metal salts (e.g. acetates, nitrates, carbonates etc.) are applied in the respective
stoichiometric ratio of the desired product. The precursors are dispersed in
diethylene glycol (DEG) as a chelating solvent under vigorous mechanical stirring.
The reaction suspension is heated up to T1 (80–170 �C) to dissolve the reactants
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and, if necessary, a sufficient surplus of hydrolysis agent (e.g. H2O, KOH, NH3,
H2O2, CH3COOH, HNO3 etc.) is added. The emerging suspension is heated up to
T2 (160–190 �C) and maintained at this temperature for several hours (5 h). The
obtained stable suspensions exhibit a standard concentration of 1 wt % solid to
DEG solution. For analytical purposes a small part of the suspension is processed
by centrifugation, washing (i.e. water and acetone) and drying at T3 (60 �C) in
order to obtain the amorphous powder product (‘‘as-synthesized’’). The nano-
crystalline sensor material is obtained by calcination of the suspensions at a
maximum T4 (400–900 �C for 2–12 h). The reaction parameters of every synthesis
require modification and optimization regarding particle size, purity and product
yield. The general synthesis workflow for the preparation of (volume doped) metal
oxides is schematically represented in Fig. 4.13.

Characterization of the obtained sample materials is routinely performed by X-ray
diffraction (XRD) and by scanning electron microscopy (SEM). Additionally, energy
dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM) and
other characterization methods are applied as referred in the following subsections.

4.4.1.1 XRD-Characterization

The initial characterization concerning the phase and the structure of synthesized
metal oxides is conducted by powder XRD on thin films in transmission mode.
Generally, the ‘‘as synthesized’’ materials are amorphous right after synthesis and
calcination yields in nanocrystalline materials. Figure 4.14 exemplifies two series
of XRD patterns of LnCrO3 (Fig. 4.14a) and LnFeO3 (Fig. 4.14b) (Ln = La, Pr,
(Nd,) Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) which illustrate that the
annealed materials are nearly single-phase compounds [traces of Ln2O3 impurities
with Ln = Tb, Ho, Tm and Yb are marked by asterisks around H = 29� in (a)]
[147]. The observed patterns are in good agreement with the lattice parameters of
orthorhombic phases reported by the Inorganic Crystal Structure Database (ICSD).

Fig. 4.13 Workflow
of polyol-mediated synthesis
to yield base and volume
doped metal oxides
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The variation of the cubic symmetry (such as SrTiO3) increases with the atomic
number from LaMO3 to LuMO3 in respect of the decreasing Ln3+ ion radius [154].
The linear dependence of crystal lattice parameter and the composition of mixed
oxide is known as Vegard’s rule (marked by dotted lines). The broadened peaks
compared to the bulk material indicate the formation of nanometer sized particles
after the calcination step, while the phenomenon of peak broadening has been
previously reported for crystallites smaller than about 5 • 10-7 m [155]. The
measured broadening of single or multiple peaks can be utilized to determine the
crystallite size applying the Scherrer equation, although the crystallite size does
not have to be congruent to the grain size. [156, 157].

4.4.1.2 SEM-Characterization

The surface morphology of materials, including the particle size and the micro-
structure, is visualized by a field emission scanning electron microscope (FE-SEM).

Fig. 4.14 Two series of XRD patterns for analysis of phase and structure: a LnCrO3 and b LnFeO3

(Ln = La, Pr, (Nd,) Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) materials [adapted from 147]
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SEM micrographs of annealed volume doped CoTiO3 samples (2 at.% of Li, Na, K,
Sb, Gd and Pb) are exemplified in Fig. 4.15 whereas the doping is supposed to be in
A-position (Fig. 4.15a) and B-position of the ABO3 structure (Fig. 4.15b), respec-
tively. As a result of the thermal treatment all micrographs typically reflect
agglomerations (secondary particles) of interconnected spherical particles that form
open porous networks. Such a surface morphology guarantees abundant interaction
opportunities between the metal oxide surface and the surrounding gas atmosphere.
The irregular packed agglomerates sometimes complicate the size estimation of the
primary particles (50–100 nm in diameter) which are in good agreement with the
crystallite sizes determined from XRD analysis [148].

Furthermore, the elemental composition and its corresponding distribution can
be observed by energy dispersive X-ray spectroscopy (EDX).

4.4.1.3 TEM-Characterization

High resolution TEM (HRTEM) analysis involving electron diffraction images can be
carried out as additional method to examine the crystallinity (i.e. lattice plane distance)
of the annealed nanoparticulate materials. The respective sample is taken from sus-
pension and directly pipetted onto holey carbon-coated copper grids. The electron

Fig. 4.15 SEM micrographs for analysis of particle size and morphology: volume doped CoTiO3

with 2 at.% of a Li, Na and K and b Sb, Gd and Pb supposed in A-position and B-position of
ABO3 structure; respectively [adapted from 148]
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diffraction pattern was subject to a fast Fourier transformation (FFT) in order to analyze
the degree of crystallinity. Figure 4.16a depicts the TEM image (left) of the amorphous
‘‘as-synthesized’’ CoTiO3:La sample after drying (400 �C/1 h) and Fig. 4.16b of the
crystalline sample after calcination (700 �C/12 h). The electron diffraction pattern
(right) illustrates in the former case the presence of an amorphous structure and in the
latter case of a polycrystalline structure by concentric diffraction circles [149, 158].

The elemental distribution can be further investigated by energy-filtered TEM (Ef-
TEM), in analogy to the previously mentioned EDX analysis. Thereby white domains
represents the presence and black domains the absence of the respective element (i.e. Co,
Ti, O and La). The EfTEM pictures of the CoTiO3:La sample (Fig. 4.17) show a
homogeneous elementaldistribution of La over the sample material. Electron probe micro
analysis (EPMA) confirmed the quantity of La to be 2.1 at.% (without figure) [156].

After characterization the different materials are deposited as thick films on a
MES for subsequent electrical characterization. For this deposition procedure a
particular thick film reactor is used as described in the following.

4.4.2 Thick Film Preparation

The individual workflow steps and operations of thick film deposition are visually
summarized in Fig. 4.18. First, the powder of a nanocrystalline sample
(Fig. 4.18a) is dispersed by mixing it in an agate mortar or by grinding it in a ball

Fig. 4.16 HRTEM images and FFTs for analysis of degree of crystallinity: a amorphous
(400 �C/1 h) and b crystalline (700 �C/12 h) CoTiO3:La sample [partly adapted from 149, 156]

Fig. 4.17 EfTEM images for monitoring the respective elemental distribution of Co, Ti, O and
La in CoTiO3:La [adapted from 156]
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mill with suitable amounts of water and polyethylene imine (PEI). Then, the
resulting stable aqueous suspension (Fig. 4.18b) (concentration of 12.5 g L-1) is
deposited directly on a single IDC position of the MES by using an Eppendorf
pipette (50 lL suspension) and a thick film reactor attached to the MES. Finally,
the MES-reactor assembly is placed in a drying cabinet (60 �C) overnight in order
to evaporate the solvent and to deposit a homogeneous sensing layer (50–100 lm)
on the electrode structure (Fig. 4.18c).

The thick film reactor basically consists of a Teflon mask (plate thickness
17 mm and hole diameter 4 mm), fixed on a metallic substrate plate in such a way,
that wells (volume 214 lL) are formed at each position of the MES (Fig. 4.19a
and b). Every single reactor vessel is sealed by a viton O-ring. Four screws mount
the metallic base and the top plate stationary by means of four alignment pins and a
rubber mat for uniform pressure distribution. During the coating process each
material suspension is statistically applied three times on the MES to compensate
for potential gradients of furnace temperature or gas concentration as well as
possible electrical contact failures.

The described thick film reactor has been designed for use with a fully auto-
mated pipetting robot (regard also Fig. 4.23). After the deposition and drying
procedure the base metal oxide layers are ready for further modifications by
systematic surface doping via a wet impregnation method. Therefore the aqueous
metal salt solutions are prepared and the impregnation is performed by a labora-
tory robotic system.

The distribution of doping elements and their concentrations on a MES for the
purpose of surface doping is illustrated in Fig. 4.20. All of the MES positions have been
identically coated with volume doped CoTiO3:La as the base material. For the wet
impregnation procedure various metal salt solutions (e.g. Au as HAuCl4 • 3H2O, Ce as
Ce(NH4)2(NO3)6, Ir as Ir(C5H7O2)3, Pd as Pd(NO3)2 • 2 H2O, Pt as Pt(NH3)4(NO3)2, Rh
as Rh(NO3)3 • 2 H2O and Ru as Ru(NO)(O2C2H3)3) of three different concentrations
(e.g. 0.2, 0.4 and 0.6 at.%) have been used to gain diversity within the material library.
These surface dopants have been chosen in the first approach because of their known
enhancement of the sensitivity and the selectivity of metal oxide semiconductors. [159,
160] In the present case a triple statistical distribution of the identical material com-
position (e.g. 0.2 at.% Au marked in light gray and 0.2 at.% Ce in dark gray) was
performed on the MES for reproducibility purposes of the respective experiment [156].

Fig. 4.18 Workflow of thick film deposition: a powder material. b material suspension and
c dried sensing layer on top of IDC [adapted from 156]
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Subsequent thermal treatment (700 �C for 12 h) removes organic residues
derived from the preparation and prevents the ready-made layers (about 0.625 mg)
from significant sintering processes or changes in the microstructure during the
subsequent electrical measurements at elevated temperature.

4.4.3 Laboratory Robot System

For the automated material synthesis, thick film deposition and surface doping a
commercially available laboratory robot system (Lissy, Zinsser Analytic GmbH)
was adapted (Fig. 4.21). The system consists of a magnetic stirrer equipped with a
multiple synthesis reactor and a temperature control unit, a shaker for suspensions,

Fig. 4.19 Set-up of thick film reactor: a ready for use reactor (side view) and b single parts
(exploded top view) [adapted from 138]
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a rack for volume and surface doping solutions and a coating station (i.e. thick film
reactor) [137].

The synthesis station consists of a magnetic stirrer with a heating plate, a
heating block, a thermal isolation block, 21 reactor vessels equipped with mag-
netic stir bars and water-cooled reflux condensers (Fig. 4.22). This set-up enables
21 parallel syntheses under inert gas atmosphere [137].

The set-up of the surface doping station is depicted in Fig. 4.23 in a lateral cut
(cf. Fig. 4.19) [137].

Fig. 4.20 Diagram of the triple statistical distribution of various surface doping elements (i.e.
Ru, Rh, Pd, Ce, Ir, Pt and Au) of different concentrations (i.e. 0.2, 0.4 and 0.6 at.%) on a MES
coated with volume doped CoTiO3:La as base material. Two examples are emphasized in light
and dark gray [adapted from 149]

Fig. 4.21 Image of modified commercial laboratory pipetting robot system (Lissy)
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Complex impedance spectroscopy is employed for the electrical characterization
of the sensing layers deposited on the MES. The measured data is fitted automatically
and visualized in terms of Trellis plots and bar diagrams in order to easily identify the
samples with the best relative sensitivities and selectivities, respectively.

4.5 Impedance Spectroscopic Screening

The experiments are typically carried out within a preassigned temperature range
in 25 �C steps to find out the best working temperature of the sensor material.
Starting with the highest temperature which is well below the calcination tem-
perature avoids material sintering and aging during the subsequent experiments.

Fig. 4.22 Configuration (lateral cut) of robot synthesis station (max. 21 parallel synthesis) on top
of a magnetic stirrer [adapted from 137]

Fig. 4.23 Configuration (lateral cut) of robot coating station (i.e. thick film reactor) fitting a
MES [adapted from 137]
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Prior to the electrical measurement the respective test atmosphere is applied for up
to 30 min to reach adsorption equilibrium except for the first measurement at the
highest temperature and at every subsequent lower temperature. In these two cases
this period is extended up to 240 and 90 min, respectively. At each temperature the
sample characterization utilizes alternating sequences of test and reference gassing
to investigate the sensitivity and the reversibility of material response in
alternation.

In the examples described here the impedometric measurements of surface
doped In2O3 (400–250 �C) as well as volume doped LnCrO3 and LnFeO3

(Ln = La, Pr, (Nd,) Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) (500–200 �C)
were carried out in a frequency range from 10 to 107 Hz with an amplitude of 0.1
Vrms (15 measuring points per frequency decade). Synthetic air was humidified
(RH = 45 % at 25 �C) and used as the reference gas for representative ambient
conditions. As certified test gases 25 ppm H2, 50 ppm CO, 5 ppm NO, 5 ppm
NO2, 40 ppm C2H5OH (not applied in the case of In2O3) and 25 ppm C3H6

(propene) each in synthetic air (consistent volume flow 100 sccm) were applied.
However, for NO tests N2 was chosen as carrier gas to avoid NO2 formation. The
electrical screening of one MES with 64 samples positions requires about 25 min
at a particular atmosphere and temperature.

4.5.1 Data Handling

In order to reduce and to evaluate the huge quantity of measured data, a fitting
software has been developed for automated curve fitting. The fitted data are
visualized in terms of Trellis plots (color dot arrays) and fingerprints (bar dia-
grams) for easy identification of the materials with the best gas-sensing
performances.

4.5.1.1 Data Fitting

The recorded impedance spectra are described by means of impedance functions of
circuit equivalents adopted to their measuring data and visualized as so-called
Argand diagrams, where the real part Z0 of the impedance is plotted versus the
imaginary part -Z00. A representative plot of the impedance spectra concerning the
p-conducting PrFeO3 under propylene exposure at 300 �C is displayed in
Fig. 4.24a. Thereby the automated data fitting of the semicircle was performed by
adapting R and C of a parallel RC element. Hence, the circuit equivalent
(Fig. 4.24b) describes the impedance spectra as an impedance function via a
resistor R and a capacitor C in parallel. Thus, the electrical properties of the sample
material are reduced to one value for the resistance R and one for the capacitance
C, respectively, resulting in a tremendous reduction of the data set. In this typical
procedure C is associated with the geometric capacitance of the IDC and R with
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the resistance value under the respective testing conditions. Thus, a change in
R related to the reference is therefore taken as the determination of the material
sensitivities towards a particular gas exposure. The ohmic resistance of metal
oxides and the related diameter of semicircle drops with an increasing temperature
as expected for semiconductors. Generally in this work, the fitting with a single RC
circuit was found to be sufficient. Nevertheless, other elements, such as induc-
tances or constant phase elements (CPE), and their combinations can be imple-
mented for the fitting as well.

4.5.1.2 Data Evaluation and Visualization

Since the obtained values of R are related to the specific material sensitivity under
the respective measuring conditions the material response to a specific test gas is
given by the sensor response whereas RTG denotes the resistance fit under test gas
conditions and RRG the one under reference gas conditions.

In the case of a decreasing resistance under test gassing the values of sensor
response range from 0 to 1 and on the contrary in the case of an increasing resistance
the values reside between 0 and -1. The application of the sensor response regarding
the initial reference atmosphere compared to the more common formulae (i.e. sensor
response = RRG/RTG for RRG [ RTG and sensor response = RTG/RRG for

Fig. 4.24 a Argand plot (real part Z0 of the impedance versus imaginary part -Z0 0) using the
example of PrFeO3 under propylene gassing at 300 �C and b corresponding circuit equivalent
(parallel RC element) of one resistor R and one capacitor C in parallel [adapted from 138]
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RRG \ RTG, respectively), allows for the immediate discrimination between oxi-
dizing and reducing test gases or n-type and p-type semiconductors, respectively.
Furthermore, these changes in resistance are translated into a multicolored code
(Eqs. 4.7 and 4.8) depending on the direction and extent of the change. This color
change is visualized in terms of a Trellis plot, whereby the dot diameter scales down
with the measuring failure resulting either from the scattering of data or the
exceeding of measurement limits.

A Trellis plot for seven different temperatures (275–425 �C) and the sequence
of six test gases (H2, CO, NO, NO2, C2H5OH and C3H6) is shown in Fig. 4.25
belonging to a substrate coated with various volume doped LnCrO3 and LnFeO3

materials. Thereby each 8 9 8 square matrix illustrates the sensor response of the
64 substrate positions at a distinct temperature and test gas atmosphere and thus,
reflects the changes towards the initial state (reference measurement) for the
respective gases. According to the definition of sensor response the perovskite
materials (LnMO3) show p-type semiconducting behavior. Most of the tested
samples exhibit a pronounced sensitivity towards the applied hydrocarbons, while
the sensitivity towards C2H5OH is much higher than towards C3H6, and a good
reversibility on the timescale of the experiment. Further the samples exhibit less
cross sensitivities towards the other test gases and especially NO2 which vanish at
higher temperatures.

The array of fingerprints in Fig. 4.26 represents the entire substrate plate of the
LnCrO3 and LnFeO3 materials at a distinct temperature, here 350 �C. The mea-
sured sensor responses of the gas sequence (i.e. alternating reference gas and test
gas, cf. Fig. 4.25) are plotted as bar diagrams which form a characteristic pattern
for each material composition. In the present case some positions of the MES

Fig. 4.25 Trellis plot of sensor responses for a substrate coated with various volume doped
LnCrO3 and LnFeO3 materials
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(e.g. 24, 27, 42, 45 etc.) exhibited solely capacitive behavior, because of insuffi-
cient electrical contacts or defect conductor paths, so that no resistivities or rather
sensor responses could be determined. But in most instances a good reproducibility
of the respective experiment was observed regarding the triple statistical distri-
bution of equally coated positions (e.g. 33, 61 and 77, cf. the two reference gas
steps after the C3H6 application at 275 and 300 �C in Fig. 4.25. Hence, slight
differences in the behavior of each layer matched with variations in the micro-
structure caused by the layer preparation. In comparison to the rare-earth ortho-
ferrites, the orthochromites show lower sensor responses, whereby LaFeO3 and
LaCrO3 represent the lowest sensor responses of their group towards C2H5OH.
The best sensing performances for all temperatures were found for DyCrO3 and for
SmFeO3, TmFeO3 and LuFeO3, respectively.

In the following two subsections selected examples will illustrate the material
screening by introducing results for surface and volume doping representing the
reproducibility of preparation and measurements that finally lead to the discovery
of new gas sensing properties and structure–property relations.

Fig. 4.26 Fingerprints of volume doped LnCrO3 and LnFeO3 materials at 350 �C including
some positions (e.g. 24, 27, 42, 45 etc.) with only capacitive behavior due to defects in electrical
contacting. The alternating test gas sequence is shown in Fig. 4.25
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4.5.1.3 Example for Surface Doping

Based on previous works [161] a material library for the n-type semiconductor
In2O3 was created. This library was generated from experiments on three MES
plates which achieved material diversity by various surface doping elements, while
the base material originated from a single synthesis. The three sample plates
focused on the reproducibility of identically doped sample materials, on the
diversity of doping elements and on the sensor property dependence on various
dopant concentrations, respectively [151].

The homogeneity and reproducibility of sensing properties were investigated by
comparing the sensor responses of 16 identically prepared sample positions of three
doped (i.e. 0.1 at.% Pd, Rh and Au, respectively) and the undoped base material
In2O3 as shown in Fig. 4.27. Generally, the minor standard deviation corresponds to
a consistent sensor performance of the respective material towards H2, NO, NO2

(Fig. 4.27a) and C3H6 (Fig. 4.27b). But for CO significant variations were observed
which could be traced back to a concentration gradient of CO on the sample plate
caused by its catalytic conversion with oxygen resulting from the catalytic activity of
some sample materials. The undoped In2O3 shows a higher sensor response towards
H2 and C3H6 by means of a resistance decrease and towards NO and NO2 by means of
a resistance increase at lower temperatures. The most pronounced effect on the sensor
response results from doping with Rh whereby the cross sensitivity towards NO2 is
almost eliminated and the character of NO is changed from oxidizing to reducing at
lower temperatures. Furthermore, the Rh doped samples exhibit the highest observed
H2 relative sensitivity at 250 �C which decreases with rising temperature.

A broad screening of the influence of surface doping was achieved by a huge
quantity of doping elements (i.e. 0.1 at.%) on the second sample plate. All tested
materials exhibit a high sensitivity towards the reducing gases H2 and C3H6,
whereas only for the Rh, Pd, Pt, Ag and Au doped materials an increased sensi-
tivity towards CO was found. The typical sensor response towards the oxidizing
gases NO and NO2 was an increase in resistance which was irreversible on the
time scale of the reference gassing (15 min) at 250 �C, but vanishes at higher

Fig. 4.27 Mean values of sensor response towards a 5 ppm NO2 and b 25 ppm C3H6 and
corresponding error bars each regarding 16 equally prepared In2O3 materials (i.e. 0.1 at.% Ag,
Rh, Pd doped and undoped). [adapted from 151]
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temperatures leading to a full recovery. In contrast to that for the Ir and Rh doped
samples of which Ir shows an increased resistance in the reversibility measure-
ments a decrease in resistance towards NO was observed. Ru and Ce doping
decreased the NO and NO2 sensitivity of the base material.

The sensor properties of doping elements which were found to influence the
sensing properties of In2O3 (i.e. Au, Ce, Ir, Pd, Pt, Rh, Ru and Cr) were investigated
by the variation of doping concentration (i.e. 0–0.8 at.% in 0.2 steps) on the third
sample plate. Due to their similar behavior Rh, Ir, Ru and Ce can be grouped together
and sorted by a similar but descending effect. The oxidizing character of NO and NO2

(Fig. 4.28a) is converted towards reducing and suppressed by an increasing element
concentration, whereas the reducing character of H2 and C3H6 (Fig. 4.28b) is sup-
pressed at the same time. Pt doping reduces the sensor response except for C3H6 at
250 �C, whereas Cr, Au and Pd typically enhance the sensor response towards C3H6.

In order to progress the stages from the HT material screening to a ready-made
sensor device for technically relevant application conditions the sensor preparation
and surface doping were transferred to a single sensor substrate. The IDC layout of
the substrate is quite analogous to the one described for the MES but features an
integrated heater on the backside of the substrate (substrate 25 9 4 9 0.75 mm).
The function and the layout of the single sensor and the corresponding working
station have been published in previous works [137]. Under these close to reality
testing conditions the sensor characteristics correlated well with those determined
from the MES based measurements, i.e. the NO2-tolerance in NO sensing at
temperatures between 200 and 300 �C.

Other base materials, as for example ZnO [162] and CoTiO3:La [149], were
investigated and optimized as well towards their gas sensing properties by surface
doping with various elements, combinations and concentrations.

Fig. 4.28 Dependence of sensor response towards a 5 ppm NO2 and b 25 ppm C3H6 for surface
doped In2O3 (i.e. Au, Ce, Ir, Pd, Pt, Rh, Ru and Cr) at 250 �C depending on the doping
concentration [adapted from 151]
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4.5.1.4 Example for Volume Doping

For detailed investigations of previous measurements, [147] the sensor responses
and response times of two series of various volume doped LnFeO3 and LnCrO3

materials towards two different hydrocarbons were tested [163].
Regarding the LnFeO3 series, the temperature dependence of the sensor response

towards C3H6 and C2H5OH is illustrated in Fig. 4.29a and b, respectively. The
operating temperature (200–500 �C) affects the sensing properties of all tested
materials, of which LaFeO3 exhibits the largest lanthanoid radius and the smallest
sensitivity towards the applied hydrocarbons. The experiments concerning YbFeO3

could only be evaluated above 300 �C, because the high material resistance exceeded
the limits of the measurement device (R [ 20 MX). SmFeO3, TmFeO3 and LuFeO3

were found to be the most sensitive materials for temperatures up to 450 �C.
Compared to the LnFeO3 series the temperature of maximum sensor response is

shifted to lower values for the LnCrO3 series. However, the sensitivity of both
groups towards C2H5OH is higher than that towards C3H6 and exhibits a stronger
effect in the case of the orthochromites. In this group LaCrO3 and DyCrO3 showed
the lowest and highest sensitivity, respectively. The stronger effect of the C2H5OH
test gas on the material sensitivities in both cases is presumably caused by the OH-
functional group [164].

Besides characterization of the sensor response and selectivity, the high-throughput
approach enables direct comparison of a third quality factor of gas sensors via the MES.
Hence, concerning the LnFeO3 series the response and recovery times upon 60 ppm
C2H5OH were examined at 350 �C. For example the response time of TmFeO3 upon
40 ppm C2H5OH was about 20 s and the recovery time about 44 s at 325 �C, whereas
both parameters remained unaffected during several cycles [161].

Following up these investigations with the most sensitive materials for exam-
ple, SmFeO3 was volume doped by Co, K, Li, La, Pb, Mn and others in con-
centrations from 2 to 20 at. %. Thereby 10 at.% Co doped SmFeO3 turned out to
possess an enhanced activity towards CO up to 375 �C in contrast to the undoped

Fig. 4.29 Temperature dependence of sensor response towards a C3H6 and b C2H5OH regarding
LnFeO3 series (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu). [adapted from 161]
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correspondent which showed only low sensitivity between 250 and 325 �C. The
temperature dependent sensor performance of this Co doped SmFeO3 sample was
examined at the most sensitive temperature and at different CO concentrations
from 15 to 50 ppm. The Co volume doped SmFeO3 revealed a reversible response
behavior featuring response and recovery times of 24 s or less, whereas the
response time at higher CO concentrations was faster than at lower CO concen-
trations. The increase in CO sensitivity as a result of Co doping is confirmed by
literature examples as well [138, 165, 166].

4.5.1.5 Structure–Property Relation

A thorough investigation of the screening data of the In2O3 material library via
visual data mining was conducted in order to discover general correlations or
systematic trends between the sensitivity and the material properties, besides the
revelation of new significant sensing properties of individual materials [151].

Concerning the In2O3 library a plot of the ascending order of all material
resistances in the reference synthetic air (45 % RH) versus their corresponding
resistances in NO2 and C3H6, respectively (Fig. 4.30), revealed a correlation
between the sensor response and the electrical properties in reference gas at
250 �C. Generally, the resistance is typically increased by a higher concentration
of the respective doping element (not displayed). Since the resistance of undoped
In2O3 belongs to the small linear slope of lower resistances, a significant influence
of the surface doping elements on the base resistance can be excluded. But for
higher resistance values the rising slope contains Zr and Rh doped materials beside
Ce, Cr, Pt, Ru, Au, Ir, Co and Ni. Two similar slopes are found for the sensitivities
towards reducing C3H6 showing an offset factor of about 10 to lower resistances,
whereas for oxidizing NO2 only one smaller slope of the resistance is found
showing a slightly lower offset factor to higher resistances. This circumstance lead
to an approach of the respective curves for reference gas and NO2, so that higher
sensitivities are observed for smaller resistances in the reference gas. Thus, the

Fig. 4.30 Ascending
assorted resistances of all
surface doped In2O3 materials
in the reference synthetic air
versus their corresponding
resistances in 5 ppm NO2 and
25 ppm C3H6 at 250 �C
[adapted from 151]
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sensitivity towards NO2 and similar towards NO can be predicted on the basis of
the material resistance in the reference gas air.

Additionally, a correlation between the sensitivity towards testing gases and the
temperature dependence of the electrical conductivity in reference gas (i.e. acti-
vation energy) was discovered. The values of activation energy which does not
necessarily represent the thermal activation of a specific electrical process were
calculated by means of the Arrhenius equation on the basis of the first resistance in
the reference gas at three selected temperatures (i.e. 300, 350 and 400 �C). Since
most doping elements gave values comparable to the undoped In2O3, the doping
by Ce, Au, Pt, Pd, Ru, Ir and Rh resulted in increasing activation energies. Plotting
the sensor responses versus the activation energy of the conductivity in the ref-
erence gas for different temperatures exhibits increasing sensor responses towards
NO and NO2 (Fig. 4.31a) with increasing activation energies at 250 �C, whereby
the sensor responses turn from oxidizing to reducing character by 0.5 and 0.7 eV,
respectively. This correlation vanishes by rising temperature until no trend is
observed at 400 �C due to decreasing sensor responses compared to other test
gases at the same time. An opposite effect of decreasing sensor responses with
rising values of the activation energy is found for H2 and C3H6 (Fig. 4.31b).

These correlations indicate that the sensitivity of surface doped In2O3 sensors
mainly depends on the electrical properties under reference gas exposure instead of
the one under testing gas atmosphere. This finding is more pronounced for oxi-
dizing gases at low temperature than for reducing gases at elevated temperatures.

Concerning the shown example of volume doped orthoferrites and orthochr-
omites the screening of a multitude of chemically and structurally closely related
compounds resulted in the finding of this structure–property relation [161]. In the
case of rare-earth orthoferrites the published correlation between the sensing
activity towards methanol and the lanthanoide ion radius (i.e.
Gd [ Eu [ Sm [ Nd [ Pr [ La) for the n-type correspondents [32] could not be
confirmed towards the test gases (i.e. H2, CO, NO, NO2 and C3H6) for the 13
characterized p-type orthoferrites. But the previously published sensing activity of
different p-type LnFeO3 towards NO2 (i.e. Sm [ Dy [ Gd & Nd [ La)

Fig. 4.31 Sensor response versus activation energy of conductivity in air at 250 and 400 �C.
[adopted from 151]
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depending on the Ln species and its surface distribution [33] corroborates with our
results obtained via the HT-IS. In literature the high Sm surface concentration and
low Sm–O dissociation energy is reported to cause the high sensitivity of SmFeO3.
In our investigations an increasing sensitivity towards C3H6 and C2H5OH at
300 �C which is associated with a decreasing bond strength to chemisorbed
oxygen at the near surface sites for the rare-earth series [147] was determined
(Fig. 4.32), an effect that was already predicted towards CH3OH [167].

Generally, from our investigations the significant dependence of the binding
energy DH(Ln–O) between lanthanoids and oxygen or rather the lanthanoid ion versus
the sensor response under C3H6 and C2H5OH exposure, respectively, can be cal-
culated by Eq. 4.9. Thereby, CN denotes the coordination number of the metal ions,
Hf the molar formation energy of the oxide MmOn including the indices m and n, Hs

the sublimation energy of the metal and D0 the dissociation energy of O2 [147].

DHðM�OÞ ¼
1

CN m
Hf � Hsm�

n

2
DO

� �
ð4:9Þ

The experiments have shown that an increase in the binding strength between
metal ion and oxygen can be correlated with a smaller sensor response towards the
test gases (except of LuFeO3). This concept is transferable to rare-earth orth-
ochromites LnCrO3 and also to volume doped SmFeO3 [139, 147].

4.6 Conclusion

The described correlations could only be discovered by the quantitative analysis of
data and the associated statistical examination. Therefore the HT-IS screening
represents a valuable tool for determining the crucial electrical properties of

Fig. 4.32 Structure-property
correlation between binding
energy DH(Ln–O) of Ln
cations (Ln = La, Pr, Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm and Yb) and adsorbed
oxygen versus sensor
response of LnFeO3 series
towards C3H6 and C2H5OH at
300 �C. The curve does not
represent a fit to the data but
suggested subsidiary lines.
[adapted from 161]
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various surface and volume doped materials which define their gas sensing
properties. The applied methods are accompanied with the obvious acceleration in
the finding of tailored materials, systematic trends and property-structure relations.

The combined MES and HT-IS approach coupled with automated sample
preparation, impedometric characterization and data evaluation has successfully
been established as a beneficial preparative and analytical tool for a rapid iden-
tification of gas sensitive semiconductors. In this way a great amount of different
samples were prepared and screened in a relatively short period, e.g. 832 IS
measurements with 91 single frequency measurements could be performed within
124 h each under various gas atmospheres and at different temperatures including
preliminary conditioning and subsequent cooling down [160].

The screening of surface doped CoTiO3:La samples affirmed the reproducibility
of both, the preparation and the measurements with low deviations. Using the HT-
IS set-up a new CO-sensitive material with NO-tolerant NO2-sensing behavior at
325 �C was found. Additionally, the screening of volume doped LnFeO3 samples
revealed a correlation between the sensitivity and the (Ln–O) binding energy.

Concluding, the compilation of huge material libraries by the HT-IS application
offers the opportunity to discover correlations between the sensitivity and the
binding energy Therefore this approach is a valuable tool for the systematic
detection of new gas sensing materials or more generally, electrically functional
materials in the future.
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Chapter 5
Selective Crystal Structure Synthesis
and Sensing Dependencies

Lisheng Wang and Perena Gouma

Abstract Chemo-resistive sensors utilizing meal oxides form a very important type
of sensors for gas detection. They are based on the interaction between gas mole-
cules and surface ionosorbed oxygen species accompanied by electron transfer,
which eventually leads to the change of material resistance. This process is con-
trolled by a few external parameters (working temperature) and internal parameters
(microstructure, chemical composition and crystal structure). While most parame-
ters have been paid sufficient attention to, the influence of crystal structures is still
largely unexplored. On the other hand, metal oxides exist in more than one crys-
talline form. The structural and property difference between different structures is
expected to affect the sensing behavior of the material. Taking TiO2 and WO3 as
examples, this chapter reviews how to selectively synthesize desired crystal struc-
tures and how they are related to the performance as a gas sensor. TiO2 exists in two
major polymorphs, with rutile being the thermodynamically stable phase and ana-
tase being the metastable one. Compared to rutile, anatase is more open-structured
and more chemically active and has lower surface energy. The hydrothermal method
has been proved to be very effective in anatase synthesis as long as particle size is
well controlled (normally under 20 nm) and dopants could stabilize this phase.
Studies have found that anatase shows higher sensitivity as a gas sensor which is
believed to be attributed to its higher chemical activity.WO3 undergoes a series of
phase transition when it is cooled down and c-WO3 is usually the room-temperature
(RT) stable phase. The low-temperature stable phase, e-WO3, is the least symmetric
among all the phases and is the only one with a ferroelectric feature. By a rapid
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solidification method called flame spray pyrolysis, e-WO3 is able to be synthesized
in high purity at RT. Doping with silicon and chromium could effectively stabilize
this phase up to 500 �C by forming boundary domains or surface layers. The dopant-
stabilized e-WO3 shows high sensitivity and unique selectivity to polar gas mole-
cules, esp. acetone, which may be due to the strong interaction between the e-WO3

surface dipole and polar molecules.

5.1 Introduction

Chemo-resistive gas sensors based on semiconducting metal oxides (SMOs) are
one of the most used and investigated type of gas sensors due to their low cost,
flexibility, simplicity of their use and large number of detectable gases etc. The
first reported work in this area dated back to 1957, in which Bielanski et al. [1]
showed the electrical conductivity change of a few SMOs, including n-type ZnO,
and p-type NiO etc., when they were exposed to ethanol. In 1962, Seiyama et al.
[2] used ZnO thin films to detect several kinds of gases and volatile organic
compounds (VOCs), including toluene, benzene and CO2 etc. The decisive step
was taken when Taguchi brought SMO sensors into industry (Taguchi-type sen-
sors). To date, there are many companies offering this type of sensors, such as
Figaro, FIS, MICS, UST, CityTech, Applied-Sensors, NewCosmos, etc. Their
applications span from ‘‘simple’’ explosive or toxic gases alarms to air intake
control in cars to components in complex chemical sensor systems. On the sci-
entific research side, there have been numerous publications during the half cen-
tury discussing new detection systems, improved sensing properties, influence of
various parameters and so on.

Despite the diversity mentioned above, the underlying working mechanism of
an SMO sensor remains the same and is well known. From the point view of
chemistry, in the atmosphere, a SMO material tends to chemically adsorb sur-
rounding oxygen molecules onto its surface, forming ionosorbed oxygen species
(O2-, O-, and O2

-), accompanied by electron trapping, which could be expressed
by the following equations.

O2ðgasÞ , O2ðadsorbedÞ
O2ðadsorbedÞ þ e, O�2ads

O�2ads þ e, 2O�ads

O�ads þ e, 2O2�
ads

8>><
>>:

ð5:1Þ

When the sensor is further surrounded by a certain kind of oxidizing (NOx and
O3, etc.) or reducing (H2, CO, NH3, most VOCs, etc.) gas, it will adsorb gas
molecules onto its surface through weak van der Waals forces (called physi-
sorption), covalent bonding (called chemisorption) and even electrostatic attrac-
tion. Those adsorbed molecules tend to extract electrons from the sensor surface or
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provide electrons to the sensor surface through the reaction with ionosorbed
oxygen species. The following two reactions represent a simplified description of
such process.

H2 þ O�ads ! H2Oþ e
NO2 þ e! NOþ O�ads

�
ð5:2Þ

Such process will inevitably change the density of the charge carriers near the
surface and leads to the change of surface resistance and finally the resistance of
the entire material. For example, an n-type SMO whose major charge carriers are
electrons will show a decrease of resistance if exposed to reducing gases and an
elevation of resistance if exposed to oxidizing gases.

To serve as feasible gas sensors in practice, one metal oxide must meet a few
requirements: high chemical activity, a stable structure and modest conductivity.
Besides external conditions, including working temperature and humidity, the
most important internal conditions which are able to influence the behavior of an
SMO sensor include:

1. Chemical composition. Korotcenkov et al. [3] have reviewed the choice of
sensing material through the properties of chemical species. In general, only
transition-metal oxides with d0 configurations of cations (TiO2, WO3, perov-
oskites, etc.) and post-transition-metal oxides with d10 configurations of cations
(ZnO, SnO2, In2O3 etc.) find their real gas sensor application [4]. They have
modest band gaps (3–4 eV) and they are active in redox reactions. Among
them, SnO2-based sensors are the most extensively studied and the only type
which has been commercialized. Pre-transition-metal oxides (e.g. MgO, Al2O3,
etc.) usually are good insulators and inert to redox gas molecules. Transition-
metal oxides with dn (0 \ n\10) configuration of cations (e.g. Cr2O3, VO2,
NiO, RuO2 etc.), although sensitive to the change of outside ambient, are not
structurally stable (susceptible to oxidation or reduction) and usually metallic.
However, high catalytic activity of transition metal elements makes them
perfect doping elements to modify the surface activity of the base materials,
either enhancing their sensitivity or improving their selectivity [5].

2. Microstructure. Microstructure determines the surface area of a material. As the
grain size of a crystal decreases, its surface/boundary region becomes more and
more dominant compared to bulk region. It has been determined that when the
grain size is smaller than two times of Debye Length, exposure to surrounding
gases will lead to change of charge carrier density within the entire grain. [6]
Not taking other factors into account, smaller grain sizes will always lead to
higher sensitivity. Since Debye Length of most materials is less than 100 nm,
this effect is also called ‘‘nano effect’’. There have been extensive studies on
utilizing different types of SMO nanomaterials, e.g. nanoparticles [7] and one-
dimensional nanostructures [4, 8, 9] etc. to enhance sensor sensitivity. Another
effective means to achieve high surface area is to create void areas in the
material, i.e. porous structures [10], which also have found their great potential
in highly sensitive gas detection.
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3. Crystal structure. Even if the chemical composition and microstructure has
been determined, an SMO may still exhibit different thermodynamically stable
or metastable crystal structures depending on its external environment (tem-
perature and pressure) and crystallization process, called polymorphism. For
example, it is well known that TiO2 occurs naturally in several phases with the
most common being rutile (stable) and anatase (metastable). WO3 experiences
a series of phase transition from c-WO3 to e-WO3 as it cools down [11] and
there also exists a metastable h-WO3 [12]. Two common forms of ZnO are:
hexagonal wurtzite (stable) and cubic zinc blende (metastable) [13]. The dif-
ferences between polymorphs of an SMO are mainly expressed by their
physical properties and sometimes chemical properties as well. In particular,
the arrangement of atoms near the material surface is expected to affect its
interaction with surrounding gas molecules. However, to date there have been
only a few studies focusing on the influence of crystal structure on material
sensing behaviors [14]. Possible reasons may involve the difficulty to selec-
tively synthesize and stabilize desired metastable crystal structure and lack of
evidence showing the gas-surface interactions.

This chapter will take WO3 and TiO2 as examples to study how metastable
crystal structures of SMOs could be selectively synthesized and how they affect
the sensing performance of a material.

5.2 TiO2 Gas Sensors: From Rutile to Anatase

5.2.1 Phase Evolution of TiO2

Titanium dioxide exists in nature in three major forms whose structural infor-
mation is listed in Table 5.1. There also exist a series of synthetic metastable
phases and high-pressure phases. Among those structures, only rutile and anatase
have been extensively studied and widely brought into application.

In spite of the structural diversity, the basic unit of all TiO2 polymorphs remains
the same, which is a slightly distorted octahedron consisting of a central titanium
atom surrounded by six corner oxygen atoms. The average Ti–O bond length is

Table 5.1 Structural information of TiO2 polymorphs

Structure Name Existing
conditions

Space
group

Lattice parameters

Tetragonal Rutile Stable
\1843 �C

P42/mnm a = 4.584 Å, c = 2.953 Å, Z = 2

Tetragonal Anatase Metastable I41/amd a = 3.793 Å, c = 9.51 Å, Z = 4
Orthorhombic Brookite Metastable

rare
Pbca a = 5.456 Å, b = 9.182 Å,

c = 5.143 Å, Z = 8
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about 1.96 Å. However, the bonds between titanium and two opposite oxygen
atoms (forming apices) are slightly longer than the bonds between titanium and
other four oxygen atoms (forming base). In TiO2, adjacent [TiO6] units connect
each other through two ways: corner oxygen sharing and edge oxygen sharing,
illustrated in Fig. 5.1.

It is the way of sharing oxygen atoms between adjacent [TiO6] octahedron units
that differs each structure from others. In rutile, corner sharing occurs along the
\110[ directions in which the apices of one unit are the base points of its
neighbors (Fig. 5.2a). Such arrangement is stacked along the [001] direction, and
edge sharing occurs during the stacking. Overall, two out of twelve edges in one
octahedron are shared with others, all of which are base edges. In anatase,
neighboring [TiO6] units corner-share base oxygen atoms on (001) planes. Adja-
cent (001) octahedron planes connect each other by edge-sharing (Fig. 5.2b). The
number of shared edges in one octahedron is four, all of which are side edges.

Further analysis indicates that rutile and anatase have the same degree of sym-
metry, with point group 4/mmm in Hermann–Mauguin notation or D4h in Schönflies
notation. However, anatase (Vm = 20.1 cm3/mol) has a more open structure than
rutile (Vm = 18.7 cm3/mol) which leads to a smaller hardness (5.5–6.0 for anatase
versus 6.0–6.5 for rutile). For the same reason, rutile is chemically and

Fig. 5.1 Three adjacent
[TiO6] octahedron units in
a rutile and b anatase. Among
them, A–B, A–C and E–F are
corner sharing while B–C, D–
E and D–F are edge sharing

Fig. 5.2 Crystal structure
comparison of a rutile and
b anatase
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thermodynamically more stable while anatase is the more chemically active phase
with lower surface energy. Therefore, although rutile is more commonly used in
most areas, anatase is considerably preferable in the applications such as phtocat-
alysts [15], dye-sensitized solar cells [16], etc.

5.2.2 Selective Synthesis of Anatase

As we have already addressed, anatase exists in nature, indicating its fairly high
thermodynamic stability. Therefore it is not surprising to detect anatase in synthetic
TiO2 products. In particular, a few strategies have been employed to selectively
synthesize high-content or even pure anatase in various microstructures.

Among different techniques, solution-based methods, esp. hydrothermal methods
are the most commonly used and most extensively studied ones. In a general term, in
this type of methods, titanium precursors, e.g. titanium (IV) isopropoxide [17, 18] or
TiF4[19] etc., react with certain acids or bases in aqueous/organic solutions which
forms amorphous TiO2 via sol–gel hydrolysis precipitation and eventually trans-
forms to anatase via hydrothermal treatment in controlled conditions [20]. The
synthesized products are usually ultrafine particles [18, 20, 21] (Fig. 5.3a) or thin
films on certain substrates [19, 22].

Other microstructures of anatase could also be synthesized via hydrothermal
method with some modifications. Wang et al. [23] synthesized anatase TiO2 three-
dimensional hierarchical nanostructures by combining hydrothermal synthesis and
following annealing process at 550 �C (Fig. 5.3b). The hierarchical nanostructures
were formed by the self-organization of several tens of radially distributed thin
petals with a thickness of several nanometers. Nian et al. [24] used titanate
nanotubes as precursors and successfully synthesized single-crystalline anatase
nanorods (Fig. 5.3c). Peng et al. [25] grew mesoporous anatase nanoparticles by
using cetyltrimethylammonium bromide (CTAB) as surfactant-directing agent and
pore-forming agent (Fig. 5.3d).

Other reports on selective fabrication of anatase by solution-based methods
include, but not limited to: anodic oxidative hydrolysis of TiCl3 within a hexag-
onal close-packed nanochannel alumina to grow well-aligned anatase nano-
wire arrays [26] and ultrasound irradiation of titanium precursor solutions for
anatase nanoparticles [27], etc.

Although rutile is the stable phase of TiO2 studies have demonstrated that
solution-based methods generally favor the anatase phase. These observations are
believed to be attributed to two main effects: surface energy and precursor
chemistry. At very small particle dimensions, the surface energy is an important
part of the total energy and it has been found that the surface energy of anatase is
the lowest in all types of TiO2 [28]. That explains the observation of anatase–rutile
phase transition when nanoparticles are larger than a certain size [28]. Similar
situation also occurs in t-ZrO2 and c-Al2O3 [29], etc. In addition, studies have also
found that precursors and other experimental conditions also influence the

172 L. Wang and P. Gouma



structure of the final product significantly as the nucleation and growth of the
different polymorphs of TiO2 are determined by the precursor chemistry, which
depends on the reactants used. For example, stronger acids often lead to formation
of brookite [30]. The underlying mechanism, however, has not been fully
comprehended.

In addition to solution-based methods, dry methods were also developed to
synthesize anatase. For example, anatase single-crystal nanotubes were fabricated
by annealing highly ordered titania arrays in air at 450 �C [31] and nanostructured
anatase were obtained by chemical vapor deposition using titanium precursors as
source materials [32].

Anatase is only a type of metastable phase which means it will transform to
rutile irreversibly at elevated temperatures, therefore its thermal stability is always
a concern [33], esp. when TiO2 is used for high-temperature applications, e.g.
exhaust monitoring. Reported phase transition temperatures range from 400 to
1000 �C [34], greatly depending on experimental conditions and particle sizes.

Fig. 5.3 Different microstructured anatase: a nanoparticles (reproduced from Reyes-Coronado
et al. [20] by permission from an IOP Publishing Ltd); b three-dimensional hierarchical
nanostructures (reproduced from Wang et al. [23] by permission from American Chemical
Society); c nanorods (reproduced from Nian and Teng [24] by permission from American
Chemical Society); and d mesoporous particles (reproduced from Peng et al. [25] by permission
from American Chemical Society)
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The major strategy to stabilize as-made anatase is to dope foreign atoms or
compounds into the matrix. Various dopants, e.g. Nb [35, 36], Ce [37], SiO2 [37]
and Al [38] etc. In particular, SiO2-stabilized anatase was able to preserve the
metastable structure up to 1200 �C, the highest temperature for anatase ever
reported.

As an example, Fig. 5.4 shows the effect of Nb doping on the stability of antase
reported by Anukunprasert et al. [36] Upon annealing from 450 to 850 �C, pure
TiO2 experienced huge crystal growth and significant phase transition from ana-
tase to rutile, whereas Nb-doped TiO2 clearly hindered such phase transition and
inhibited the grain growth

5.2.3 Sensing Behaviors of Anatase

Undoped TiO2 is typically an n-type semiconductor with the indirect band gap of
3.03 eV for rutile and 3.18 for anatase. Titanium cations in TiO2 have d0 con-
figurations which makes TiO2 suitable for gas sensing applications.

Development of TiO2-based chemo-resistive gas sensors could date back to
1975, in which TiO2 was used to detect oxygen in automobile exhausts [39]. Other
detected gases include: H2 [40, 41], CO [40, 41], NOx [42] and VOCs [23, 43] etc.

Fig. 5.4 Structural comparison of pure and Nb-doped anatase during annealing: crystal size
change in a undoped TiO2 and b 3 at % Nb-doped TiO2; c anatase–rutile transition in pure and
doped TiO2 (reproduced from [36] by permission from an IOP Publishing Ltd)
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Although most sensors were based on TiO2 nanoparticles [44] or thin films [43],
mesoporous-structured [23, 40] and one-dimensional (1D) nanostructured TiO2

[45, 46] were also reported in gas detection applications. Regarding crystal
structure, sensing studies on pure rutile, pure anatase and rutile/anatase mixtures
have all been reported, some of which compared the effect of phase content on
sensing behaviors.

Anukunprasert et al. [36] compared the high-temperature sensing behavior of
undoped and 3 at % Nb-doped TiO2 upon exposure to CO (Fig. 5.5). It was found
that the sensitivity of CO was significantly increased with an increase of tem-
perature in Nb-doped TiO2, which kept its anatase during annealing. In contrast,
undoped TiO2, which underewent large-scale anatase–rutile transition upon
annealing, didn’t show clear sensitivity enhancement at higher temperatures.

To investigate such phenomenon, three factors have to be considered: Nb dopants,
smaller particle size of Nb-doped TiO2 and higher content of anatase in Nb-doped
TiO2. However, Teleki et al. has demonstrated that Nb dopants higher than 2 % would
lead to the decrease of sensitivity (Fig. 5.6a) [44]. Therefore Nb dopants could not be
the reason for the observed sensitivity enhancement. In addition, we have already
mentioned that anatase preferably exists in smaller sizes, which means particle size
effect and anatase effect is actually one effect, which leads to enhanced sensitivity to
CO. Similar results were also reported by Teleki et al. [44] when TiO2 was used to
detect ethanol (Fig. 5.6b).

We believe the higher sensitivity of anatase could be attributed to its higher
activity induced by its more open structure. In fact, the catalytic effect difference
of rutile and anatase in photo catalysis has been extensively studied and most
reports have shown a higher chemical activity in anatase. Since Ti4+ cations also
act as catalysts in the reaction of gas molecules with surface-adsorbed oxygen
species, it is very likely that anatase also possesses higher activity during the gas
sensing process. Therefore, a higher sensitivity in anatase is expected.

Fig. 5.5 Comparison of sensing response to 1000 ppm CO between pure and 3 at % Nb-doped
TiO2 (reproduced from [36] by permission from an IOP Publishing Ltd)
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5.3 WO3 Gas Sensors: From the c Phase to the e Phase

5.3.1 Phase Evolution of WO3

All tungsten trioxides are based on the [WO6] octahedron units which is similar to
[TiO6] units in TiO2. The average W–O bond length is about 1.90 Å which
however, is alterable according to different structures [47]. Different from TiO2,
the only way of connection between neighboring [WO6] units is by corner sharing,
shown in Fig. 5.7.

Since these units could connect along different directions, WO3 has a type of
amorphous phase (a-WO3) in which [WO6] units do not construct a regular pat-
tern, as well as several crystalline phases. Stable crystalline WO3 phases include:
triclinic, monoclinic, orthorhombic and tetragonal ones. Their parameters are
shown in Table 5.2.

Generally speaking, all stable-phased WO3 have a similar ReO3 structure (also
a perovskite-like structure). An ideal ReO3 structure can be treated as the repeat
and extension of an octahedron unit along a, b, c axes vertical to each other. Every

Fig. 5.6 Sensor signals as a function of a CO and b ethanol concentrations for undoped and
doped TiO2 (reproduced from [44] by permission from Elsevier Ltd.)

Fig. 5.7 Basic structure
of WO3: Two [WO6]
octahedron units sharing
corner oxygen

176 L. Wang and P. Gouma



stable WO3 phase could be recognized as a distortion of the above ReO3 structure
(Fig. 5.8).

By carefully examining the direction and magnitude of the tungsten shifts in
each [WO6] octahedron of the three phases listed in Fig. 5.8, one can find that
every tungsten atom always has a slight shift from its central position along every
direction. Whereas in the c and d phases the magnitude of the shifts in every
direction (x, y and z) is all roughly the same, in the e-phase the shifts in the
negative z direction are larger than those in the positive z direction. Because of the
inequality of shifts in the z direction, a net spontaneous polarization develops,
which leads to ferroelectricity in the e phase.

It is easy to conclude that the symmetry of WO3 is lowered from tetragonal a
phase to triclinic phase as temperature goes down. Accordingly, its change of
physical properties can be observed. Although monoclinic e phase seems to be
more symmetric than triclinic d phase, considering the ferroelectric feature, its
symmetry is the lowest. In fact, the most significant property changes occur when
WO3 undergoes a d-e transition at around -40 �C. Besides the appearance of

Table 5.2 Structural information of stable WO3 phases [11]

Structure Symbol Existing temperature
(�C)

Space
group

Lattice parameters

Monoclinic e \-40 Pc a = 5.278 Å, b = 5.156 Å,
c = 7.664 Å,

b = 91.762�
Triclinic d -40*17 P�1 a = 7.310 Å, b = 7.524 Å,

c = 7.685 Å
a = 88.850�, b = 90.913�,

c = 90.935�
Monoclinic c 17–320 P21/n a = 7.301 Å, b = 7.538 Å,

c = 7.689 Å,
b = 90.893�

Orthorhombic b 320–720 Pmnb a = 7.341 Å, b = 7.570 Å,
c = 7.754 Å

Tetragonal a 720–900 P4/nmm a = 5.250 Å, c = 3.915 Å

Fig. 5.8 Primary features of
the structures of c, d, e-WO3

showing the tilting of the
WO6 octahedra (top) and the
W–O bonds (bottom)
(reproduced from [50] by
permission from an IOP
Publishing Ltd)
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ferroelectricity [48, 49], a remarkable volume contraction occurs upon transfor-
mation into the e phase. In addition, the resistivity increases 20–30 times,
according to Salje et al.’s research. The band gap increases from 2.6 eV to an
unknown value [2.85 eV, resulting in a color change from pale green to bluish
white [48].

5.3.2 Selective Synthesis of e-WO3

Different from anatase in TiO2, e-WO3 is a stable phase of WO3, but it is only
stable below -40 �C and does not exist in nature. The first report on synthetic
e-WO3 at RT was published in 1990 [51]. In this work, 100 nm-sized WO3

microcrystals were prepared by burning a tungsten wire in a gas mixture of Ar and
O2. The e phase of WO3 was found to be mixed with c-WO3 in the final product at
RT according to the Raman spectra. In a follow-up research, the same group
suggested that larger microcrystals tend to take the c phase and smaller micro-
crystals tend to take the e phase [52]. Since then, e-WO3 at RT was occasionally
reported in several other works, mixed with c-WO3 [53–55]. However, they did
not study the high temperature stability of e-WO3 nor did they give any expla-
nations why e-WO3 exists.

Recently, Wang et al. [56] have achieved synthesizing RT-stabilized e-WO3 for
the first time by using a rapid solidification technique, i.e. flame spray pyrolysis
(FSP). It is a very effective method to synthesize nano-sized oxide particles in a
large amount and an excellent quality. [57] In simple terms, this method includes
rapid decomposition of tungsten-containing precursors into tungsten captions and
further oxidation into WO3 assisted by high-temperature flame. The doping of
chromium atoms was used to stabilize the e phase at RT. Inspired by Wang et al.’s
work, Righettoni et al. [58]. successfully produced silicon-stabilized e-WO3.

It was discovered (Fig. 5.9) [56, 58] that as-synthesized undoped products were
a mixture of c/e-phased WO3 particles with a fairly high percentage of e-WO3

(around 70 %). Both chromium and silicon dopants would substantially increase
the e phase percentage, 80 % in 10 at.% Cr-doped WO3 and 100 % in 10 at.% Si-
doped WO3. Heat treatment would lead to the growth of particles and a e-c phase
transition. In undoped WO3 there was only 30 % e phase after 500 �C heat
treatment. However, doping with silicon or chromium would significantly inhibit
such transition up to 500 �C, i.e. there was still 80 % e phase in Cr, Si-doped
WO-3 after 500 �C annealing.

Further structural analyses suggested that both chromium and silicon dopants
did not form any stable crystalline compounds in either as-synthesized or heat-
treated WO3 particles. Instead, the majority of chromium atoms existed in the form
of Cr = O terminal bonds (Fig. 5.10a) implying that they favored attachment on
the particle surfaces to form chromate species. In Si-doped particles, amorphous
SiO2 domains formed near the boundary areas of WO3 nanocrystals (Fig. 5.10b).
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It is interesting to observe the appearance of the e phase in WO3 considering it
is only stable below -40 �C. As is known, e-WO3 has an acentric structure which
is the least symmetric in the WO3 family. Therefore the only proposed reason for
its existence above RT is that tungsten atoms are repelled from their thermody-
namically-dictated positions under certain circumstances. In previous reports,
strong milling treatment [53] and high pressure [59] introduced external forces to
force atoms to leave their stable positions. Gas evaporation in Ref. [51], hot-wire
chemical vapor deposition in Ref. [60], pulsed laser deposition in Ref. [61] and

Fig. 5.9 The influence of doping and heat treatment on particle size and e phase content in FSP-
made a Si-doped WO3 (reproduced from [58] by permission from American Chemical Society);
b Cr-doped WO3 (reproduced from [56] by permission from American Chemical Society)

Fig. 5.10 Existence of chromium and silicon dopants in WO3: a Illustration of the formation of
surface chromates (reproduced from [64] by permission from American Chemical Society);
b TEM image showing the amorphous SiO2 domains (reproduced from [58] by permission from
American Chemical Society)
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FSP [56] were all rapid solidification techniques in which tungsten atoms may not
have enough time to settle down in their stable positions. In contrast, e-WO3

doesn’t appear in WO3 nanoparticles produced by some other techniques such sol–
gel coating [62] or acid precipitation [63], etc.

Such hypothesis also explains why smaller microcrystals tended to take the e
phase as observed by Arai et al. [52] since smaller crystals tend to contain higher
density of defects and deformation during the crystal growth. Doping foreign
atoms is another means to increase the e phase content because they introduce
defects into the lattice and or pin the particle surfaces reducing the driving force
for a phase transition, similar to anatase stabilization by doping as in Sect. 5.2.2.

As-synthesized e-WO3 is only a metastable structure above RT, which will
irreversibly transform to the more thermodynamically stable c phase due to the relief
of internal stress. Doping with foreign atoms, however, may form a protective layer
or pins, such as the surface chromates [56] or amorphous SiO2 domains [58], pre-
venting, or at least deferring the phase transition. This is in accordance with reports
on other systems such as Vemury et al. who observed Si-doping of TiO2 preventing
its transformation from anatase to the more dense rutile phase [65].

5.3.3 Sensing Behaviors of e-WO3

Undoped WO3 is typically an n-type semiconductor with the indirect band gap
ranging from 2.6 eV (highly crystalline) to 3.3 eV (amorphous). Similar to TiO2,
the d0 configurations and strong catalytic effect of tungsten cations enables WO3 to
be an excellent material for gas sensing purposes. Most WO3 sensors are based on
c-WO3 since it is the stable phase of WO3 from RT to 320 �C, or sometimes a
mixture of b/c or c/d phases due to the similarity of those phases and therefore
difficulty of complete phase transition.

The first work with respect to the WO3 gas sensors was reported by Shaver [66] in
1967, in which a Pt-activated c-WO3 thin film was developed to detect airborne H2

with enhanced sensitivity. In 1991, c-WO3 was found to have an excellent sensitivity
to NOx [67]. Up to date c-WO3 is still being extensively studied for NOx detection.
Most of reported WO3 sensors used small-grained thin/thick films as materials [68–
70]. Recently, WO3 1D nanostructures have also been successfully synthesized and
applied to gas sensing [71, 72]. To modify the sensing properties, other elements or
compounds were usually added into the system. Existing doping elements include
Cu [73], noble metals [74–76] and Cr [77] etc. Besides NOx, WO3 sensors for other
gases such as O3 [78–81], H2S [72, 82–85] NH3 [86, 87] and VOCs [88, 89], etc.
However, the sensitivity to these gases is generally less than to NOx and doping is
usually needed to enhance selectivity [88, 89].

The recent achievement of selective synthesis and stabilization of e-WO3 pro-
vides the basis of using this material for gas sensing applications although there have
been only limited reports discussing the sensing behavior of this phase. Both Wang
et al. [56] and Righettoni et al. [58] reported the sensitive detection of
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e-WO3 to acetone. 10 at % Cr-doped WO3 (80 % e-WO3) was able to detect 1 ppm
acetone with the sensing response up to 2 (sensing response is defined as R0/Rg-1).
10 at % Si-doped WO3 (87 % e-WO3) had even a better performance, whose sensing
response was as high as 6 upon exposure to 1 ppm acetone (Fig. 5.11b) and its
detection limit went as low as 20 ppb (Fig. 5.11a). Such sensitivity enhancement is
believed to be due to smaller particle size and higher e-WO3 content. Both sensors
are remarkably more sensitive than screen-printed c/d-WO3 thick films whose
response was only 3.5 towards 50 ppm acetone [90].

Resistance change open acetone exposure (Fig. 5.11a) indicates that the e-WO3

sensor behaves as a typical n-type semiconductor, similar to c-WO3. Like other
metal oxides, the sensing mechanism of e-WO3 sensors towards acetone involves
gas molecule adsorption, reaction with ionosorbed oxygen species and electron
extraction processes. Detailed reaction formulas were described in Ref. [90].

Wang et al. [56] also studied the cross sensitivity of e-phased WO3, whose
result is shown in Fig. 5.12a. The e-phased WO3 showed a fairly selective
detection to acetone compared to other gases. Ethanol and methanol also belong to
VOCs. However, the responses to 1 ppm of these gases were even lower than that
of 0.2 ppm of acetone. More interestingly, although WO3 is generally considered
to be very sensitive to NOx gases, the e-phased WO3 sensor appeared quite inert to
both NO and NO2.

Such results indicate that Cr, Si-doped e-WO3 have quite different sensing
behaviors from commonly used c-WO3. To investigate such difference, we have to
consider two factors: the first would be the effect of dopants. In fact, Cr-doped c/d-
WO3 has already been synthesized in the forms of nanopowders [91] and meso-
porous structures [77] which showed enhanced sensitivity to either NH3 [91] or
NO2[77] whereas Cr-doped e-WO3 were almost inert to NH3 and NO2 according to
Wang et al. [56] ‘s research. Therefore, dopants were unlikely to be the reason.
The other factor has to be the effect of e-WO3. If taking a closer look, one may find
that the sensitivity of e-WO3 increases as the dipole moment of sensed gas

Fig. 5.11 10 at % Si-doped WO3 as sensing material for acetone detection: a resistance change;
b Relationship between sensing response and acetone concentration domains (reproduced from
[58] by permission from American Chemical Society)
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molecules increases with the only exception of NH3 (Fig. 5.12b). In other words,
e-WO3 favors polar molecules. As we already know, e-WO3 is a type of ferro-
electric material meaning that it has a spontaneous electric dipole moment. As a
consequence, we believe that the interaction between the e-WO3 surface dipole
and polar molecules (e.g. acetone) will contain electrostatic attraction. Such
interaction could be much stronger than that between the e-WO3 surface and non-
polar gases, which only contains van der Waals forces and covalent bonding,
leading to the observed selectivity. Recently studies on ferroelectric surfaces have
partially verified the above theory [92].

5.4 Summary and Outlooks

Chemo-resistive sensors utilizing meal oxides form a very important type of sensors
for gas detection. Although the basic underlying mechanism could be simplified as
the reaction between redox gas molecules and material surface species accompanied
by electron transfer, the actual process, however, could be very complicated, which
may be strongly influenced by external conditions e.g. working temperature and
humidity, etc. and internal parameters, e.g. microstructure, chemical composition
and crystal structure, etc. While most parameters have been thoroughly studied, the
influence of crystal structures is still largely unexplored.

Fig. 5.12 a Sensitivity comparison of 10 at % Cr-doped WO3 (here, sensitivity is defined as
R0/Rg-1) (reproduced from [56] by permission from American Chemical Society). b Relationship
between sensor response and dipole moment of detected gases
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On the other hand, many metal oxides exist in more than one crystalline form.
Some oxides will have metastable polymorphs besides their thermodynamically
stable phases, e.g. h-WO3, b, h-MoO3, c-Al2O3 and anatase-type TiO2 etc. Some
oxides will undergo a series of phase transition when they are cooled down from
melting point to 0 K, e.g. ZrO2, WO3 and VO2 etc. However, if one phase appears
out of its own phase zone under certain conditions, it is also in a metastable state.

Chemo-resistive SMO gas sensors usually work at high temperatures to obtain
sufficient surface activity, and successful fabrication of metastable-structured metal
oxides includes two aspects, selective synthesis and stabilization. Hydrothermal
growth is a very effective method of synthesizing materials with controlled phases,
both stable and metastable, as long as particle sizes are well controlled or precursors
are carefully selected. Examples include selective synthesis of different phases of
TiO2 by controlling particle sizes and reactants [20] and synthesis of h-WO3 by
using similar structured precursor [12], synthesis of m, t-ZrO2 by controlling particle
size [93], etc. Rapid solidification methods, such as FSP, pulsed laser deposition are
also able to produce metastable phases. They are more suitable for synthesizing less
symmetric metastable phases such as e-WO3 or preserving high-temperature phases
such as t-ZrO2 [94]. To stabilize synthesized metastable metal oxides, foreign ele-
ments or compounds are usually doped into the matrix material, forming surface/
boundary barriers or lattice pins to prevent or defer the phase transition, with the
most famous example being yttria-stabilized zirconia, as well as dopant-stabilized
anatase and e-WO3 described in the chapter.

Through the examples of anatase and e-WO3, we have demonstrated that
sensing behavior of a metal oxide could be strongly influenced by its crystal
structure. A metastable phase is sometimes preferable in gas sensing applications
as they may provide unique physical and chemical properties. The open structure
of anatase makes it more chemically active than rutile, therefore more sensitive
upon exposure to gases. The ferroelectric feature of e-WO3 increases its interaction
with polar gas molecules which leads to a more selective detection to those gases.

However, crystal structure influence on sensor behaviors is largely unexplored
because the surface chemistry during sensing is rather complicated and each case
may have its own unique characteristic. More studies need to be conducted in the
topic before it is fully comprehended.
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Chapter 6
Synthesis of Metal Oxide Nanomaterials
for Chemical Sensors by Molecular Beam
Epitaxy

Manjula I. Nandasiri, Satyanarayana V. N. T. Kuchibhatla
and Suntharampillai Thevuthasan

Abstract In order to develop next generation chemical sensors using nano-scale
materials, we need to understand the sensing mechanisms at atomic level. This
requires synthesizing chemical sensing materials with controlled structure,
chemical composition and surface morphology. Although the commonly used wet
chemical synthesis methods provide quality materials for large-scale production of
materials, alternative thin film deposition techniques such as sputtering, chemical
vapor deposition (CVD), and molecular beam epitaxy (MBE) can also be useful to
achieve atomic-scale control over the structure and composition over a large
fabrication area for potential device fabrication as well as to gain an understanding
of the chemical sensing properties of nano-scale materials. Especially, MBE has
been used to synthesize metal oxide thin films with ultra-pure, well-ordered sur-
faces, which can be used to understand the effect of surface morphology, structure,
and composition on the gas sensing properties. In this chapter, we provide a
detailed discussion of thin film growth using MBE along with some in situ
characterization capabilities such as reflection high energy electron diffraction
(RHEED) and low energy electron diffraction (LEED). In addition, this chapter
focuses on the discussion of the growth, characterization and gas sensing prop-
erties of metal oxide thin films such as doped CeO2 and SnO2. The chapter also
emphasizes the significance of various in situ and ex situ characterization tech-
niques to understand the material properties there by developing methodologies to
synthesize better materials with tunable characteristics for sensing applications.
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6.1 Introduction

Since the industrial revolution, materials for detection and monitoring of toxic
matter, chemical wastes, and air pollutants have become important components of
environmental research. This led to the development of chemical sensors for various
target analytes including hydrogen, oxygen, NOx, and COx, which have a potential
impact on the environment and thus these sensors are being studied extensively.
Chemical sensors operate on a simple principle that the certain property of the active
sensing element (i.e. conductance, color, density etc.) undergoes a detectable change
when exposed to the target substance to be sensed. Among all the types of chemical
sensors, solid state gas sensors have attracted a great deal of attention due to their
advantages such as high sensitivity, greater selectivity, portability, high stability and
low cost [1, 2]. Especially, semiconducting metal oxides such as SnO2, TiO2, and
WO3 have been widely used as the active sensing platforms in solid state gas sensors
[3]. For the enhanced properties of solid state gas sensors, finding new sensing
materials or improvement in the performance of existing materials is desired. Thus,
nanostructured materials such as nanotubes [4–6], nanowires [7–11], nanorods
[12–15], nanobelts [16, 17], and nano-scale thin films [18–23] have been synthesized
and studied for chemical sensing applications.

Nanoscale materials have unique characteristics such as high surface area-to-
volume ratio and enhanced reactivity which are desired for ideal sensing materials.
Thus, they are well suited for sensor development and hence, there has been con-
siderable focus on the development of nanomaterials with tunable functionalities for
sensing applications. With the existing technology, nanoscale sensors can be suc-
cessfully fabricated using advanced nanomaterials. However, synthesis and char-
acterization of these nanomaterials is a challenging task, partly because of the
sensitivity of these materials to the environment. In addition, the capabilities with
unprecedented spatial, energy and temporal resolutions are needed to characterize
these materials.

In order to successfully utilize various materials in gas/chemical sensor appli-
cations, it is quite essential to understand the physico-chemical changes that occur on
the sensing surface. In order to achieve this there is a growing need for establishing
ultra-pure surfaces with controlled orientation and chemical identities. As opposed to
most of the solution based methods which are used to synthesize materials for bulk-
scale manufacturing, thin film techniques, especially molecular beam epitaxy (MBE)
offers an ideal platform for gaining such an understanding as these thin films are
deposited with atomic-scale control over structure and composition. Thus, various
chemical sensing materials have been synthesized by MBE, which are listed in
Table 6.1. In these studies, both the single-crystal and polycrystalline metal oxide
thin films have been synthesized and characterized to investigate their chemical
sensing properties. This chapter summarizes the significance of MBE based growth
of thin films for sensing applications with the primary focus aimed at gaining a
fundamental understanding of the influence of various experimental parameters on
the sensing material characteristics.
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6.1.1 Molecular Beam Epitaxy

MBE is a widely used deposition technique for the growth of high purity metal
oxide thin films [24]. In particular, MBE has been used to understand the prop-
erties of oxide films, which can be used for carrying out fundamental studies of
chemical sensing materials [19, 23, 25–30], high temperature superconductors
[31–34], surface geochemical reactions [35–39], and catalysis [40–46]. It is
imperative to briefly discuss the fundamentals of MBE, along with the two most
important techniques that are essential for understanding the characteristics of
MBE grown films, (1) reflection high-energy electron diffraction (RHEED), and
(2) low energy electron diffraction (LEED). By no means, is the following dis-
cussion comprehensive and the authors suggest the reader to utilize the references
there-into expand their knowledge on these three techniques.

One of the essential aspects of efficiently utilizing various properties of a
materials system is to first understand the fundamental characteristics of the
material. This often requires materials in pristine form with controlled chemical
and structural features at the atomic level. MBE offers such a control and has been
shown to be quite useful in the case of III-V semiconductor research [47]. ‘‘Epi-
taxy’’ has its origin from Greek where epi means ‘‘above’’ and taxis means ‘‘in
ordered manner’’ leading to the meaning ‘‘arranged above in ordered manner’’.
High quality epitaxial films can be grown on a bulk, single crystal substrate of the
same material (e.g. GaAs on GaAs substrate) or on a different material substrate
(e.g. CeO2 film on Al2O3 substrate). The latter is known as ‘‘hetero’’ epitaxial
growth in which the growth and orientation of the film are dictated by the substrate
properties. It is often true that having in-plane crystal symmetry, minimal in-plane
lattice mismatch, and large negative free energy change are essential for having a
layer-by-layer epitaxial growth. Most of the oxide films grown using MBE fall
under this category. Chambers [47] has written an extensive review on the epi-
taxial growth of oxide thin films where growth and characterization of MgO, NiO,
CoO, TiO2, FexOY, CeO2 and other oxides have been discussed in detail.

During a typical MBE growth process, the source—i.e. the high purity metal—
is evaporated with the help of effusion cells, also known as Knudsen cells (k-cells)
or with the help of an electron beam assisted heating in an oxidizing environment.
In the case of doped or complex oxide films, more than one source could be used
with precise control of the flux with the help of pre-calibrated quartz crystal
oscillators (QCOs). In order to effectively grow oxide films without leading to
intermediate metallic oxide phases, it has been suggested to use atomic oxygen by
utilizing either electron cyclotron resonance (ECR) oxygen plasma generator or
NO2. While the latter dissociates near the substrate (usually at an elevated tem-
perature) into NO ? O; the former produces a mix of O ions, radicals and some
un-dissociated oxygen. The use of activated O from either an ECR oxygen plasma
or NO2 over the molecular O2 leads to well controlled oxidation of metals and the
overall growth process. As most of the films discussed in this chapter are grown
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with the help of ECR oxygen plasma generator, we describe the process as oxygen
plasma-assisted MBE.

In this chapter, the growth and characterization of Sm doped CeO2 (SDC) nano-
scale thin films on Al2O3(0001) and Cu2O nanoclusters on strontium titanate
(STO) substrates carried out as a part of various user projects in the Environmental
Molecular Sciences Laboratory (EMSL) are discussed in detail. All of the high
quality thin films were synthesized using oxygen plasma-assisted MBE and
investigated by various in situ and ex situ characterization techniques. The growth,
characterization and gas sensing properties of MBE grown SnO2 thin films will
also be reviewed. Before discussing the details, the principles of RHEED and
LEED are discussed as the two most commonly used techniques for structural
analysis of surfaces, while RHEED is used in situ to monitor the growth mode of
the films in MBE due to the convenient optics, LEED is used for studying any
possible reconstructions on the surface of the as-grown films immediately after the
growth.

6.1.2 Electron Diffraction

For many decades, electron diffraction has been an indispensable technique for
understanding the crystal structure of surfaces, over-layers and thin films and is
widely used as a tool for monitoring the quality of epitaxial films as they are grown
by molecular beam epitaxy. Both LEED and RHEED are conceptually similar to
the x-ray diffraction (XRD) used for the bulk crystal structure determination. The
fundamental difference between the electron diffraction(ED) techniques and the
XRD is in the much lower penetration depth in the former case. While the electron
penetration depth is confined to the order of few monolayers (1–3 nm), x-rays can
penetrate through the bulk of a crystal (up to *105 nm). LEED plays a crucial role
in understanding the surface structure, in particular the over-layer structure of
adsorbates covered surfaces, surface relaxation and reconstruction. Due to the
excellent surface sensitivity and the ease with which the instrument can be used in
situ to monitor the film growth, RHEED is an important tool for thin film research.

Typical instrument configurations for LEED and RHEED are shown in Fig. 6.1.
The main difference between LEED and RHEED is the beam energy and the
scattered electron path. While LEED uses perpendicular incidence and backscat-
tered electrons, RHEED uses glancing incidence (B38) and forward scattered
electrons. Due to the backscattered geometry, LEED instrumentation is generally
difficult to incorporate for monitoring the in situ growth. Hence, RHEED, with no
physical interference with the deposition process, became a more popular in situ
technique during MBE growth of thin films.
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6.1.2.1 LEED

The position and intensity of diffraction peaks can be used to understand the
structural characteristics of the surface or over-layer under investigation and LEED
instrumentation can be used to obtain both these components as a function of
electron energy. The basic LEED set-up consists of an electron source, usually
producing an electron beam 1 mm in diameter and aligned perpendicular to the
sample surface, a series of hemispherical grids oriented with their origin at the
sample surface and a phosphor screen held at high positive potential as shown in
Fig. 6.1a. The hemispherical grids are placed at different potentials to provide field-
free path to the diffracted electrons and to allow only the elastically scattered
electrons contribute to the diffraction pattern. The phosphorous coated screen is
kept at a high potential (several kilovolts) to show visible fluorescence when
accelerated electrons strike the screen. These fluorescent spots from various dif-
fracted beams will result in a periodic diffraction pattern, which can be captured
with the help of a CCD camera. LEED is often used in two qualitatively different
modes, one to determine or verify the symmetry of the surface and the second to
determine the surface structure in some detail. The diffraction spots seen in a LEED
pattern [48] (see Fig. 6.2) provide information about the symmetry of the surface
structure of the sample (they do not directly provide information about the actual
atomic positions). LEED is frequently used in this qualitative mode to verify
sample surface cleanliness, surface orientation, surface relaxation, and the presence
of ordered adsorbate layers. Photometric measurements on the phosphor screen or a
Faraday cup (adjustable to follow changes in the diffracted beam position with
changing primary electron energy) can be used to determine the intensity of the
diffraction spots as a function of energy. In order to obtain information about the
actual atomic positions, the intensity versus primary electron energy curves (i.e.
I–V curves) can be collected and diligently analyzed using models of the surface
structure along with the calculations involving multiple electron scattering. Despite
the complicated nature of multiple electron scattering at low energies, the use of
I–V curves and theoretical modeling has continued to be useful for detailed anal-
yses of surface structures and is a major tool for examining surface reconstructions.
Most real surfaces are not ‘‘ideal’’ because atoms at surfaces relax from their

Electron gun

Fluorescent screen (+V)

Grids

Specimen

Specimen

Screen

(b)(a)

Electron gun

Fig. 6.1 Typical instrument configuration for a LEED, b RHEED
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regular bulk positions in order to reduce the surface energy. This process is com-
monly known as surface reconstruction. Understanding the surface reconstruction
using LEED can provide information both on the symmetry of the final structure
and the interactions between the surface and over-layer.

6.1.2.2 RHEED

In addition to surface crystal structure, RHEED can be effectively used to
understand the growth mode and the deposition rate of the films in situ. RHEED
involves reflection of electrons incident at grazing angles onto the film/substrate
surface. When the films grow as layer-by-layer in a smooth fashion, a RHEED
pattern appears as lines or streaks. On the other hand, if the growth is associated
with development of three-dimensional structures, typical diffraction spots appear
indicating a rough surface. Polycrystalline films are generally associated with rings
in the diffraction pattern. Therefore RHEED is useful to evaluate the surface
morphology of a growing film in situ (as shown in Fig. 3) [47]. The semicircular
zones of scattered beams in Fig. 6.3a are a result of coherent diffraction over
length scales comparable to the electron coherence length (*1,000Å for a well

Fig. 6.2 Typical LEED
patterns of a STO (001)
substrate (*98 eV incident
beam), b CeO2 (001) film
deposited at 650 �C
(*165 eV incident beam)
[48]. (Reprinted from [48]
with permission from
American vacuum society)
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collimated beam). These scattered beams consist of spots for a crystalline surface.
These spots, as presented in Fig. 6.3, are the diffracted beams within the zeroth-
order Laue zone of Al2O3(0001). The spacing between two spots or two streaks is
inversely proportional to the in-plane lattice parameter perpendicular to the beam.

Under specific conditions, where the terrace widths are smaller than the electron
coherence length, the spots in a RHEED pattern become streaks. This leads to a
spread in the electron beam in the incident direction causing streaks to appear in
the diffraction pattern. Further, the dimensions of clusters growing on a substrate
can primarily result in the transmission of electrons (predominantly elastic scat-
tering) rather than reflection, which leads to a diffraction pattern with spots as
shown in Fig. 6.3c.

6.1.2.3 Understanding Crystallographic Orientations Using RHEED

As indicated by the forgoing discussion, RHEED is a very powerful technique for
in situ characterization during MBE growth. One of the major factors that control a
material’s sensing characteristics is the surface termination, as often the reactivity
on the surface determines the response and sensitivity. Hence, while growing

Fig. 6.3 Representative RHEED pictures along with sample possible surface characteristics.
Evidently, the RHEED pattern is dependent on the terrace widths on (substrate/film) and the
aspect ratio of the film [47]. (Reprinted from [47] with permission from Elsevier)

196 M. I. Nandasiri et al.



nanoclusters using MBE, it becomes necessary to understand their crystallographic
orientation. Kuchibhatla et al. have shown that in situ RHEED analysis in com-
bination with atomic force microscopy (AFM) can be effectively used not only to
determine the growth mode but also to understand the orientation relationship
between the clusters and the substrate [49]. The following section is an example of
such studies based on Cu2O nanocluster growth on STO substrate.

The RHEED pattern, along the h100i direction from the clean STO(100) sur-
face before film deposition shows streaks indicating a well ordered surface of the
single crystal substrate. Following the Cu2O deposition, spots displace the streaks
in the RHEED pattern, and persist until the end of deposition as shown in Fig. 6.4a
[49]. AFM image of the film grown for 30 min is shown in Fig. 6.5 along with the
corresponding RHEED pattern [inset (a)] and a high magnification image [inset
(b)] [49]. Spots in this RHEED pattern are due to transmission diffraction indi-
cating the three-dimensional (3-D) cluster/island growth. Clustered growth occurs
due to the high lattice mismatch between the substrate and the film. Thirty minutes
of Cu2O growth results in faceted, isolated island structures with occasional
agglomeration, which are identified as truncated octahedra. In the case of materials
with cubic lattice structure, octahedral shape is a quite common morphology with
{111}, {100} surface habit planes. AFM images [Fig. 6.5, inset (b)] also indicate
that most of the truncated octahedra and other agglomerated structures have a
preferred in-plane orientation at a rotation of 45� with respect to the STO h100i
direction. The Cu2O clusters can be identified with {100} basal planes and {111}
facets and the edges with h110i orientation. Based on the AFM images and the
RHEED patterns obtained, the pattern emerges with 45� in-plane rotation com-
pared to a RHEED pattern expected for Cu2O h110i //STO h110i. Hence, the
epitaxial (in-plane) orientation relationship between Cu2O nanoclusters and
STO(100) is Cu2O(100)//STO(100) and Cu2O h100i //STO h110i as represented in
Fig. 6.4 [49]. It is hypothesized that, while the lattice mismatch between the
STO(100) and Cu2O(100) leads to the formation of clusters, the inherent epitaxial
nature of the individual clusters leads to some strain which is further relaxed
through in-plane rotation. In summary, such a detailed characterization of surface
layers is critical towards an accurate understanding of material properties which
may govern sensing mechanisms.

6.2 Doped Cerium Oxide Thin Films for Oxygen Sensing

Oxygen sensors have attracted a great deal of attention in the recent years, due to
their wide range of applications in the automobile industry, chemical industry,
medicine and life science [50–55]. Especially, they have been used in internal
combustion engines to control the air–fuel ratio, where oxygen sensors are used to
identify the oxygen concentration in the exhaust gas [53, 56–58]. This process
minimizes the generation of pollutants like carbon monoxide and increases the
thermal efficiency of the engine [59–61]. Oxygen sensors have also been used in
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Fig. 6.4 a Experimental RHEED pattern corresponding to epitaxial, cuprous oxide clusters on
STO(100) with Cu2O h100i //STO h110i, b empirical RHEED pattern that might be observed for
Cu2O h110i //STO h110i (or Cu2O h100i //STO h100i, and c and d schematics showing the
structural arrangement of the cuprous oxide clusters corresponding to a and b, respectively [49].
(Reprinted from [49] with permission from American institute of physics)

Fig. 6.5 AFM images
showing the morphology of
the as deposited Cu2O on
STO(100) at 2 Å/min for
30 min along with a RHEED
pattern [inset (a)] and high
magnification image [inset
(b)]. The AFM images were
acquired using a DI
Nanoscope IIIa multimode
scanning probe microscope in
tapping mode. RHEED
measurements were carried
out with 15 kV e-beam at an
incidence angle of *3–5�
[49]. (Reprinted from [49]
with permission from
American institute of
physics)
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metallurgical heat furnaces to monitor and control the gas purity [56, 62]. Most of
these applications need oxygen gas sensors with a large dynamic range, fast
response and portability, which can be operated at elevated temperatures. Among
all the types of oxygen gas sensors based on different principles, resistive-type
oxygen gas sensors have become more popular due to their excellent properties
[53, 63]. Metal oxide semiconductors (MOS) have been used as the sensing
material in resistive-type oxygen sensors, which operate on the principle of change
in their overall conductance with the oxygen gas under ambient conditions [19].
Thus, nano-scale metal oxide thin films with high conductivity can be used as the
active sensing material, where the sensitivity can be enhanced by doping.

Recently, pure and doped CeO2 have been investigated for oxygen gas sensing,
because of their lower activation energy for oxygen ion conduction, which facil-
itates ionic conductivity at intermediate temperatures (500–800 �C) [19, 23,
64–68]. Furthermore, CeO2 based materials have the ability to store or release
oxygen, in response to the ambient oxygen concentration. In addition, these
materials exhibit high corrosion resistance to reactive gases and durability against
the harsh environment [64, 69]. Due to these unique properties, they have also
been used in catalysis and solid oxide fuel cells [70–74]. The ionic conductivity
and redox properties of CeO2 depend on the defect concentration and oxygen ion
migration. CeO2 doped with divalent or trivalent cations has high ionic conduc-
tivity over extended temperature and oxygen partial pressure ranges (500–900 �C
and 1–10-15 atm), due to the creation of oxygen vacancies [73, 75–80]. The ideal
choice of dopant depends on the ability of the dopant to minimize the internal
strain in the lattice [80–82]. Thus, defect cluster formation and vacancy-dopant
interactions of doped CeO2 materials have been investigated by various theoretical
methods, in order to identify the ideal dopants for CeO2 [83–86].

In general, the ionic conductivity (r) can be expressed as an exponential
function of the activation energy for oxygen vacancy diffusion (Ea),

r ¼ r0 � exp �Ea=KBTð Þ=T

Where,
T -temperature
KB -Boltzmann constant
r0 -temperature independent pre-factor

Materials like rare-earth doped CeO2 with lower Ea facilitate higher ionic
conductivity at lower temperatures. For doped CeO2, Ea can be expressed as a sum
of the association binding energy of vacancy-dopant cluster (Eass) and the
migration barrier (Em) [83]. Em is associated with vacancy-dopant interactions,
which can be divided into repulsive elastic and attractive electronic parts. The
highest ionic conductivity can be obtained at minimum Eass, wherein the repulsive
elastic and attractive electronic interactions are balanced with each other, which
occurs for dopants with atomic numbers close to 61 [83]. Furthermore, Andersson
et al. have noticed an existence of the crossover for the migration barrier close to
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atomic number 61. These results suggest a minimum in Ea between atomic
numbers 61 (Pm) and 62 (Sm), which should result in films with the highest
conductivity. However, Sm was considered as the ideal dopant for CeO2, since Pm
is a radioactive element.

Recently, enormous attempts were made to optimize the ionic conductivity of
SDC by using different growth methods and varying dopant concentration [74, 79,
87–92]. The optimum SmO1.5 concentration values for the highest conductivity of
SDC show some discrepancy due to the difference in synthesis techniques and
texture of the samples. However, most of the researchers have observed 20 mol %
SmO1.5 as the optimum concentration [87–89, 91, 92]. For highly-oriented SDC
thin films grown by MBE, it was found to be 12–15 mol % SmO1.5 [19, 74]. The
increase in the conductivity with the SmO1.5 concentration up to the optimum limit
is due to the introduction of oxygen ion vacancies, while defect association and
ordering at higher dopant concentration leads to a decrease in conductivity [88].

Here, we discuss a study [19, 23] that deals with the effect of dopant concen-
tration and film thickness on the conductivity and structure–property relationship
of SDC nano-scale thin films as an oxygen sensing platform. First, the optimum
dopant concentration was established for the conductivity of SDC epitaxial thin
films grown by oxygen plasma-assisted MBE. Then, the influence of film thickness
on the properties of SDC epitaxial thin film with optimum concentration was
studied using different in situ and ex situ characterization capabilities. For all the
SDC nano-scale thin films with different dopant concentrations and film thick-
nesses, conductance was measured as a function of temperature and oxygen partial
pressure to optimize the ionic conductivity of SDC oxygen sensing platform.

Growth of SDC thin films on Al2O3 (0001) substrates with different film
thicknesses and various dopant concentrations of Sm and in situ characterization
were carried out in a dual-chamber ultrahigh vacuum (UHV) system described in
detail elsewhere [47]. High purity Ce rods were used as the source material in an
e--beam evaporator. Sm was evaporated from an effusion cell. Growth rate of the
films was monitored using a pre-calibrated quartz crystal oscillator (QCO). Al2O3

(0001) substrates were ultrasonically cleaned in acetone prior to insertion into the
dual-chamber UHV system. Once in the MBE chamber, the substrates were
cleaned by annealing for several minutes at 650 �C in the oxygen plasma operating
at 200 W under a chamber pressure of *2 9 10-5 Torr of oxygen. The growth of
the film was monitored using in situ RHEED with a 15 kV electron beam. The
substrate temperature, Sm and Ce deposition rates and oxygen partial pressure
were systematically varied and the resulting films were characterized to establish
optimum growth conditions for high quality, epitaxial SDC thin films with con-
trolled chemistry [93]. After establishing the optimum growth conditions, 110 nm
SDC thin films were grown with different Sm concentrations (0–14 atom %) [19].
For the second stage of the experiment, SDC film thickness was varied from 50 to
300 nm at a step size of 50 nm, while keeping the Sm concentration constant at the
optimum value [23]. Following the growth, SDC thin films with various dopant
concentrations and film thicknesses were characterized using XRD, x-ray
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photoelectron spectroscopy (XPS), and Rutherford backscattering spectrometry
(RBS) [19, 23].

The electrical resistance of SDC thin films was measured by two probe con-
ductivity measurement technique. The current through the SDC thin films was
measured at a fixed bias voltage as a function of temperature and oxygen partial
pressure in an experimental test bed [19, 23]. A schematic of the experimental test
bed used to measure the conductance of SDC thin films is shown in Fig. 6.6 [23].
For each SDC thin film, the current was measured at different oxygen partial
pressures (1 mTorr–100 Torr), by varying the temperature up to 973 K. A lower
supply voltage is desirable to reduce the power consumption for most of the real
world applications. This consideration becomes more stringent when a panel of
such sensors is to be used for a particular application. Thus, a reasonably low but
sufficient bias voltage (2 V) was used to measure the conductance of SDC thin
films.

The RHEED pattern from the Al2O3(0001) substrate following the oxygen
plasma treatment is shown in Fig. 6.7a, which indicates a high quality substrate
surface which is essential for epitaxial growth of thin films. Following the depo-
sition of SDC thin film, the RHEED streaks associated with the substrate changed
to streaks associated with the SDC film as shown in Fig. 6.7b, indicating an
epitaxial layered growth [47]. High resolution XRD pattern for the as-grown SDC
film with 6 atom % Sm concentration (Fig. 6.8a) clearly shows (111), (222), and
(333) reflections from SDC film, indicating the SDC(111) preferred orientation of
the film. In addition, it shows the reflections coming from Al2O3 (0001) substrate.
Glancing incidence (as the incidence angle is fixed @ *58 the single crystal
substrate and any single crystal component in the film will not be under Bragg’s
condition and hence will not result in any peaks in the pattern—only the poly-
crystalline grains will show peaks in such configuration) XRD pattern confirmed
the absence of any polycrystalline or secondary phases in the thin film within the
detection limit as shown in Fig. 6.8b. However, SDC thin films with higher Sm
concentrations have exhibited polycrystalline phases in contrast to the films with
lower dopant concentrations [74].

XPS data have been used to determine the concentration and oxidation state of
each element in the SDC films [19]. The high resolution core-level Ce 3d and Sm
3d spectra collected from the SDC film surface are shown in Fig. 6.9. The Ce 3d
spectrum exhibited the peaks associated with Ce4+ oxidation state [94, 95], indi-
cating a completely oxidized SDC film. Furthermore, Sm 3d spectrum confirmed

Fig. 6.6 Schematic of the
experimental set up used for
the conductance
measurements of SDC thin
films [23]. (Reprinted from
[23], � 2011 IEEE)
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that, Sm is in the 3+ oxidation state for as-grown SDC thin films. The XPS depth
profile data were collected by sputtering the SDC films with 2 kV Ar+ rastered
over a 2 9 2 mm area of the sample. The XPS depth-profile for SDC film clearly
showed the uniform distribution of Sm in cerium oxide lattice throughout the bulk
of the film (Fig. 6.10a). The sharp interface in the XPS depth profile indicated that,
there was no inter-diffusion of metal atoms at the film/substrate interface.

RBS measurements in random and channeling directions were carried out on
various SDC thin films to further understand the film quality and interface char-
acteristics [96]. The experimental and simulated RBS spectra along the random
geometry is shown in Fig. 6.10b with arrows indicating the channel numbers for
elements Ce, Sm, Al and O. Since the Sm and Ce peaks are overlapped, it is
difficult to determine the exact Sm concentration in the film based on the RBS
data. The RBS spectrum was simulated using SIMNRA [97, 98] to find the film
thickness. Based on the simulations, thicknesses of the SDC films were determined
with a standard deviation of 10 %, which are consistent with the XPS depth-profile
and x-ray reflectivity data. The sharp Ce peak and Al edge in the RBS spectra

Fig. 6.7 The in situ RHEED patterns collected from a Al2O3(0001) substrate surface after the
oxygen plasma treatment, b SDC thin film grown on Al2O3(0001)
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Fig. 6.8 Representative a HRXRD pattern, b GIXRD pattern from 6 atom % Sm SDC 100 nm
thin film on Al2O3(0001)
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confirmed that there is no inter-diffusion of metal atoms across the film/substrate
interface as indicated by XPS depth profile. The RBS spectrum in the channeling
direction confirmed the high quality of the films with a low minimum yield. In
addition to the as-grown films, XRD, XPS, and RBS measurements were carried
out on some of the SDC films following the conductance measurements to identify
any changes in the film properties and the results were identical to that of as-grown
films [19]. It suggested that, the film properties did not change significantly during
the conductance measurements, which is essential for long term use of SDC thin
films as an oxygen sensing platforms at high temperatures.

The design of SDC thin films for sensor applications requires the optimization
of various chemical and physical parameters. These include the Sm doping level as
well as the SDC film thickness and conductance studies as a function of operation

Fig. 6.9 High-resolution XPS from SDC (6 atom %) thin films a Ce 3d and, b Sm 3d regions.
The oxidation states are 4+ and 3+ for Ce and Sm, respectively [19]. (Reprinted from [19] with
permission from Elsevier)
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spectra for SDC (6 atom %) thin film. The incident energy of the He+ beam was 2.04 MeV and
the scattering angle was 150� [19]. (Reprinted from [19] with permission from Elsevier)
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temperature and oxygen concentration and as such these are critical fundamental
studies. The conductance of various SDC thin films in this study was obtained by
measuring the current at a fixed bias voltage (2 V) using two-probe method under
different oxygen pressures (1mTorr–100 Torr) with increasing temperature up to
973 K. Figure 6.11 shows the resistance of the SDC films with different Sm
concentration (0–14 atom %) as a function of temperature at an oxygen pressure of
10 Torr [19]. The resistance of the SDC thin films decreased with the increase in
temperature regardless of the dopant concentration. The activation energy for the
oxygen ion conduction was determined from the slope of these Arrhenius plots in
Fig. 6.11 using the Arrhenius equation, which was described earlier in this section.
The SDC films with 3 and 6 atom % Sm concentrations showed the lowest acti-
vation energy of *0.6 eV and the SDC film with 14 atom % Sm concentration
showed the highest activation energy of *0.9 eV. It is worth mentioning that,
these activation energies are independent of oxygen pressure. Figure 6.12 shows
the effect of oxygen pressure on the conductance of the 6 atom % SDC thin film,
which can be described as the input and output relationship of the sensing plat-
form, where the input quantity is the oxygen pressure and output is measured in
terms of current across the SDC thin film [99]. Figure 6.13 shows the current
measured across the SDC film as a function of Sm concentration at an oxygen
pressure of 100 Torr, where the current increased with the Sm concentration up to
6 atom % at all temperatures from 773 to 973 K [19]. The current measured across
the SDC film started to decrease with the increase of Sm concentration beyond 6
atom %. The increase in conductance with increasing Sm dopant concentration up
to 6 atom % is attributed to an increase of oxygen ion vacancies in CeO2 fluorite
lattice due to the doping, which facilitate oxygen ion diffusion through a hopping
process at elevated temperatures. In order to maintain the electrical neutrality and
structural stability, every two Sm3+ ions result in one oxygen vacancy in the CeO2

fluorite lattice, which enhanced the oxygen ion conductance. Higher dopant con-
centrations may lead to structural defects and polycrystalline features [74], which
disturbs the oxygen vacancy ordering and increases the activation energy of the
films. Thus, the higher activation energy in SDC films above 6 atom % Sm
concentration can be attributed to the loss of epitaxial quality of the films. It is
therefore concluded that the optimum Sm concentration of SDC is about 6 atom %
for oxygen sensor applications [19].

After establishing the optimum concentration for SDC thin films, the influence
of film thickness on the conductance of SDC thin film with 6 atom % Sm con-
centration was investigated [23, 99]. It is also important to observe the temperature
dependency of the conductivity of SDC films with different thicknesses, since the
overall conductivity of the SDC thin film used for oxygen sensing is dependent on
its operating temperature [100]. Figure 6.14 shows the change in overall con-
ductance of SDC thin films with the increasing temperature at thicknesses ranging
from 50 up to 300 nm at an oxygen pressure of 10 Torr [99]. An identical trend of
increase in the overall conductance with an increase in the operating temperature
from 673 to 973 K was observed for each SDC film thickness. When the SDC film
thickness is increased from 50 up to 200 nm, a significant gain in overall
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conductance of the material system is achieved. However, there is saturation in the
overall conductance increment with the increasing SDC film thickness beyond
200 nm. As a representative example, Fig. 6.15 clearly shows the saturation in the
overall conductance increment of SDC thin films beyond the critical thickness
(200 nm) at 873 K for oxygen pressures of 10 and 100 Torr at a fixed bias voltage
[23]. This characteristic thickness dependent behavior of SDC films is also
observed experimentally for oxygen pressures of 0.001, 1, and 100 Torr in the
temperature range of 673–973 K.

To understand this thickness dependent behavior of the conductance of SDC
thin films, Sanghavi et al. have proposed a hypothesis with a possible mechanism,
which will be summarized here [23]. According to this hypothesis, the number of
oxygen vacancies in the SDC film increases with an increase in the thickness,
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Fig. 6.11 The resistance (R)
of the SDC film as a function
of temperature (T) with
different Sm concentration
(0–14 atom %) at oxygen
pressure of 10 Torr [19].
(Reprinted from [19] with
permission from Elsevier)

Fig. 6.12 The effect
of oxygen pressure on the
current measured across the
50 nm SDC (6 atom %) thin
film [99].([99], reproduced
with permission from
Cambridge University Press)
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which are also well aligned due to the highly oriented nature of the SDC films. In
the presence of an applied electric field, the oxygen ions hop through these aligned
oxygen vacancies, completing the electrical circuit to produce a measurable
electrical signal. Thus, with the increase in SDC film thickness, the number of
conduction channels for the flow of ions in the SDC thin film increases, which
enhances the overall conductivity. Above a particular SDC film thickness, the
saturation in the increment of the overall conductance with the increase in film
thickness was explained with respect to the supplied bias voltage. For a constant
voltage applied across the two terminals on the surface of the sensing film, there is
a corresponding voltage drop along the thickness axis perpendicular to the SDC
film surface. Beyond a particular film depth, the electromotive force is not suffi-
cient to drive the oxygen ions from one terminal to another under the influence of
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Fig. 6.13 The current
measured across the SDC
films as a function of Sm
concentration at different
temperatures, indicating that
6 atom % is the optimum Sm
concentration for the
conductance of the film [19].
(Reprinted from [19] with
permission from Elsevier)

Fig. 6.14 The current
measured across the SDC (6
atom %) films as a function of
temperature at each film
thickness at oxygen pressure
of 10 Torr [99]. ([99]
reproduced with permission
from Cambridge University
Press)
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applied bias voltage. Thus, there is saturation in the current measured across the
SDC thin film beyond critical thickness at a fixed bias voltage. Furthermore,
Sanghavi et al. have suggested that, the saturation limit for the conductance
increment can be increased by increasing the bias voltage and they have experi-
mentally observed this behavior, where the saturation limit for the conductance
increment was increased at a bias voltage of 5 V [23].

For developing a sensor platform for real world applications, there is a need to
test the hysteresis error performance of the potential sensing platform, which
operates in an ever-changing environment. Thus, Sanghavi et al. have analyzed the
hysteresis error performance of 6 atom % SDC films of thickness ranging from 50
up to 300 nm at two representative temperatures of 798 and 898 K [23]. In this
hysteresis test, the SDC thin films were subjected to a continuous cyclic process of
increasing and decreasing oxygen pressures at a fixed operating temperature and
hysteresis error is measured as the difference in the measured overall conductance
for consecutive cycles of pressure variation. The hysteresis error performance of
300 nm SDC thin film at operating temperature of 798 K is shown in Fig. 6.16 in
terms of the current through the material system with cyclic oxygen pressure
variations from 0.001 to 100 Torr [23]. All the SDC films with different thick-
nesses have showed similar behavior with respect to hysteresis error observed,
suggesting the hysteresis error performance is independent of the sensing film
thickness. This experimental analysis showed a maximum hysteresis error of 5–
7 % for any SDC film under consideration.

In this study, Sanghavi et al. have also tested the dynamic response of the SDC thin
film in terms of its overall conductance by subjecting it to rapidly changing oxygen
pressure environments. The dynamic response observed for the 300 nm SDC thin
film is shown in Fig. 6.17 in terms of current through the material system to random
oxygen pressure variations from 0.001 to 100 Torr, at a fixed operating temperature
of 798 K [99]. In the Fig. 6.17, the vertical axis is shared by the input oxygen

Fig. 6.15 The change
in overall conductance as a
function of the film thickness
measured at 873 K for
oxygen pressures of 10 and
100 Torr [23]. (Reprinted
from [23], � 2011 IEEE)
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pressure in logarithmic scale and corresponding output current. The horizontal axis is
the time axis with units in seconds. In this experiment, the SDC film was exposed to
randomly changed values of oxygen pressures at every 15 s. The data showed a good
proportionality between oxygen pressure variation and the overall conductance
change of the SDC film. It was also observed that the dynamic time response of SDC
thin films is independent of the sensing film thickness. They have further checked the
sensing performance of SDC thin films for its reproducibility by running experi-
mental cycles with the same set of parameters, which showed consistency in the
obtained results with a standard deviation of 1–4 % [23].

In this section, we discussed the oxygen sensing properties of SDC nano-scale
thin films grown by MBE. As we mentioned in the introduction, various kinds of
thin films have been synthesized by MBE to understand their gas sensing prop-
erties. While MBE grown SDC thin films with controlled surface morphology,

Fig. 6.16 Hysteresis error
performance of 300 nm SDC
film at 798 K for 4 cycles of
oxygen pressure variation
from 0.001 to 100 Torr,
indicating a tolerable
hysteresis for the SDC film
[23]. (Reprinted from [23],
� 2011 IEEE)

Fig. 6.17 Dynamic response
of 300 nm SDC film for rapid
oxygen pressure variation at a
time interval of 15 s
[99].([99] reproduced with
permission from Cambridge
University Press)
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crystalline orientation, film thickness, and composition have provided a better
platform to understand their oxygen sensing properties with respect to the film
properties and operating conditions, it is worthwhile to evaluate the other sensing
materials synthesized by MBE. In the next section, we will summarize the surface,
structural, and gas sensing properties of SnO2 thin films grown by MBE.

6.3 SnO2 Thin Films Grown by Molecular Beam Epitaxy
for Gas Sensing Applications

SnO2 has been widely used in semiconducting metal oxide gas sensors as an active
sensing material for detection of reducing gases such as CO, H2, and CH4 [3].
SnO2 is a wide band gap n-type semiconductor with the rutile structure [101],
which shows enhanced electrical, optical and electrochemical properties due to its
dual valency and variability of surface composition [102–104]. As a gas sensing
material, SnO2 exhibits high sensitivity and better stability towards reducing gases
at low temperatures [3]. SnO2 based gas sensors operate on a principle that, their
conductance changes when the adsorbed oxygen ions on the surface react with the
gas molecules [105]. As a pure n-type semiconductor, exposure of SnO2 to air
leads to adsorption of oxygen atoms on the surface. Then, the transfer of an
electron from SnO2 to the adsorbed oxygen results in various oxygen anion species
as follows, which cover the SnO2 particles on the surface [106, 107].

O2ðgasÞ () O2ðadÞ () O�2 ðadÞ () O�ðadÞ () O2�ðadÞ () O2�ðlatticeÞ

Due to the depletion of electrons, a positively charged layer is also formed
below the particle surface leading to space charge layers near the SnO2 surface
[108–111]. This process leads to high electrical resistance of SnO2 in air [112].
However, when SnO2 is exposed to reducing gases at elevated temperatures,
oxygen adsorbates react with the adsorbed reducing gas molecules and release the
electrons to the conduction band increasing the electronic conductance of SnO2

[109, 110]. The overall reaction takes place on the SnO2 surface between oxygen
adsorbates and adsorbed reducing (R) gas molecules can be given as follows.

O2ðgasÞ �! O2ðadÞ
RðgasÞ �! RðadÞ
RðadÞ þ O2ðadÞ �! RO2 þ 2e�

Thus, the adsorption of reducing gas species controls the conductance of SnO2,

which is strongly influenced by the surface morphology, composition and struc-
tures of SnO2 [113–116]. Furthermore, the sensitivity of the SnO2 gas sensors can
be defined as the ratio of its conductance in a test gas with reducing gas species to
that in air. Up to date, several models have been proposed for SnO2 gas sensors to
understand their sensing mechanism [117–121], which investigated the influence
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of the test gas concentration and operating temperature on the sensitivity of SnO2

gas sensors.
In general, commercially available SnO2 gas sensors are either bulk ceramic or

thick film based devices [105]. In addition, nano-scale thin film SnO2 gas sensors
have also been studied [122, 123]. In most cases, SnO2 thin films have been used in
polycrystalline form for gas sensing applications, which suffer from the lack of
long-term stability [124]. On the other hand, single-crystal (epitaxial) SnO2 thin
films show better homogeneity, compactness, and stability in contrast to poly-
crystalline films [125]. Single-crystal films are also useful for understanding the
gas sensing mechanism of SnO2 by eliminating the grain boundary effect due to
more uniform adsorption and desorption kinetics [126]. Furthermore, nanomate-
rials and epitaxial thin films with dimensions smaller than space charge layers may
exhibit a strong change in the conductance with exposure to reducing gases [104].
Recently, Kroneld et al. have reported the growth of SnO2 single-crystal films,
which exhibited greater potential for continuous gas detection [124].

Due to the limited availability of commercial single-crystal SnO2, epitaxial
SnO2 thin films have been fabricated by using various thin film deposition tech-
niques including sputtering [127], chemical vapor deposition [125], pulsed laser
deposition [128], atomic layer deposition [129, 130], and molecular beam epi-
taxy[124, 131, 132] for gas sensing applications. However, studies on high quality
epitaxial SnO2 thin films are limited by their poorly controlled impurity levels
[132, 133]. As we discussed in the previous sections, MBE is a useful technique to
grow high quality single crystal metal oxide thin films with controlled impurity
levels and surface properties. In this section, we will discuss the gas sensing
properties of MBE grown SnO2 single-crystal films.

Kroneld et al. have conducted a comparative study of the gas sensing properties
of epitaxial and polycrystalline SnO2 thin films deposited on r-plane sapphire
substrates by MBE technique [124]. The optimum growth conditions for high
quality SnO2 were established in terms of the growth temperature, growth rate and
source materials, which determined the crystalline nature of the films. In this
study, SnO2 thin films were deposited on r-plane sapphire substrates by varying the
film thickness and growth temperature as 30–100 nm and 260–550 �C, respec-
tively. The growth rate was also varied between 0.02 and 0.1 nm/s. Following the
growth, SnO2 thin films were characterized by RHEED, XRD, and AFM. The
electrical properties of SnO2 thin films were investigated by using a Hall effect
measurement system and the conductivity was measured by the four-point Van der
Pauw method. H2, CO, O2, and NO2 were used as the test gases with various
concentrations for gas sensing studies under different operating temperatures.
XRD patterns for the films grown at 230 and 550 �C are shown in Fig. 6.18. At
230 �C, the XRD pattern showed broad peaks with low intensities, indicating a
polycrystalline film. However, at high temperature, only SnO2(101) peak existed
in the XRD pattern in addition to a substrate peak, suggesting the growth of
highly-oriented SnO2(101) thin film. All the films were n-type semiconductors as
revealed by the Hall effect measurements. Both epitaxial and polycrystalline SnO2

thin films were investigated for gas sensing properties and polycrystalline films
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showed better sensitivity towards the test gases. For hydrogen detection, there was
no significant difference in the reaction time for epitaxial and polycrystalline films.
However, epitaxial films showed relatively high sensitivity towards ethanol at
concentrations of 100, 200, and 500 ppm at 400 �C as shown in Fig. 6.19b. Better
response of the films towards ethanol was observed with the increasing gas con-
centration while the sensitivity saturated. Furthermore, slower reaction time was
observed for polycrystalline film and the recovery was not nearly complete in the
reported interval (Fig. 6.19a). The epitaxial SnO2 thin films deposited by mag-
netron sputtering also showed high sensitivity towards ethanol with good stability
and fast response [127]. Thus, it has been concluded that, epitaxial SnO2 thin films
exhibit greater potential for continuous ethanol detection.

White et al. have also deposited epitaxial SnO2 thin films on r-plane sapphire by
MBE and extensively investigated the surface morphology, epitaxial relationship,
and growth behavior of the films [132]. SnO2(101) epitaxial films exhibited
Volmer-Weber growth indicated by the spotty RHEED pattern (Fig. 6.20a).
However, initial 3-D island growth transformed to a 2-D layer growth during the
deposition as observed by RHEED patterns in Fig. 6.20. Furthermore, the initial
rough surface became smoother with the increasing thickness of the films.
SnO2(101) and (202) reflections in the HRXRD pattern confirmed the epitaxial
growth of phase-pure SnO2(101). They have also used the HRXRD data to obtain
information about the crystalline quality of SnO2 thin films by comparing the full
width at a half maximum (FWHM) value of SnO2(101) peak. The FWHM value of
the SnO2(101) x-scan decreased with the increasing substrate temperature. The
surface roughness of the films measured by AFM was also decreased with the
increasing substrate temperature as shown in Fig. 6.21. Thus, it was concluded that
the surface morphology and crystalline quality of SnO2(101) thin films strongly
depend on the growth temperature. TEM images showed dislocations within the
SnO2(101) films, which are originated at the film-substrate interface. The growth
behavior of SnO2 showed two distinct growth regimes, namely O2-rich regime and
Sn-rich regime. Secondary ion mass spectrometry (SIMS) data showed low
impurity concentration in SnO2 films in contrast to SnO2 films deposited by other

Fig. 6.18 XRD 2h - x scans of the SnO2 thin films grown at a 230 �C and, b 550 �C [124].
(Reprinted from [124] with permission from Elsevier)
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growth techniques. It emphasizes the importance of MBE to deposit high quality
SnO2 epitaxial thin films.

MBE can also be used to grow doped SnO2 thin films with a controlled dopant
level by co-evaporation of metal sources. The MBE growth of pure and cobalt doped
SnO2 thin films on Al2O3 has been reported [134]. These results can be reviewed in
the Chapter authored by Batzill in this book.

Fig. 6.19 The relative
conductivity change of the
sample sensing film upon the
exposure of 100, 200 and
500 ppm C2H5OH in air with
40 % humidity. a Sample
with smaller grains, and b a
monocrystalline sample. The
working temperature of the
samples was 400 �C. Clearly
the monocrystalline sample
shows shorter reaction times,
and in this case, higher
sensitivity towards the test
gas [124]. (Reprinted from
[124] with permission from
Elsevier)

Fig. 6.20 Evolution of RHEED observed along the \101[ azimuth during growth of SnO2 on
r-sapphire. Images a–d were recorded at 10 s, and 3.25, 4.75, and 27.25 min, respectively, after
beginning of growth. A transition from a 3D initial surface to a 2D surface was observed [132].
(Reprinted from [132] with permission from American vacuum society)
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TiO2 has also been used as a substrate for the MBE growth of SnO2 thin films other
than Al2O3 [131, 133, 135]. Tsai et al. have reported the heteroepitaxial growth of
SnO2 films on TiO2(110) with a detailed study of the film properties, which strongly
depended on the MBE growth parameters [133]. In this study, high purity liquid Sn
was evaporated from a Knudsen cell in the presence of oxygen plasma to deposit
SnO2. The substrate temperature and both tin and oxygen beam equivalent pressure
values were varied to investigate the growth behavior of SnO2 thin films. The
crystalline quality of the films improved with the increased substrate temperature as
indicated by FWHM values of the rocking curve with respect to SnO2(110) reflec-
tion. However, the optimum growth temperature was set to 625 �C, since the growth
of SnO2 was not observed at 700 �C. The growth of SnO2 was also not observed in the
oxygen-insufficient environment. The initial spotty RHEED pattern of the SnO2 thin
films indicated a rough surface with the formation of 3-D islands. However, the
transition of the spotty RHEED pattern to a streaky RHEED pattern after 17 min of
growth suggested a smooth surface with 2-D layers, which confirmed the coales-
cence of the SnO2 islands. Furthermore, the smoothest surface of the SnO2 thin film
was observed in the oxygen-rich regime as confirmed by RHEED and AFM data.
HRXRD patterns revealed the growth of epitaxial SnO2(110) thin films as shown in
Fig. 6.22. The x-ray rocking curve with respect to SnO2(110) reflection was used to
evaluate the crystalline quality of the films as shown in the inset of Fig. 6.22. The
broadness of the rocking curve was influenced by the lattice mismatch between the
substrate and the film and a narrower rocking curve was observed in the oxygen-rich
regime. A growth diagram for the MBE growth of epitaxial SnO2 thin films on
TiO2(110) substrates was created based on these results, which demonstrates the
influence of growth temperature and oxygen partial pressure on the crystalline
quality and surface morphology of the films.

The interface properties of the SnO2 thin films grown on TiO2(110) substrates
by MBE have also been investigated by using XPS and SIMS, which showed the
inter-diffusion of metal atoms at the film/substrate interface [131]. XPS revealed a
changing surface composition of SnO2 thin films with increasing growth tem-
perature as shown in Fig. 6.23. For the films grown at 500 and 750 �C, Sn, O and

Fig. 6.21 5 9 5 lm2 AFM images of the SnO2 surface for three samples grown in an oxygen
plasma pressure of 1.2 9 10-5 Torr at substrate temperatures of a 700 �C, b 775 �C, and
c 850 �C. The surface roughness values for each sample (a-c) were 15, 21, and 9 nm,
respectively. The height scale for each sample (a–c) was 0–100, 0–130, and 0–70 nm [132].
(Reprinted from [132] with permission from American vacuum society)
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low amounts of Ti were detected. The film grown at 775 �C had a mixed com-
position, with a Sn:Ti ratio of 55:45 and XPS also indicated chemical interaction
between Sn and Ti in this film. At higher growth temperatures (800 and 900 �C),
no Sn was detected on the substrate surface within the XPS sampling depth as
shown in Fig. 6.23. According to SIMS depth profiles of Sn and Ti (Fig. 6.24),
film/substrate interface for the films grown at temperatures below 600 �C was
quite abrupt. However, an extended weak tail in the Sn depth profile indicated
penetration of some Sn into the substrate. This diffusion tail could also result from
mixing caused by the incident ion beam during the SIMS analysis. More pro-
nounced diffusion tails in the Sn and Ti depth profiles for the films grown at 750
and 763 �C confirmed the inter-diffusion of metal atoms at the interface between
the film and substrate. In addition, SnO2 thin films grown at temperatures between
500 and 763 �C showed a distinct Sn-rich layer on the TiO2 substrate. SIMS depth
profiles of Sn and Ti for the film grown at 775 �C showed a Sn/Ti mixed surface
layer, which was comparable with the XPS data described above. At growth
temperatures above 775 �C, Sn diffused rapidly into the substrate, which resulted
in Sn-doped TiO2 rather than a distinct SnO2 epilayer. All the films were highly
(110)-oriented as confirmed by the XRD patterns. However, the lattice parameter
of the SnO2(110) films decreased with increasing growth temperature, which
indicates the formation of TixSn1-xO2 solid solutions at growth temperatures of 750
and 763 �C. Thus, all the XRD, XPS and SIMS data revealed the interfacial
diffusion of metal atoms in SnO2 thin films grown on TiO2(110) in a narrow
growth temperature regime between 750 and 775 �C. It is reported that, the sta-
bility and selectivity of SnO2 gas sensors can be improved by addition of Ti [136,
137]. Furthermore, Ti-doped SnO2 can be used as a substrate for the epitaxial
growth of SnO2 to improve the crystalline quality by reducing the lattice mismatch
between the substrate and film [104, 138]. Thus, the formation of TixSn1-xO2 by
inter-diffusion of SnO2 and TiO2 will be important for those applications.

It is evident from the above studies that the growth conditions strongly affect the
surface properties and crystalline orientation of epitaxial SnO2 thin films. Especially,

Fig. 6.22 X-ray diffraction
2h - x scan of a SnO2 film
with a thickness of 625 nm
deposited on a TiO2(1 1 0)
substrate at 625 �C. The inset
shows the x-rocking curve of
SnO2(1 1 0) [133].
(Reprinted from [133] with
permission from Elsevier)
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high quality epitaxial SnO2 thin films were obtained in a very narrow temperature
regime, which could be a result of large lattice mismatch between the film and
substrate. Hishita et al. have demonstrated the use of Sn-doped TiO2 as the substrates
to overcome this issue by minimizing the lattice mismatch between SnO2 film and the
substrate [138]. They have prepared Sn0.075TiO0.925O2(110) substrates at 1,100 �C
by using a vacuum deposition-and-annealing method to deposit SnO2 thin films by
MBE. The calculated lattice parameters of the Sn0.075TiO0.925O2 (110) substrate
were a = = 0.4603 and c = 0.2976 nm, compared to that of pure TiO2 substrate
(a = 0.4584 and c = 0.2953), which reduces the lattice mismatch between the film

Fig. 6.23 X-ray
photoelectron spectra of SnO2

thin films grown at the
temperatures indicated
showing Sn 3d and Ti 2p core
lines. The dashed lines
represent the binding energy
expected for the Sn 3d5/2

(higher binding energy) and
the Ti 2p3/2 (lower binding
energy) core lines of SnO2

and TiO2, respectively [131].
(Reprinted from [131] with
permission from American
chemical society)
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and substrate. Furthermore, the effect of the growth temperature on the surface
morphology of the SnO2 films grown on Sn-doped TiO2 were compared with those
grown on pure TiO2(110) substrates. It was concluded that, the temperature range for
the lateral growth of SnO2 films can be extended to a lower temperature with Sn-
doped TiO2 substrates.

6.4 Summary

Future trends in the sensor technology include the miniaturization of the sensor
devices and making the sensors harsh environment compatible. The use of nano-
scale thin films as the sensing materials is the key to develop small scale chemical

Fig. 6.24 SIMS Sn ion depth
profiles of SnO2 thin films
grown at a 500, 600, and
750 �C, b 763, 775, and
800 �C, and c SIMS Ti ion
depth profiles showing inter-
diffusion of Ti and Sn.
Distinct Sn-rich layers can be
discerned in samples grown
at 763 �C and below [131].
(Reprinted from [131] with
permission from American
chemical society)
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sensors. To develop chemical sensing nano-scale materials and understand their
structure–property relationship, we need a deposition technique with an atomic-
scale control over the chemical and structural properties. MBE is a widely used
technique for the deposition of metal oxide thin films with ultra pure surfaces to
understand their fundamental properties. Due to the slow growth rate and UHV
deposition conditions, MBE has various advantages over the other deposition
techniques; (1) control of the growth conditions results in high quality and more
accurate stoichiometry, (2) less surface contamination or oxidation, and (3) min-
imal inter-diffusion at the interfaces of the grown thin films. In addition, MBE
growth chambers can be easily incorporated with limited in situ characterization
capabilities such as XPS and RHEED like sputter and pulsed laser deposition
growth capabilities. Thus, various chemical sensing metal oxides including SnO2,
CeO2, TiO2, ZnO, In2O3, and WO3 have been synthesized by MBE. In this book
chapter, we have discussed the growth, characterization, and gas sensing properties
of metal oxide thin films grown by MBE including Sm doped CeO2 and SnO2. In
addition, we have briefly discussed the MBE deposition technique along with in
situ electron diffraction techniques such as RHEED and LEED. Furthermore, we
have explained the use of in situ reflection high energy electron diffraction along
with atomic force microscopy to understand the growth modes and orientation
relationship between the clusters and the substrate using Cu2O nanoclusters grown
on STO substrates. In general, we have shown that MBE is a useful technique to
understand the fundamental properties of chemical sensing thin films.
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Chapter 7
Atomic Layer Deposition for Metal Oxide
Nanomaterials

Xiaohua Du

Abstract Solid state gas sensors based on semiconducting metal oxides have been
widely investigated and utilized in environmental monitoring, chemical process
controls and personal safety. In recent years, one dimensional nanostructures, such
as nanowires, nanorods, nanotubes and nanobelts, have attracted much attention
due to their great potential application in gas sensing, and for overcoming fun-
damental limitations due to their ultra high surface-to-volume ratio. A variety of
methods have been developed to fabricate these nanostructures. The nanostructure
based gas sensors demonstrated excellent response and recovery characteristics.
However, the developed methods are not convenient for mass production and
improvements on sensitivity, selectivity and long term stability are still needed.
Atomic layer deposition (ALD) is a film deposition technique based on the
sequential use of self-terminating surface reactions. Due to the unique nature of the
reaction process, ALD becomes an ideal deposition technique to form atomic thin
films and nanolaminate structures. ALD is finding ever more applications for
emerging nanodevices. The potential to control thickness at the sub-nm level, and
the ability to deposit thin films over highly corrugated substrates with high aspect
ratio topography makes ALD of great interest in fabrication of one dimensional
nanomaterial. Utilizing fabrication through nanotechnology, ALD has found new
opportunities in gas sensors based on metal oxide semiconductors. In this chapter,
the general characteristics of atomic layer deposition, the sensing performance
enhancements by quasi-1 dimensional nanostructures and nanomaterials, the
method to fabricate such nanostructures and the recent exploration of ALD in gas
sensing studies are reviewed.
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7.1 Functional Nanomaterials for Chemical Sensing
Technologies

Among all the solid state gas sensor systems, compact metal oxide solid state (SS)
chemical sensors are the most promising and have been widely used in the
detection of toxic pollutants (CO, H2S, NOx, SO2 etc.) and inflammable gases (H2,
CH4, hydrocarbons etc.). However, disadvantages such as lack of reproducibility,
poor selectivity for specific gases and insufficient sensitivity are frequently
observed [1–3]. Improving the performance of these gas sensors is difficult, and
requires a better understanding of the sensing mechanism, an active research field
in of itself [4].

The most commonly accepted operation principle for nanostructure thin or thick
film n-type semiconductor gas sensors involves the changing of carrier density in a
space-charge region and is based on the variation in the potential barrier height at the
grain boundary, which is induced by the surrounding gases [5–11]. Two main
sensing mechanisms are proposed for the semiconductor metal oxide gas sensors
based on the ionosorption model and oxygen-vacancy model, as shown in Fig. 7.1.
A space-charge region is formed under the surface of either the ionosorbed oxygen
species in the ionosorption model or the ionized oxygen vacancies in the oxygen-
vacancy model. The depth of the space-charge region is called the Debye length and
is typically only several nanometers [12, 13].

It is known that the sensitivity of semiconducting nanomaterials is determined
by two basic factors, namely, the ratio of the surface area (S) to volume (V) and
the ratio of the Debye length (DL) to the effective radius of conducting channels
(R). All other conditions being the same, the larger the S/V and DL/R ratios the
higher the material sensitivity. This expectation is supported by gas sensor sen-
sitivity studies on nanoparticles [14–16], as shown in Fig. 7.2. Numerous studies
of thin nanostructure SnO2 films showed that the sensitivity of samples with
respect to detected gases dramatically increased as the grain size decreased to
several nanometers [17–20]. Thus, the importance of the Debye length has been
established for the sensitivity of sintered nanoparticles and nanocrystalline-grained
thin films. Nowadays, the technological challenge moves to the fabrication of
materials with nanocrystals. However, efforts based on solution methods (such as
Sol–gel technique) can be challenged due to the difficulty in narrowly controlling
the finite grain sizes comparable to Debye length. Additionally, further enhance-
ment of both sensitivity and response in gas detection is cumbered with the limited
surface-to-volume ratio (SVR) of nanocrystalline or polycrystalline based film.

To overcome the limitations from low SVR films, nanomaterials and nano-
structures are developed for the purpose of high-performance chemical sensing.
Quasi-one-dimensional nanomaterials have attracted much attention and have been
deemed to be one of the best candidates for realizing ultrasensitive solid state
sensors, due to its large SVR and Debye length comparable dimensions. In recent
years, superior sensor characteristics, such as high sensitivity, high response speed
and quick recovery, have been observed for nanowires [21–23], nanobelts [24],
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carbon nanotubes (CNTs) [25, 26] and core/shell structures built on CNTs [27].
Pioneered by Lieber et al. nanowire sensors made from materials such as metal
oxides [28–30], silicon [31–33], metals [34–40] and conducting polymers [41, 42]
have been intensively investigated and used as chemical and biosensors. Since
then the number of reports on gas sensors based on other 1D metal oxide nano-
structures have been growing exponentially every year.

Nanomaterial-based sensors are normally fabricated from the ‘‘top-down’’ or
‘‘bottom-up’’ approaches. However, the fabrication techniques used are not con-
venient for mass production. First of all, it is a high cost process to fabricate an
individual nanowire/nanobelt; it is also difficult to manipulate an individual
nanowire/nanobelt to form FET structures, which can be used to manipulate the
sensing properties. Second, improvements are still to be made regarding the
reproducibility of the chemical composition of the nanomaterial surface. This is a

Fig. 7.2 The effect of SnO2

particle/crystallite size D on
the sensor response
[expressed as (Rgas/Rair)]
upon exposure to a 800 ppm
H2 or b CO in air at an
operating temperature of
573 K. Reprinted from Ref.
14, with permission from
Elsevier, Copyright (1991)

Fig. 7.1 Schematics of sensing mechanism of n-type metal oxide materials: a ionosorption
model and b oxygen-vacancy model, illustrated by interactions between O2 and CO gases on
surface of SnO2 films/particles. Reprinted from Ref. 68, with permission from Elsevier,
Copyright (2008)
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critical parameter that controls the reproducibility of the gas sensor performances.
Besides the above limitations, the reproducibility and repeatability are not guar-
anteed when using nanomaterial arrays/films to fabricate sophisticated sensor
structures and often require extensive calibration procedures.

Thin film deposition techniques provide another suitable way to confine the
grain size. Different methods have been employed for the production of thin films
of semiconducting oxides with the aim to obtain nanostructure, stable, cheap, low
power consuming, and reliable gas sensors. To take advantage of the high sensi-
tivity, metal oxide films with exact nanometer film thicknesses would be desirable
for experimental investigations of metal oxide gas sensors. Techniques that can be
performed with precise film thicknesses will be able to overcome the variability in
sensitivity produced by the finite Debye length.

Techniques and methods with reduced fabrication complexity and production
cost, are still highly desirable and demanded in both fundamental sensing studies
and mass production of gas detectors. The techniques emerging shall have the
capability to straightforwardly produce 1D metal oxide nanostructures with well
controlled diameter, length, composition, and morphology, and be compatible to a
desirable surface structure made by modern techniques. Atomic layer deposition is
such a deposition technique. Ultrathin and conformal metal oxide films with
thicknesses on the order of the Debye length can now be precisely deposited using
the enabling method of atomic layer deposition (ALD) techniques.

7.2 Exploration of ALD in Application of Solid State Gas
Sensors

7.2.1 Atomic Layer Deposition, an Enabling Tool
for Nanotechnology and Nanofabrication

Atomic layer deposition (ALD) is a recently developed thin film deposition tech-
nique. ALD occurs through alternating reactions between gaseous precursor mol-
ecules and the surface active sites on substrate [43–49]. In general, a typical ALD
cycle is composed of four essential steps, which is illustrated in Fig. 7.3. (1) The first
precursor is introduced into the reactor and allowed to chemisorb on the substrate
until the surface is saturated, leaving a new type of species on the surface. (2) The
excess precursor and any by-product are then purged away from the deposition
system. (3) The second precursor is then delivered to the reactor and allowed to react
with the adsorbed surface species that are left from the 1st step, regenerating the
same surface species as on the initiation surface. (4) Excess precursor and reaction
by-products are again removed from the system. The result is a surface saturated
with up to a monolayer of the desired compound. Sequential repetition of the ALD
cycle results in layer-by-layer growth with precise thickness control. As an example
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of the ALD process, consider the following binary reaction sequence for SnO2 in
which the surface species are designated by asterisks:

Að Þ Sn� OH� þ SnCl4 gð Þ ! Sn� O� SnCl�3 þ HCl gð Þ
Bð Þ Sn� Cl� þ H2O gð Þ ! Sn� OH� þ HCl gð Þ

The substrate surface is initially covered with hydroxyl (OH) groups. In reaction
(A), tin tetrachloride (SnCl4) reacts with the hydroxyl groups to deposit a monolayer
of tin-chlorine groups producing hydrogen chloride (HCl) as a by-product. Because
the chlorine-terminated surface is inert to SnCl4, further exposure to SnCl4 yields no
additional growth beyond one monolayer. In reaction (B), this new surface is
exposed to water, regenerating the initial hydroxyl-terminated surface and again
releasing hydrogen chloride The net effect of one (A)–(B) cycle is to deposit one
monolayer of SnO2 on the surface. The overall reaction for the ALD process is:

SnCl4 gð Þ þ 2 H2O gð Þ ! SnO2 sð Þ þ 4HCl gð Þ

Due to the unique nature of this process, ALD possesses many intrinsic advan-
tages over traditional deposition processes such as chemical vapor deposition (CVD)
and physical vapor deposition (PVD). With an optimized ALD process, excellent
conformality, good areal uniformity, precise thickness controllability, excellent
film-adhesion and repeatability have been observed. In addition, the alternating
reaction strategy eliminates the ‘‘line of site’’ or ‘‘constant exposure’’ requirements
that limit conventional methods such as CVD and PVD, resulting pure, dense,
smooth and highly conformal films. These attributes make ALD an ideal method for
applying precise and conformal coatings over nanomaterials with sophisticated
geometry, offering perfect step-coverage on high aspect ratios features [50, 51].

Step A Purge

Step B

Purge

ABAB…

Fig. 7.3 Cartoon illustration of a typical ALD process. ALD deposition process is composed of
4 essential steps and conducted on a substrate functionalized with reactive surface species. a The
first precursor is introduced into the reactor and allowed to chemisorb on the substrate until the
surface is saturated, leave a new type of species on the surface. b The excess precursor and any
by-product are then purged away from the deposition system. c The second precursor is then
delivered to the reactor and allowed to react with the adsorbed surface species that are left from
the 1st step, regenerating the same surface species as on the initiation surface. d Excess precursor
and reaction by-products are again removed from the system. The result is a surface saturated
with up to a monolayer of the desired compound. Sequential repetition of the ALD cycle results
in layer-by-layer growth with precise thickness control
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Besides the opportunity for atomic level thickness control and perfect step-
coverage, the step by step growth mode also makes atomic level composition
control feasible. Future advances in ALD may enable the nanoscale manipulation
and engineering of desired film properties at the interface and in the thin film
through deposition of nanolaminates or mixed component alloys. Several early
reports on fabrication of nanolaminates through ALD were reviewed in Ref. [52].

Atomic layer deposition was originated in 1977 for fabrication of electrolu-
minescent flat panel displays. In mid 1990s, its unique features make ALD
attractive for integrated circuit and data storage applications when the transistor
dimension was shrunken to sub micron scale. ALD is now being exploited for
fabrication of high-k dielectric and metal films, seed films, diffusion barriers, etch-
stop layers and a variety of gap layers for semiconductor, magnetic head, non-
volatile memory, organic light emissive diode (OLED) and solar applications.

ALD is also emerging as a key enabling technology for applications outside of
the semiconductor industry. Other applications include microelectromechanical
systems fabrication, organic light emitting diodes displays, catalysts and electronic
and optoelectronic materials. Lower dimensional nanomaterials, such as nano-
wires, nanobelts, nanotubes and nanodots, are emerging as basic building blocks
for the realization of nanotechnology [53–55]. The use of ALD for the fabrication
of nanolaminates and nanomaterials, or use these nanomaterial as templates, would
be an important contribution to nanotechnology, as well as the gas sensing field for
fundamental study and fabrication of high performance gas sensing devices.

7.2.2 Template Assisted Fabrication of Nanostructures using ALD

Two trends exist in the exploration of ALD in gas sensing field. One is the
fabrication of metal oxide nanotubes by templates using ALD. In this approach,
positive templates and negative templates are used as scaffolds. When the positive
type is used, the conformal metal oxide film is deposited onto the template’s outer
surface; subsequently, they are removed by chemical etching and/or pyrolysis. The
remaining shell forms the metal oxide nanotubes. The templates are typically made
from nanorods, nanowires, block copolymer nanorods, poly (vinyl alcohol) fibers
(cellulose). The template’s composition determines the methodology of its
removal, which includes chemical etching, thermal decomposition, or dissolution.
Porous membranes with monodisperse cylindrical pores, such as aluminum oxides
(AAOs) and track etched polymers [mostly, polycarbonate (PC)], are used as
negative templates. Oxide materials are deposited on the surfaces of their inside
pores. Once metal oxide is deposited onto the porous template, the template and
unnecessary parts of the nanostructure are removed by mechanical polishing or
chemical treatment to obtain single strands of oxide nanotubes.

Combining the positive template strategy with ALD, the formation of oxide
nanotubes with controllable wall thickness has recently been reported by many
researchers. In an early study [56], an easily accessible polycarbonate (PC) filter was
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used as a template for making nanotubes by ALD. As shown in Fig. 7.4, Al2O3

nanotubes were prepared by ALD with trimethylaluminum and water as source
materials after chemical etching, thermal decomposition, or dissolution of the
organic cores [57–59]. TiO2 and ZrO2 nanotubes with precisely controlled thickness
were synthesized by ALD on the inner wall of PC filter nanoholes, followed by
subsequent etching by chloroform. George and co-workers reported the ALD process
to conformally and completely coat inside nanopores with a high aspect ratio [60].
Independently, Sander et al. conducted ALD of TiO2 on the highly ordered AAO as a
template and obtained TiO2 nanotubes [61]. Figure 7.5a illustrates the process
adopted to fabricate the titania nanotubes and Fig 7.5b shows TEM images of
individual TiO2 nanotubes in various orientations. Gu et al. fabricated highly ordered
zirconia and hafnia nanotubes by atomic layer deposition within the anodic alumina
oxide (AAO) template. The diameters of the AAO pores are in the range of
200–300 nm with a thickness of 60 um. The results indicated that the free-standing
nanotubes were uniformly grown through the entire template thickness. The ALD
process conformally replicated the AAO template dimensions, and the wall thickness
of the resultant nanotube was precisely controlled by the number of ALD cycles [62].

Fig. 7.4 Representative SEM images of positive templates and alumina microtubes fabricated
by ALD. a Electrospun PVA fibers, b, c Al2O3 microtube replicas the fibers by wrapping on the
outer surface through ALD, d TEM image of a single Al2O3 microtube, the arrow identifies a
peripheral circle formed near an apparent neck in the fiber template. Reprinted from Ref. 58, with
permission from Elsevier, Copyright (2007)
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The nanotube/nanorod structures grown using ALD are currently being investigated
by researchers for gas sensing purposes. Kim et al. fabricated a Ru nanowire array
device for sensor applications, using a similar process as in Ref. 61. Figure 7.6 shows a
tilt FE-SEM image and a schematic of the nanowire array device on Ti/Si [63]. The I–V
test on the nano-device confirms good electrical contact between the Ru nanowire and
the Ti bottom electrode. A high sensitivity is expected for the device with an enhanced
SVR. Elam et al. coated AAO membranes with Pd metal films using ALD to form a
prototype gas sensor [64]. The Pd/AAO samples exhibited rapid and reversible con-
ductivity changes upon hydrogen exposure and showed great promise as hydrogen gas
sensors with fast response and high sensitivity. Willinger and co-workers applied a
homogeneous coating of vanadium oxide on carbon nanotubes using an ALD process.
The high surface area hybrid materials have an unprecedented quality since the ALD
technique permits the coating of the inner and outer surface of the CNTs with a highly
conformal film of controllable thickness. The ALD-coated tubes were tested as the
active component in gas sensing devices. They show electric responses that are directly
related to the peculiar structure, i.e., the p-n heterojunction formed between the support
and the film [65].

Kim et al. reported a process combining electrospinning and ALD to fabricate
nanotubes used as sensing materials [66]. Electrospun polyacrylonitrile (PAN)
nanofibers of 100–200 nm diameters are used as a template after stabilization at
250 �C. A uniform and conformal SnO2 coating on the nanofiber template is
achieved by ALD and the wall thickness is precisely controlled by adjusting the
number of ALD cycles. Calcination at 700 �C transforms the amorphous

Fig. 7.5 Process schematic for fabrication TiO2 nanotubes and TEM images of such. a Schematic
of process to create TiO2 nanotube arrays on substrates through etchable negative templates.
1 Nanoporous-alumina template created by anodization of an Al film, 2 TiO2 was filled in the inside
of the nanopores by ALD, 3 Top layer of TiO2 was removed by mechanical polish, 4 Alumina
template was chemically etched away to reveal TiO2 nanotube arrays. b TEM images of TiO2

nanotubes. A Open end of a single tube, B High magnification image of tube edge, C Top view of
several nanotubes oriented in cross-section, D Closed ends of two nanotubes. Reprinted from Ref.
61, with permission from Elsevier, Copyright (2004)
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nanofibers into SnO2 nanotubes composed of several nanometer-sized crystallites.
The SnO2 nanotube network sensor responds to ethanol, H2, CO, NH3 and NO2

gases, and has proven to exhibit excellent sensitivity to ethanol owing to its
hollow, nanostructure character. The results demonstrate that the combination of
electrospinning and ALD is a very effective and promising technique to fabricate
long and uniform metal oxide nanotubes for gas sensing applications.

Despite the shortcomings in the maximum attainable nanotube length, the
ALD-powered directed method has much to offer in terms of simplicity of the
processes involved and uniformity of the resulting nanotubes. Therefore, it is
considered to be highly favorable for mass production environments where high
yield is desired. Another advantage granted by ALD is the applicability of this
process to a wide range of materials; Finally, ALD also enables us to make
nanotubes with a multiwall structure [67].

7.2.3 Ultra-Thin Gas Sensing Films Deposited by ALD

The other approach is straight forward. Pinhole free dense metal oxide films with
thicknesses comparable to the Debye length can be deposited by ALD and utilized
for sensing applications. For compact thin films, the interaction with surrounding
gases takes place only at the geometric surface. The best sensitivity can be
obtained when the depletion layer extends through the whole film; when the
depletion layer is thinner than the whole film, the film with higher resistivity shows
higher response.

Du and George conducted a thorough fundamental study on the CO gas sensing
processes on ultrathin SnO2 film surface by FTIR [68]. Ultrathin tin oxide films were
deposited on SiO2 nanoparticles using ALD techniques. These SnO2 films were then
exposed to O2 and CO gas pressure at 300 �C to measure and understand their ability
to serve as CO gas sensors. The response of the ultrathin film was consistent with
both the ionosorption and oxygen-vacancy models for chemi-resistant semicon-
ductor gas sensors. As shown in Fig. 7.7a, Du’s study demonstrated that O2 presence

Fig. 7.6 A tilt view FE-SEM image of Ru nanowire array device on Ti/Si substrate (6a), and
schematic of the geometry of the Ru nanowire sensor (6b). Reprinted from Ref. 63, with
permission from Elsevier, Copyright (2008)
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is not necessary for the SnO2 films to detect CO. The study indicates that CO can
produce oxygen vacancies on the SnO2 surface that can be ionized and release
electrons which increase the SnO2 film conductivity as suggested by the oxygen-
vacancy model. By introduction and evacuation of CO with presence of O2, the
surface reaction of the ultrathin SnO2 film to both CO and O2 were investigated. It
shows that the surface response to CO is one magnitude faster than that to O2. The
results were summarized in Fig. 7.7b. Du and George also conducted a systematic
study regarding the thickness dependence on CO gas sensing [69]. Ultrathin tin oxide
films with a wide range of thicknesses were deposited on flat hotplate templates by
ALD. As seen in Fig. 7.8, the CO gas sensitivity increased for thicknesses between
15.9 and 26.2 Å and then decreased for thicknesses between 26.2 and 58.7 Å. The
results were interpreted in terms of the Debye length and resistance for the SnO2

ALD films. The gas sensor sensitivity was temperature dependent and displayed its
highest sensitivity at temperatures between 250 and 325 �C. The response times of
the SnO2 ALD gas sensors were also faster at operating temperatures above 260 �C.

Besides the work done by Du and George, a comparative study was performed
by Utriainen et al. [70]. The sensitive layer, 20–50 nm thick SnO2, was deposited
by ALD and PVD on top of a micro hotplate structure. The results were compared
to a conventional thick film SnO2-based sensor. The study found that the gas
sensitivity characteristics between PVD and the thick film sensor are quite similar,
but ALD SnO2 possessed differences and interesting possibilities especially in
terms of selectivity, baseline stability and recovery speed. Niskanen produced the

Fig. 7.7 According to Drude-Zener theory, the absorbance at a given wavelength is directly
related to the electrical conductivity of materials. a the background infrared absorbance versus
time for CO introduction without O2 and then was evacuated from the reactor. This behavior
argues that CO introduction produces both reversible and irreversible effects on the SnOx ALD
film. These vacancies produced when exposed to CO remain after CO evacuation and will not be
filled until O2 is reexposed to the SnOx ALD film. b investigation of the transient for CO
introduction and evacuation in the presence of O2. The different time scales observed in b reflect
the different kinetics for either the CO reaction with surface oxygen to produce CO2 or O2

refilling oxygen vacancies or forming ionosorption species on the surface of the SnOx ALD film.
Reprinted from Ref. 68, with permission from Elsevier, Copyright (2008)
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gas-sensitive tin dioxide film in a micro-hotplate gas sensor [71] by ALD. The
performance of the device was demonstrated using ethanol, acetone and acrylo-
nitrile as model analytes. The fast response times and low drift rates of the output
signal indicates a structurally stable tin dioxide film again reflecting the capabil-
ities of ALD in gas sensor applications.

A recent report also confirms Du’s results. Natarajan reported the influence of
film thickness on the electrical and gas sensing properties of tin oxide thin films
grown by the ALD technique [72]. It is found that the sheet conductance of the
films increased with the thickness and was not significantly influenced by the film
thickness when over 50 nm. The authors explained this effect by oxygen depletion
at the film surface, and the proposed explanation was verified by subjecting the
films to different lengths of post-annealing in an oxygen depleted atmosphere. It
was observed that the film thickness had a significant influence on the gas sensing
property of the films. The films had maximum sensitivity to ethanol when the
thickness was about 40 nm. The authors proposed a model to explain this obser-
vation based on the increase in resistance due to multiple grain boundaries.

Kim studied the influence of the structure of SnO2 films on gas sensing prop-
erties [73]. Epitaxial SnO2 films were deposited on TiO2 single crystals with
various orientations by plasma enhanced atomic layer deposition (PEALD). All the
SnO2 films were 90 nm thick after 1,000 ALD cycles and epitaxially grown on
TiO2 substrates. Differently oriented epitaxial SnO2 films showed different H2 gas
response and different temperature dependence of gas response. Lee et al. utilized
a similar PEALD process to deposit SnO2 thin films on Si (100) substrate [74]. It is
found that the dominant oxygen species for post-annealed films were O2

-, O2-

and O- for 100, 200 and 400 cycles, respectively; and the film for 200 cycles has a
good CO sensing property at the highest concentration of O2- species.

Besides SnO2 thin films, other gas sensing functional materials deposited using
ALD are also being studied. Ra presented the gas sensing characteristics of the
individual ZnO nanowires with single-crystalline and multiple grain boundaries (GBs)

Fig. 7.8 Sensor responses to
a CO pressure of 11 mTorr at
300 �C for various ALD film
thicknesses grown on
separate hotplate templates.
Reprinted from Ref. 69, with
permission from Elsevier,
Copyright (2008)
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fabricated using bottom-up and top-down approaches [75, 76], respectively. ZnO
nanowire arrays are fabricated by nanoscale spacer lithography, a top-down paradigm
consisting of photolithography, ZnO atomic layer deposition, and low-damage dry
etching. ZnO nanowire devices based on this technique showed good electrical
transport and gas sensing properties to various concentrations of H2 and CO.

Aronniemi investigated an iron oxide thin film grown with ALD for gas sensor
applications [77]. X-ray photoelectron spectra recorded at elevated temperature
imply that the surface iron is mainly in the Fe3+ state and that oxygen has two
chemical states: one corresponding to the lattice oxygen and the other to adsorbed
oxygen species. Electric conductivity has an activation energy of 0.3–0.5 eV and
almost Ohmic current–voltage dependency. When exposed to O2 and CO, a typical
n-type response is observed.

7.2.4 Potential Application of ALD on Loading Catalytic
Nanoparticles/Nanoclusters

A conventional method aimed at the enhancement of sensitivity and selectivity of
semiconducting metal oxide nanomaterials consists of loading the nanostructures
with catalytic metal nanoparticles and nanoclusters, e.g., palladium, platinum, gold
and silver. Figure 7.9a shows transmission electron micrograph of tin oxide
nanowires and nanobelts covered with vapor-deposited palladium clusters.
Pd nanoparticles on the surface of tin dioxide nanostructures led to the increase in
the sensitivity with respect to oxygen and hydrogen [78]. This is explained by the
increase in the concentration of O- anions due to the acceleration of dissociation
of oxygen molecules on palladium particles, as shown in Fig. 7.9b. In turn, the size
of dopant nanoparticles also affects the sensitivity of nanomaterials with respect to

Fig. 7.9 Illustration of loading nanoslusters on the surface of sensing materials. a TEM images
of SnO2 nanostructures produced using vapor synthesis method, covered with vapor-deposited Pd
clusters. b schematic depiction of the accelerated dissociation of molecular oxygen on Pd
nanoparticles; as well as the band diagram of the pristine SnO2 nanostructure and in the vicinity/
beneath a Pd nanoparticles. Reprinted from Ref. 78, with permission from Elsevier, Copyright
(2005)
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gases [79]. Joshi and coworkers developed ppb-level gas sensors composed of
mono-dispersed SnO1.8:Ag nanoparticle films by varying the Ag particle size as
well as its concentration through a well-defined aerosol route. As shown in
Fig. 7.10, the sensitivity of this system with respect to ethanol vapor increased
with a decrease in the size of silver particles deposited on tin dioxide particles; and
shorter response and recovery times are also observed upon decreasing the size of
Ag nanoparticles. The timescales for response and recovery observed in Fig. 7.10b
and 10c also confirm Du and George’s findings.

It is well known that islands are formed during the initial growth stage of ALD for
some material systems. Island formation is usually observed for metal ALD on oxide
substrates. For example, copper nanoparticles were deposited inside the pores of
anodized aluminum oxide using atomic layer deposition [80]. Figure 7.11a–7.11c
show cross-sectional SEM images of samples with copper particles deposited with
100, 200 and 400 cycles, respectively. It is clear that the particles are densely and
evenly distributed along the pore walls. Roy et al. reported the nucleation of
transition metals during the initial ALD process, and found that the nanoparticle size
increased and coverage density also changed with the deposition numbers [81].

Fig. 7.10 Influence of Ag particle size on ethanol sensing of SnO1.8:Ag nanoparticles films.
a Variation of sensor signal with size of Ag particles at different Ag concentrations at 400 �C for
1,000 ppm ethanol, b Variation of response time at 400 �C for 1,000 ppm ethanol with size of Ag
particles in SnO1.8 :Ag sensors, c variation of recovery time at 400 �C in synthetic air with size
of Ag particles in SnO1.8 :Ag, sensors. Reprinted from Ref. 79, with permission from Elsevier,
Copyright (2006)
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This unique feature is also being explored for use in catalytic reaction appli-
cations. Stair et al. fabricated a useful platform for heterogeneous catalysis [82].
Coating the AAO walls with catalytically active materials turns the nanolith into a
novel catalytic system. Pellin et al. showed that atomic layer deposition on anodic
aluminum oxide is a facile, flexible route to the synthesis of catalytic membranes
with precise control of pore wall composition and diameters [83]. The ultra-
uniform inorganic catalytic membranes exhibit a surprising specificity and con-
version for ODH of cyclohexane to cyclohexene. The oxidative dehydrogenation
of cyclohexane was shown to depend strongly on pore diameter and to be more
specific than similarly active alumina powder catalysts. Vajda and Curtiss used
ALD to coat porous AAO membranes with alumina before Pt-cluster deposition
[84]. The ALD process ensures a uniform surface chemistry for the attachment of
the clusters. As illustrated in Fig. 7.12, the study showed that size preselected Pt
clusters stabilized on high-surface-area supports are 40–100 times more active for
the oxidative dehydrogenation of propane than previously studied platinum and
vanadia catalysts, while at the same time maintaining high selectivity towards
formation of propylene over by-products. These results seem to form the basis for
development of a new class of catalysts by providing a route to bond-specific
chemistry, ranging from energy-efficient to environmentally friendly synthesis
strategies and furthermore, may be very useful for the sensitive and selective
detection of hydrocarbons. However, there is no report to date on the utilization of

Fig. 7.11 Cross-sectional SEM image of nanoporous alumina substrates with copper nanopar-
ticles deposited for a 100 cycles b 200 cycles and c 400 cycles. Reprinted from Ref. 80, with
permission from Elsevier, Copyright (2003)
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ALD to load the catalytic metal nanoparticles and nanoclusters onto quasi-1
dimensional gas sensing nanostructures. There is a great opportunity to investigate
the utilization of ALD to load the catalyst and study the gas sensing performance
of such nanostructures.

7.3 Concluding Remarks and Future Directions

In this chapter, we summarized the atomic layer deposition and its unique features,
the sensing mechanism of solid sate metal oxide gas sensors, the exploration of
using quasi-1 dimensional nanostructures in improvement of gas sensing perfor-
mance, and the potential of using ALD as a tool to fabricate the nanomaterials.

ALD is a surface-controlled deposition process and is renowned for its self-
limiting nature to deposit films in a layer-by-layer fashion. The extremely high
level of thickness control, the atomic level composition manipulation, together
with the excellent conformality are the most important characteristics among the
many benefits of ALD. These unique features make ALD attractive for integrated
circuit and data storage, organic light emissive diode (OLED), solar as well as
sensing applications. ALD is now considered as an enabling tool for nanoscience
and nanotechnology.

Compact metal oxide solid state chemical sensors are the most promising and
have been widely used in the detection of toxic pollutants and inflammable gases.
With a large surface-to-volume ratio and Debye length comparable dimensions,
quasi-1 dimensional nanomaterials have been regarded as one of the best candidates

Fig. 7.12 Catalyst activity and selectivity. Selectivity of the Pt8–10-based catalysts at various
temperatures and support compositions: SnO/Al2O3 at 400 �C (a), SnO/Al2O3 at 500 �C (b) and
Al2O3 at 550 �C (c). TOFs of propylene produced on the Pt8–10 catalysts (green) and reference
ODH catalysts (grey) expressed as number of propylene molecules formed per metal atom (d). Pt
monolith and vanadia data from refs 29 and 22, respectively. Reprinted from Ref. 84, with
permission from Elsevier, Copyright (2009)
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for realizing ultrasensitive solid state sensors. The growth of one-dimensional (1D)
oxide nanostructures has been developed in the ‘‘bottom-up’’ approach which is
based on the nanometer scale building blocks such as nanotubes, nanowires and
nanobelts/nanoribbons; and a more expensive ‘‘top down’’ approach based on
patterning through lithography. However, the fabrication techniques used are not
convenient for mass production and the reproducibility and repeatability still need
improvement when using nanomaterial arrays/films to fabricate sophisticated sensor
structures.

In this respect, thin film deposition techniques provide another suitable way to
confine the grain size. Different methods have been employed for the production of
thin films of semiconducting oxides with the aim to obtain nanostructured, stable,
cheap, low power consuming, and reliable gas sensors. ALD is being explored in
the fabrication of metal oxide nanotubes/nanorods using positive templates and
negative templates as scaffolds. ALD is also adopted to deposit pinhole free dense
metal oxide films with thickness comparable to the Debye length for sensing
mechanism study and sensitivity improvement.

As a conventional method, catalytic metal nanoparticles and nanoclusters, e.g.,
palladium, platinum, gold and silver are loaded onto semiconducting metal oxide
nanomaterials to enhance the sensitivity and selectivity. It is well known that metal
islands are formed on oxide substrates during the initial ALD growth stage. This
unique feature is being explored in the catalytic applications. However, there is no
report on the utilization of ALD to load the catalytic metal nanoparticles/nanoclusters
onto the quasi-1 dimensional gas sensing nanostructures. There is a great opportunity
to investigate the utilization of ALD to load the catalyst and great room exists for
enhancement of gas sensing performance of such nanostructures.
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Chapter 8
Microwave Synthesis of Metal Oxide
Nanoparticles

Natalie P. Herring, Asit B. Panda, Khaled AbouZeid,
Serial H. Almahoudi, Chelsea R. Olson, A. Patel and M. S. El-Shall

Abstract This chapter summarizes microwave irradiation methods for the prep-
aration of metal oxide nanoparticles and their catalytic and sensing properties and
applications. Microwave irradiation provides rapid decomposition of metal pre-
cursors and can be extended for synthesis of a wide range of metal oxide nano-
particles with various compositions, sizes and shapes. This chapter introduces the
microwave method and describes the nucleation and growth process for the for-
mation nanocrystals. We offer a broad overview of metal oxide nanostructures
synthesized by microwave irradiation including: ZnO, TiO2, CeO2, other rare earth
metal oxides, transitional metal oxides and metal ferrite nanostructures. Finally,
we describe the application of metal oxides in the photocatalytic degradation of
organic dyes and gas sensing devices.

8.1 Introduction

The synthesis and characterization of nanocrystals with controlled size and shape
have attracted rapidly growing interest both for fundamental scientific interest and
many practical and technological applications [1–6]. The shape control and
assembly of nanostructures into organized patterns provide valuable routes to the
design of functional materials and to a variety of applications [1–6]. Several methods
based on physical and chemical approaches have been developed for the synthesis of
controlled size and shape nanostructures. Examples of these approaches include
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solvothermal methods, template-assisted, kinetic growth control, sonochemical
reactions, and thermolysis of single-source precursor in ligating solvents [1–19].

Microwave Irradiation (MWI) methods provide simple and fast routes to the
synthesis of nanomaterials since no high temperature or high pressure is needed.
Furthermore, MWI is particularly useful for a controlled large-scale synthesis that
minimizes the thermal gradient effects [20–41]. The heating of a substance by
microwave irradiation depends on the ability of the material (solvent or reagent) to
absorb microwave radiation and convert it into heat. This is based on two principal
mechanisms: dipole rotation and ionic conduction, that is, by reversal of solvent
dipoles and the resulting replacement of charged ions of a solute [42, 43]. Polar
reactants with a high microwave extinction coefficient can be excited by direct
absorption of microwaves. Due to the difference in the solvent and reactant
dielectric constants, selective dielectric heating can provide significant enhance-
ment in reaction rates. By using metal precursors that have large microwave
absorption cross-sections relative to the solvent, very high effective reaction
temperatures can be achieved. The rapid transfer of energy directly to the reactants
(faster than they are able to relax), causes an instantaneous internal temperature
rise. Thus, the activation energy is essentially decreased as compared with con-
ductive heating and the reaction rate increases accordingly. As a consequence,
reactions might be performed at lower temperatures and hotspots or other tem-
perature inhomogeneities can be prevented. Furthermore, reaction parameters such
as temperature, time, and pressure can be controlled easily. This also allows the
rapid decomposition of the precursors thus creating highly supersaturated solutions
where nucleation and growth can take place to produce the desired nanocrystalline
products. These conditions lead to the formation of very small nanocrystals since
the higher the supersaturation the smaller the critical size required for nucleation.
Thus, in the synthesis of nanocrystals using MWI, the reaction can be controlled
very conveniently, and the resulting nanocrystals show very good monodispersity
and crystallinity.

The growth of the newly formed nanocrystals can be effectively inhibited by the
adsorption of ligating organic surfactants that bind strongly to the nanocrystals,
thus stabilizing and passivating the surface. Furthermore, selective adsorption of
the ligating organics can significantly slow down the growth of the nanocrystal in
all but the favorable crystallographic plane thus resulting in a one dimensional
(1D) structure. Since in MWI it is possible to quench the reaction very early on
(*10 s), this provides the opportunity of controlling the nanostructures from small
spherical nuclei to short rods to extended assemblies of nanowires by varying the
MWI reaction time and the relative concentrations of different organic surfactants
with variable binding strengths to the initial precursors and to the nanocrystals.

MWI methods have been demonstrated for the synthesis of a variety of high
quality, nearly monodisperse semiconductor, metal and metal oxide nanoparticles
as well as one-dimensional nanostructures [20–41]. In this chapter, we describe
several examples of the application of MWI for the synthesis of a variety of metal
oxide nanostructures of controlled size and shape. We also provide an overview of
the use of metal oxide for the development of nanoparticle‘s formation of efficient
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photocatalysts and gas sensors for a variety of environmental and analytical
applications. In order to provide a basic understanding of nanoparticle’s formation,
we first present a brief overview of the classical nucleation theory (CNT) since
nucleation and growth greatly influence the control of the size and shape of
nanoparticles which consequently determine the unique properties that may
characterize nanoparticles [44–47].

8.2 Brief Overview of Nucleation and Growth from the Vapor
Phase

Nucleation of liquid droplets from the vapor or nanocrystals from the solution
phase can occur homogeneously or heterogeneously. Homogeneous nucleation
occurs in the absence of any foreign particles or surfaces when the vapor mole-
cules themselves cluster to nuclei within the supersaturated vapor or solution.
According to the Classical Nucleation Theory (CNT) for vapor phase nucleation,
embryonic clusters of the new phase can be described as spherical liquid droplets
with the bulk liquid density inside and the vapor density outside [44, 45]. The free
energy of theses clusters relative to the vapor is the sum of two terms: a positive
contribution from the surface free energy and a negative contribution from the
bulk free energy difference between the supersaturated vapor and the liquid. The
surface free energy results from the reversible work in forming the interface
between the liquid droplet and the vapor. For a cluster containing n atoms or
molecules, the interface energy is given by

rAðnÞ ¼ 4prð3v=4pÞ2=3n2=3 ð8:1Þ

Where r is the interfacial tension or surface energy per unit area, A(n) is the
surface area of the clusters, and v is the volume per molecule in the bulk liquid.
Since n molecules are transferred from the vapor to the cluster, the bulk contri-
bution to the free energy is n (ll - lv) where ll. And lv are the chemical
potentials per molecule in the bulk liquid and vapor, respectively. Assuming ideal
vapor, it can be shown that

ll � lvð Þ ¼ �n kBT ln S ð8:2Þ

Where kb is the Boltzmann constant, T is the temperature, and S is vapor super-
saturation ration defined as S = P/Pe, where P is the pressure of the vapor and Pe is
the equilibrium or ‘‘saturation’’ vapor pressure at the temperature of the vapor (T).

The sum of the contributions in Eqs. (8.1) and (8.2) is the reversible work (free
energy) W(n), done in forming a cluster containing n atoms or molecules. This free
energy is given by

W n�ð Þ ¼ �n kBT ln S þ 4prð3v=4pÞ2=3n2=3 ð8:3Þ
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Because of the positive contribution of the surface free energy, there is a free
energy barrier which impedes nucleation. The smallest cluster n* which can grow
with a decrease in free energy is determined to be:

n� ¼ 32pr3v2=3 kBT ln Sð Þ3 ð8:4Þ

Substituting n* into Eq. 8.3 yields the barrier height W(n*), given by

W n�ð Þ ¼ 16pr3v2=3 kBT ln Sð Þ2 ð8:5Þ

It is clear from Eq. (8.5) that increasing the supersaturation (S) reduces the
barrier height and the critical cluster size (n*) and hence, fluctuations can allow
some clusters to grow large enough to overcome the barrier and grow into stable
droplets.

8.3 Nucleation and Growth from Supersaturated Solutions

The formation of nanocrystals in supersaturated solutions follows the basic prin-
ciples of crystallization: a nucleation event precedes the growth of nanocrystals
and eventually bulk crystals. The most widely accepted mechanism is known as La
Mer-mechanism [46]. According to this mechanism, the reaction can be divided
into three phases: first, the concentration of reactant increases gradually and
eventually exceeds solubility. Second, the concentration of reactants reaches the
critical limit of supersaturation and rapid nucleation occurs. This nucleation burst
results in a sudden decrease of reactant concentration. Finally, nuclei grow slowly
as the reaction solution depletes in reactants. Since growth is usually thermody-
namically favored over nucleation, nanoparticles can be grown monodispersely
when the second phase can be limited to a short period of time by suitable choice
of reactant concentration and temperature. The overall nanocrystals’ formation can
be described in terms of three stages: (1) nucleation, (2) growth and (3) compet-
itive growth which is commonly referred to as Ostwald ripening (47–49). For the
formation of monodisperse nanocrystals, single rather than multiple nucleation
events are necessary in order to prevent additional nucleation during the sub-
sequent growth process [13, 15, 46]. Therefore, the key point to achieve good
control over the size and size distribution of nanoparticles is to decouple the
nucleation and growth processes. In the nucleation stage, the number and size of
the small nuclei formed are controlled by the degree of the solution supersatura-
tion. As shown by the CNT above, the larger the supersaturation, the smaller the
critical size of the nucleus and the smaller the nanocrystals that can grow. At the
second stage, nanocrystals exhibit a monotonic growth due to the addition of
atoms from the solution into the nuclei which results in decreasing the degree of
supersaturation with time and increasing the total volume of the nanocrystals.
Finally, when the nanocrystals are large enough and the degree of supersaturation
is negligible, since all atoms are already incorporated in the nanocrystals, Ostwald
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ripening starts to operate where competitive growth or diffusion-limited aggre-
gation takes place [47]. This process results in an increase in the mean size of the
nanocrystals due to the mass transfer from smaller to larger particles. The net
result is that larger particles grow and smaller particles shrink in size. Another
result is that the number of particles in a system is drastically reduced, as smaller
particles vanish completely in order to donate their atoms for the continued growth
of the larger particles [47]. Therefore, not only does the surface-to-volume ratio of
the larger particles decrease, making them more stable, but the less stable (smaller)
particles become fewer, and the total surface energy of the system decreases.

The growth of the newly formed nanocrystals can be effectively inhibited by the
adsorption of ligating organic surfactants that bind strongly to the nanocrystals,
thus stabilizing and passivating the surface. The ability to cap the nanocrystal’s
surface provides a way not only to control the surface states, but also to prevent
rapid agglomeration of the particles due to Ostwald ripening. MWI in organic
solutions allows the production of high degrees of supersaturation due to the rapid
heating of the nanocrystals’ precursors [20, 21, 24, 29, 33, 38–40]. The size of the
nanocrystals is tuned by varying the concentration of the precursors and the MWI
times, while the shape is controlled by varying the concentration and composition
of the ligating solvents which stabilize the nanocrystals by passivating the surfaces
[20, 21, 33–35, 40]. Following MWI for the desired time in an organic phase, the
synthesized nanocrystals can be separated by size-selective precipitation through
the gradual addition of a hydrophilic solvent such as ethanol to the toluene or
hexane dispersion containing nanoparticles with various particles sizes. The large
nanoparticles tend to precipitate first because of their strong van der Waals
attraction.

8.4 Experimental Methods

For all the syntheses described here, a conventional microwave oven (2.45 GHz)
operating at 600–1,000 W was used. In most cases, the reaction mixture was
microwaved in 30 s cycles (on for 10 s, off and stirring for 20 s) for reaction times
that varied from 10 s to several minutes. A schematic showing the simple
microwave components used for MWI synthesis is shown in Fig. 8.1.

For the synthesis of ZnO nanocrystals, anhydrous zinc acetate (Aldrich,
99.99 %) was dissolved in a mixture of oleic acid (OAc) (Aldrich, technical grade,
90 %) and oleylamine (OAm) (Aldrich). The reaction mixture was heated to
dissolve the zinc acetate and remove any residual water, in a hot oil bath with
stirring to 120 �C, and this temperature was maintained for 1 h. Following the
microwave reaction, the precipitate was separated from the liquid phase by cen-
trifugation and dried at 60 �C overnight.

For the synthesis of CeO2 nanocrystals, cerium acetate in a mixture of oleic acid
and oleylamine is first heated to about 110 �C in order to remove the hydrated
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water and obtain a clear solution. The mixture is then transferred quickly to a
conventional microwave for the desired amount of time.

For the synthesis of colloidal TiO2 nanocrystals, titanium butoxide ? titanium
tetrachloride were used as precursors and a mixture of OAc/OAm as ligating
solvents [48, 49]. For the synthesis of rare earth oxides, metal acetate or metal
acetylacetonate was used as a precursor and a mixture of OAc/OAm as ligating
solvents [35]. For the synthesis of Au, Ag, Pt, Ni, and Co, the precursors used were
HAuCl4, silver acetate, platinum acetylacetonate, nickel acetylacetonate, and
Co2(CO)8, respectively. After microwaving for the desired time, the synthesized
nanocrystals were washed with ethanol, centrifuged, and re-dispersed in hydro-
phobic solvents such as toluene or dichloromethane.

For the synthesis of metal ferrite nanocrystals, high-purity iron(III) acetate
[Fe(acac)3], cobalt(III) acetate [Co(acac)2], manganese(II) acetate [Mn(acac)2],
zinc(III) acetate [Zn(acac)2], nickel(II) acetate [Ni(acac)2], oleic acid and oleyl-
amine have been used (Aldrich and Fluka) as received without further purification.
In a typical reaction for the synthesis of Fe3O4 nanoparticles, a mixture of oleic acid
(3.6 ml, 0.011 mol) and oleylamine (3.75 ml, 0.011 mol) was heated at 110–120 �C
in an oil bath and 0.19 g of Fe(acac)3 was added to the solvent under vigorous
stirring for 10 min, which resulted in a clear brown solution. The clear solution was

Fig. 8.1 Schematic showing the MWI experimental setup
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placed in a conventional microwave with the power set to 60 % of 650 W and
operated in 3 min cycles (on for 2 min, off and stirring for 1 min) for total micr-
owaving times that varied from 6 to 20 min. It should be mentioned that continuous
microwaving, instead of the 3 min cycles, resulted in particles with broad size
distributions. After microwaving for 3–4 min the reaction mixture turned black. The
progress of the reaction was monitored by taking aliquots at different microwaving
times. After microwaving for a desired time, the resultant nanocrystals were pre-
cipitated from the reaction mixture using ethanol, and the precipitate was collected
after centrifugation. The solid precipitate was re-dispersed in typical hydrophobic
solvents such as toluene, dichloromethane, chloroform or hexane. Precipitation and
dispersion were repeated for 2–3 times to remove the free ligating solvents.

For the synthesis of CoFe2O4, MnFe2O4, NiFe2O4 or ZnFe2O4 nanoparticles,
the metal (II) acetylacetonate [Co(acac)2, Mn(acac)2, Ni(acac)2 or Zn(acac)2] with
Fe(acac)3 in a molar ratio of 1:2 was used. The other synthetic procedures were
similar to that of the Fe3O4 nanoparticles. A major difference was observed in the
synthesis of the MnFe2O4 nanoparticles where the use of 3:1 oleic acid to oley-
lamine ratio produced large cube-like structures with particle size *120 nm.

8.5 Selected Oxide Nanostructures

8.5.1 ZnO Nanostructures

ZnO nanostructures have been extensively studied due to their unique properties
which make them promising materials for potential uses in various applications
including sensors, catalysis and optoelectronic devices [50–64]. Many methods to
synthesize ZnO nanostructures have been reported [50–79]. These methods
include chemical vapor deposition (CVD) [53, 58], chemical bath deposition, pulse
laser deposition [67, 68, 72] and other high temperature methods [65, 67, 68, 72,
76], as well as, thermal [69, 71, 73, 76, 79] and microwave [66] assisted synthesis
methods. Furthermore, each of these methods utilizes different starting materials
and proceeds via different reaction pathways. For these reasons, each method
produces particles with unique morphologies and physical and electronic proper-
ties. One challenge is the development of a rational synthesis strategy for the
production of nanoparticles. We have developed a simple microwave method for
the synthesis of ZnO nanoparticles with controlled morphology. Through this
technique, hexagonal pyramids, nanotriangles and nanorods are synthesized by
varying the capping materials.

It was observed that the resulting morphology of the ZnO nanostructures is
strongly dependent on the molar ratios of oleic acid relative to oleylamine. The
resulting morphologies are summarized in Table 8.1. Particles produced in the
absence of oleylamine resulted in spherical and rod shaped nanoparticles,
increasing the amount of oleylamine leads to pyramidal shaped particles.
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Preparing the particles using equimolar proportions produces triangular pyramid
morphologies. Figure 8.2 displays typical TEM images of the nanostructures
produced using only oleic acid (a and b) or only oleylamine (c and d) at different
MWI times. It is obvious that rod morphologies are predominant in pure oleic acid
while the pyramid morphologies are dominant in pure oleylamine. The reaction is
much faster in the presence of oleic acid as compared to pure oleylamine.
Spherical ZnO nanoparticles are observed following the MWI for 30 s in pure
oleic acid. These particles grow into long rods at longer reaction times as shown in
the TEM image of Fig. 8.2b obtained following MWI of the zinc acetate solution
in pure oleic acid for 60 s. In pure oleylamine, MWI for 10 min produces pyramid-
shape particles as shown in the TEM images displayed in Fig. 8.2c and d. At
equivalent proportions of oleic acid to oleylamine, uniform triangular pyramid
particles are formed as shown in Fig. 8.3a. This morphology is still predominant
with increasing the amount of oleic acid as shown in Fig. 8.3b for a mixture
containing a 3:1 molar ratio of oleic acid to oleylamine. However, increasing the
amount of oleylamine produces hexagonal pyramid shaped particles as shown in
Fig. 8.3c and d for a mixture containing a 1:3 molar ration of oleic acid to
oleylamine. Therefore, the oleic acid and oleylamine act as capping agents with
different selectivity to different crystal faces of the ZnO nanostructures.

The XRD patterns of the different nanoparticle shapes are shown in Fig. 8.4.
The observed diffraction peaks reveal that all the prepared morphologies have the
hexagonal ZnO crystal structures (JCPDS Reference # 36–1451). It is interesting
to note that even though all three morphologies have the same crystal structure,
different crystal planes have different relative intensities. Differences in peak
intensities, relative to the 101 peak, signify preferential growth in specific direc-
tions, which results in the various morphologies observed. Significant enhance-
ment in the intensity of the 100 and 110 faces is observed for the hexagonal
pyramid shaped particles. This is probably due to excess oleylamine, which must
cap other faces more efficiently than the 100 and 110 faces. Also, for triangular
prymid shaped particles, the effect of oleic acid is clearly observed as a decrease of
the intensity of the 100 face, which indicated preferable capping of this face.

Figure 8.5 displays the UV-Vis absorption spectra of the spherical, pyramidal
and rod shape nanoparticles dispersed in toluene. Absorption of ZnO nanoparticles
can provide valuable information regarding particle size, shape and sample
homogeneity (73). There exist three main components for a ZnO absorption
spectrum: absorbance edge, main peak and tailing absorption. Tailing is most

Table 8.1 Summary of ZnO
particle morphologies
resulting from using different
molar ratios of oleic acid
(OAc) relative to oleylamine
(OAm)

OAc: OAm Morphology

3:1 Triangular pyramid
1:1 Triangular pyramid
1:3 Hexagonal pyramid
OAm Only Triangular pyramid
OAc Only Spherical and rod
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likely attributed to scattered light from the colloidal suspension. The absorption
edge is due to electronic transitions between the valence and conduction bands.
The sharpness of the edge is related to the homogeneity of the sample, with the
edge broadening as the particle size distribution increases (73). However, it is
important to note that the largest particles are the main contributors to the
absorbance edge while all particles contribute to the maximum absorbance peak.
As shown in Fig. 8.5, all absorption peaks are significantly blue-shifted from the
absorption of bulk ZnO, which absorbs at approximately 385 nm (3.2 eV). Since
both the triangular and hexagonal pyramidal shape particles are similar in size,
they display similar onset absorption around 370 nm with tailing absorption at
longer wavelengths. Rods prepared in the presence of oleic acid only show a
significantly more blue-shifted absorption peak (around 350 nm) than the pyra-
midal structures. It is worthy to note that the rods are larger than the pyramidal

Fig. 8.2 TEM images of ZnO nanostructures prepared by MWI of 0.1 M zinc acetate solution in
pure oleic acid for 30 s (a) and 60 s (b). The triangular pyramid shape particles shown in (c) and
(d) were prepared by MWI of 0.1 M zinc acetate solution in pure oleylamine for 10 min
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structures particles, yet their absorptions appear blue-shifted. Since smaller par-
ticles absorb at shorter wavelengths, this absorption peak may be attributed to
many small particles adsorbed at the edges of the ZnO rods.

8.5.2 TiO2 Colloidal Nanostructures

TiO2 nanocrystals have attracted much interest due to their unique electronic,
optical, catalytic, chemical, and photochemical properties which contribute to a
wide variety of applications in solar cells, pigments, gas sensors, and photoca-
talysis [80–85]. The synthesis of colloidal TiO2 with controlled size, shape and
crystal structure is essential for many of theses applications. Bulk TiO2 has three

Fig. 8.3 TEM images of ZnO nanostructures prepared by MWI of 0.1 M zinc acetate solution in
different molar ratios of oleic acid (OAc) to oleylamine (OAm). The ratios of OAc : OAm are:
(a) 1:1 for 10 min, (b) 3:1 for 10 min and (c, d) 1:3 for 15 min
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crystalline phases: rutile is the high temperature phase, and both anatase and
brookite are metastable phases and transform to rutile at high temperatures, around
700–1,000 �C [80–85].

The TiO2 nanocrystals are prepared using titanium butoxide ? TiCl4 as
precursors and OAc-OAm as ligating solvents [86]. Figure 8.6 displays TEM
images of the TiO2 nanocrystals prepared under different reaction conditions. When
the mole ratio of the precursors to the OAm to the OAc is approximately 1:4:2 under
short MWI times (5–10 min), small spherical or elongated particles are formed

Fig. 8.4 XRD patterns
of ZnO nanostructures
prepared by MWI of 0.1 M
zinc acetate solution in
different molar ratios of oleic
acid (OAc) to oleylamine
(OAm) as indicated
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(Fig. 8.6a). Rods are obtained by using only OAm with a higher concentration
relative to the precursor (6:1), as shown in Fig. 8.6b. Prolonging the MWI reaction
time results in growth of the nanoparticles to form cube-like (Fig. 8.6c) and star-like
aggregated rods (Fig. 8.6d). For example, using relative concentrations of the pre-
cursor to the OAm to the OAc of approximately 1:6:9 under long MWI times
(10–15 min) results in orientationally aggregated rods around a central particle
producing a star-like shape (Fig. 8.6d). However, if the concentration of the OAc is
increased (precursor: OAm: OAc = 1:6:18), most of the nanocrystals display cube-
like and bipyramid shapes (Fig. 8.6c). The selective crystal growth with different
shapes is due to the strong ligand binding and passivation of the oleic acid—
oleylamine to the TiO2 nanocrystal surfaces. The growth of cube-like and bipyramid
shapes under high concentrations of oleic acid is consistent with its strong binding to
certain surfaces of the anatase crystals [80, 83].

Fig. 8.5 UV-Vis absorption
spectra of ZnO
nanostructures prepared by
MWI of 0.1 M zinc acetate
solution in (top) pure oleic
acid (30 s), (middle) 1:1 oleic
acid to oleylamine (10 min),
and (bottom) pure oleylamine
(10 min)
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The XRD pattern of the prepared TiO2 nanocrystals, displayed in Fig. 8.7a, is
consistent with the standard pattern of anatase (JCPDS 21–1272). No peaks are
found at 278 or 318, indicating the absence of rutile and brookite phases. However,
the results indicate that depending on the precursor used, different phases of TiO2

are obtained. For example, when titanium tetrachloride was used, a mixture of
anatase and rutile was obtained.

The UV-Vis absorption and PL spectra are shown in Fig. 8.7b. The UV
spectrum is typical for anatase [87, 88]. The PL spectrum exhibits two peaks due
to band-to-band transitions centered around 384 nm, and surface trap states at
425 nm. No peaks are observed between 600 and 800 nm, which are associated
with transitions from the conduction band edge to holes trapped at the interstitial
Ti3+ site [81].

Fig. 8.6 TEM images of TiO2 nanocrystals with different shapes: a spherical, b rods, c cubes
and d star-like shape
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8.5.3 CeO2 Nanostructures

CeO2 nanostructures have wide applications in many fields such as catalysis, fuel
cells, surface modifications, lubrications, gas sensors, radiation protectors, and
anode materials for lithium ion battery systems [78, 89, 90]. The properties of
CeO2 nanocrystals are significantly different, and in most cases, superior to the
properties of bulk ceria composed of micron-sized particles. For example, sig-
nificant enhancement is found in the rate of CO oxidation on gold nanocatalysts
supported on CeO2 nanocrystals as compared to the same catalyst supported on
micron-sized CeO2 particles [27]. Also, the electronic conductivity of CeO2

nanocrystals is much higher than in large particles [78]. It is expected that CeO2

nanocrystals with different shapes would exhibit different quantum confinement
effects, and therefore display different optical and PL properties.

For the MWI synthesis of CeO2 nanocrystals, cerium acetate in a mixture of
oleic acid and oleylamine is first heated to about 110 �C in order to remove the
hydrated water and obtain a clear solution. The mixture is then transferred quickly
to a conventional microwave for the desired amount of time. Different shapes of
the CeO2 nanocrystals can be obtained at different MWI times by using the mole

Fig. 8.7 a XRD pattern
and b UV-Vis absorption
(solid line) and PL (dotted
line) spectra of TiO2

nanocrystals
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ratio of 1:14:9 corresponding to Ce(ac)2:OAm:OAc, respectively. For example, at
MWI times of (1–4 min), (5–10 min) and (15–20 min), spherical particles, short
rods and wires, respectively are formed as shown from the TEM images of
Fig. 8.8a, b, and c, respectively. The 1D orientational growth leading to the for-
mation of rods and wires is induced by the presence of oleic acid which exhibits
strong binding and selective adsorption to the surface atoms of the CeO2 nano-
crystals. Increasing the concentration of the precursor and decreasing the con-
centration of OAc produces cube-like nanocrystals as shown in Fig. 8.8d. This is
consistent with the nonselective adsorption of oleylamine on the CeO2 nano-
crystals, and thus the growth occurs in 3D to produce the cube-like nanocrystals.

The evolution of the XRD patterns of the CeO2 nanoparticles prepared after 10,
20 and 30 min MWI times, respectively is shown in Fig. 8.9a. The patterns could
be readily indexed to the face-centered cubic phase (space group: Fm3 m, JCPDS
#34–0394). There is considerable broadening in the XRD peaks since the CeO2

nanoparticles are very small in dimension as shown from the TEM image in
Fig. 8.9a. As the MWI times increase, the diffraction peaks become sharper
consistent with the shape transformation from very small spherical particles to
short rods and long wires or to cube-like nanocrystals.

Figure 8.9b displays the UV-Vis and PL spectra of the CeO2 cube-like nano-
crystals. The UV-absorption shows a peak around 300 nm corresponding to a
charge transfer transition from O to Ce in the CeO2 nanocrystals. Extrapolation of
the absorption edge of this band (335 nm) indicates a band gap of 3.7 eV, which
confirms the strong quantum confinement in the prepared CeO2 cube-like nano-
crystals. This value is consistent with the reported band gap energies of ceria
nanoparticles (3.03 to 3.68 eV) prepared using sonochemical synthesis and larger
than the values (3.38 to 3.44 eV) reported for the particles prepared using reverse
micelles [91, 92]. The PL spectrum shows a major band around 430 nm, and two
low energy bands which could be attributed to surface trap states. These bands
could be related to surface modifications of the nanocrystals by the oleylamine
passivation.

8.5.4 Other Rare Earth Oxide Nanostructures

Rare earth oxides with one dimensional structure represent a particularly inter-
esting class of materials due to their unique electronic, optical, magnetic and
catalytic properties arising from the confinement of the 4f electrons [35, 93–96].
These properties are critical for many interesting applications involving, for
example, optical displays, optical communication, UV shielding, medical diag-
nostics, and efficient catalysis for the oxidation of heavy oils, jet fuels and coal
gasification [35, 94, 96].

Recently, we developed a rapid, simple and versatile MWI methodology for the
synthesis of organically passivated uniform, single crystalline rare earth oxide (M2O3,
M = Pr, Nd, Sm, Eu, Gd, Tb, Dy) nanorods (*1.2 9 4–5 nm), and cube-like or

8 Microwave Synthesis of Metal Oxide Nanoparticles 259



square nanoplates (6 9 6 nm) [35]. Figure 8.10a, b and c display representative
examples of the TEM images of the as-synthesized Eu2O3, with spherical, rod and
cube-like shapes, respectively. Figure 8.10d and e display TEM images of Gd2O3

(wires), and Pr2O3 (rods), respectively. The relative amount of rods and cube-like
nanocrystals can be controlled by the MWI time, and the relative concentrations of the
metal precursor, the oleic acid and the oleylamine. The competitive adsorption of oleic
acid and oleylamine can effectively inhibit the growth of the nanocrystal in all but the
favorable crystallographic plane where the growth is significantly enhanced thus
resulting in a 1D structure [34, 35]. The crystal plane with a higher surface energy is
expected to have a faster growth rate. By varying the relative concentrations of oleic
acid and oleylamine in the MWI syntheses, the shape of the resulting nancrystals can
be controlled. When the mole ratio of the metal precursor: OAc: OAm is 1:17:17,
spherical particles are formed as shown in Fig. 8.10a for the Eu2O3 nanocrystals. This

Fig. 8.8 TEM images of CeO2 nanocrystals with different shapes: a spheres, b rods, c wires and
d cubes
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is consistent with the stronger binding capability of oleic acid relative to oleylamine,
and therefore it binds strongly with the atoms of all the planes and the thermodynamic
limit (3D) is approached in the presence of excess oleic acid. The nanorods are formed
when the mole ratio of OAm: OAc is about 3:2 as shown in Fig. 8.10b. However,
when oleylamine is present in excess, cube-like or square nanoplates are formed as
shown for Eu2O3 in Fig. 8.10c. Repeated sets of experiments under the same MWI
times, show that the nanorods and the cube-like (or square nanoplates) are predomi-
nantly formed when the mole ratios of the metal acetate: OAm: OAc are 1:22:14 and
1:27:9, respectively. These results demonstrate that by controlling the composition of
the capping ligands good control over the shape of the resulting nanocrystals can be
achieved during the growth process.

The XRD patterns of the rare earth nanorods are consistent with the cubic Ia3
space group and exhibit intensity enhancement of the (400) diffraction compared
to the standard patterns for the bulk rare earth oxides [35]. This enhancement of
the diffraction intensity from the (400) plane is unique to the nanorods since it is
not observed in spherical or plate-like nanocrystals [94]. The high-resolution TEM
images of the individual rods and wires show well-resolved lattice planes per-
pendicular to the long axis with an interplanar distance corresponding to the

Fig. 8.9 a XRD patterns of
CeO2 nanocrystals prepared
at different MWI times.
b UV-Vis absorption (solid
line) and PL (dotted line)
spectra of CeO2 nanocrystals
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d spacing of the (400) plane of the cubic Ia3 space group [35]. The assembly of the
rods into ordered 2D supercrystals (Fig. 8.10b) has been confirmed by small angle
XRD analysis [35].

The PL properties of the rare earth nanorods synthesized by MWI have been
investigated [35]. For example, the PL spectrum of the Eu2O3 nanorods shows
strong split peaks at 612 and 620 nm which can be assigned to the 5D0 ? 7F1,2,3,4

transitions of the Eu3+ ions [35, 97]. For spherical Eu2O3 nanoparticles, these
peaks appear as a single broad band centered around 615 nm [97]. The difference
is probably due to different surface sites occupied by the Eu3+ ions in the nanorods.

8.5.5 Transition Metal Oxide Nanostructures

In this section, we demonstrate the application of the MWI method for the syn-
thesis of nearly monodisperse transition metal oxide nanocrystals. Figure 8.11
displays representative TEM images of the synthesized ZnO, Ga3O4, Mn3O4 and
In3O4 nanocrystals. The compositions of the oxide nanocrystals have been

Fig. 8.10 TEM images of Eu2O3 a spheres, b rods and c plates, and d Gd2O3 wires and e Pr2O3

rods
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confirmed by the XRD data. These nanocrystals are produced by the MW
decomposition of the corresponding metal acetylyacetonate in oleylamine –DMF
solutions (mole ratio of acetylacetonate: OAm is 1:15). Under these conditions,
Ga3O4 and Mn3O4 nanocrystals form spherical particles while ZnO and In3O4

produce nanoprisms and nanoplates, respectively. We are currently exploring the
use of mixed ligand systems such as OAm–OAc and ODA as well as different
metal precursors in order to control the composition of the oxide nanocrystals. For
example, in addition to Mn3O4, MnO nanocrystals can be synthesized by adding a
few drops of formic acid to the oleylamine liganding solvent which tends to
increase the reducing environment necessary for the synthesis of MnO.

8.5.6 Shape-Controlled Metal Ferrite Nanostructures

The nanocrystalline ferrite spinel-structured MFe2O4 materials (MFe2O4,
M = Mn, Fe, Co, Ni, Zn, Ni) have been the subject of extensive research over the
past decade due to their unique magnetic properties which make them scientifi-
cally and technologically important [97–111]. In this class of iron oxide materials,
the magnetic properties can be tuned over a wide range depending on the nature of
the dopant ions, M2+. This tunability is critical for a variety of important appli-
cations involving ferrofluids, data storage, color imaging, catalysis, biosensors,
and biomedical applications such as drug delivery, hyperthermia of cancer cells,
magnetic labeling, etc. Most of these applications require particles of uniform size
and shape distribution [100–102, 105, 107, 110]. In addition, depending on the
particular application; the magnetic nanoparticles must possess specific properties.
For example, data storage applications require particles with stable, switchable
magnetic states not affected by temperature fluctuations. In biomedical applica-
tions, the nanoparticles must exhibit super paramagnetic behavior at room tem-
perature. For high performance electromagnetic and spintronic device
applications, the tunability of both the magnetic properties and the electrical
resistivity are important [99, 103, 108, 111].

Several techniques have been developed to synthesize the ferrite nanocrystals
including for example, sol–gel processes, hydrothermal methods, co-precipitation
from solutions or reverse micelles, sonochemical reactions, solid state reactions,
and mechanical ball milling [112–115]. However, many of these methods produce
nanoparticles that are severely aggregated with nonuniform shape and size, which
create serious disadvantages for successful applications [116]. Moreover, in some
methods, the synthesized particles are poorly crystalline and calcination at high
temperatures is needed to induce the highly crystalline structures [117]. This could
lead to other problems since high temperature annealing often induces coalescence
and coarsening of the nanoparticles, thus broadening the size distribution. Fur-
thermore, magnetic hardening occurs after heat treatments at relatively high
temperatures [118]. For these reasons, the synthesis of colloidal magnetic oxide
nanocrystals by non-aqueous methods has been developed to overcome the
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disadvantages associated with the above mentioned methods. For example,
Rockenburger et al. produced transition metal oxides nanocrystals by pyrolysis of
organometallic precursors in long chain amines [119]. Jana et al. synthesized
transition metal oxides nanocrystals by decomposition of metal carboxilates in
oleic acid and octadecene [120]. Hyeon et al.reported the synthesis of c-Fe2O3,
Fe3O4, CoFe2O4, and MnFe2O4 using metal carbonyls as precursors and trimeth-
ylamine oxide as an oxidant in non-aqueous solutions [117, 121, 122]. Sun et al.
demonstrated the synthesis of nearly mono-disperse Fe3O4, CoFe2O4, and
MnFe2O4 nanocrystals using metal acetylacetonates as precursors in the presence
of 1,2-hexadecanediol, oleylamine, and oleic acid [123]. All of these successful
methods involve high temperature (*300 �C) decomposition of the metal pre-
cursor and a rigorous inert environment. The requirements of high temperature and
inert atmosphere limit the large-scale production of the magnetic nanoparticles.

Fig. 8.11 TEM images of ZnO prisms, Ga3O4 spheres, Mn3O3 spheres and In3O4 cubes
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Clearly, there is a need to develop a general and simple synthetic method operative
at near room temperature in air and applicable to a wide range of ferrite systems.

Recently, we have developed a general procedure for the synthesis of a variety
of high quality, crystalline metal ferrite nanostructures (MFe2O4, M = Mn, Fe,
Co, Ni and Zn) with narrow size distributions in a mixture of oleic acid and
oleylamine using the MWI approach [124]. A brief summary of these results are
described below.

The shape and size of the nanocrystals depend on the experimental conditions
that influence the degree of supersaturation, the nucleation rate and the growth
kinetics of the nanocrystal phase. In the MWI method, these conditions include the
decomposition rate of the ferrite precursors, the effective reaction temperature
during the MW process, the air oxidation process, the reaction time, and the rates
of adsorption of the organic ligands onto the nanocrystal surfaces. The relative
binding energies of the ligating solvents (oleylamine and oleic acid) to the pre-
cursor molecules and to the newly formed nanocrystals also affect the nucleation
rate [21]. In general, ligands which bind weakly to the precursors increase the
nucleation rate while ligands which bind weakly to the newly formed nanocrystals
enhance the growth rate.

The competitive adsorption of oleic acid and oleylamine can effectively inhibit
the growth of the nanocrystal in all but the favorable crystallographic plane where
the growth is significantly enhanced. The oleylamine binds on the surface of the
ferrite nanocrystals more weakly than oleic acid. A weakly binding ligand allows
for further growth of the nanocrystals since the ligand can reversibly coordinate to
the newly grown nanocrystals. This also allows for the nanocrystal growth via the
Ostwald ripening process where large crystals grow even larger on the expense of
smaller nanocrystals [47].

It was observed that microwaving the reaction mixture for 6–8 min, 10–14 min,
and 16–20 min resulted in nanocrystals with diameters of 4–5 nm, 8–10 nm, and
*20 nm, respectively. We have also observed that when the molar ratio of oleic
acid to oleic oleylamine to Fe(acac)3 is less than 3:3:1 spherical particles are
produced. However, by increasing the molar ratio of the ligating solvents (the ratio
of oleic acid to oleylamine to Fe(acac)3 is 4:4:1 or more), large 30 nm quasi
triangular and cube-like particles are produced.

Both oleic acid and oleylamine are essential for the formation of the Fe3O4

nanocrystals. Microwaving of Fe(acac)3 in only oleic acid did not result in any
particles’ formation and in using only oleylamine amine resulted in very large
particles. Here the amine acts as an activating agent for the decomposition of
Fe(acac)3 to Fe3O4 and not as stabilizing agent since the amine can stabilize Fe2O3

but not Fe3O4 [125, 126]. Increasing the ratio of oleic acid to oleylamine from 1:1
resulted in larger particles with different shapes. For example, using oleic acid to
oleylamine ratios of 1.5:1, 2:1 and 3:1, resulted in spherical, triangular and quasi
cube (polyhedron) shapes, respectively.

For Fe3O4, the size of the nanocrystals can be varied from 4 to 20 nm by
changing the microwaving time or by changing the ratio of ligating solvents.
Figure 8.12a and b and display TEM images of Fe3O4 nanocrystals produced by
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MWI reaction times of 6–8 min, and 15–18 min; respectively using the same
reaction conditions with the 1:1 ratio of oleic acid to oleyamine under the 3 min
reaction cycles described in the experimental section. The resulting spherical
nanoparticles with 4 and 20 nm diameters are nearly monodisperse and exhibit no
sign of aggregation. In contrast to the stepwise MWI cycles, continuous micr-
owaving irradiation results in particles with broad size distribution and some
aggregated particles. The change in the particles’ size and the broad size distri-
bution is most probably due to the Oswald ripening process which becomes more
significant at local higher temperatures and concentrations [47–49]. This also
indicates that the crystal growth process following the nucleation of the Fe3O4

nanocrystals is not particularly fast since continuous MWI results in a broad size
distribution. Figure 8.12c and d display TEM images of the Fe3O4 nanoparticles
prepared using oleic acid to oleylamine ratios of 2:1 and 3:1, respectively. It is
clear that by increasing the concentration of the oleic acid, triangular and quasi
cube (polyhedron) shapes are produced.

Figure 8.13 represents the XRD patterns of the as synthesized Fe3O4 nano-
particles with particle sizes of (a) 4 nm, (b) 8 nm and (c) 20 nm corresponding to
the TEM images displayed in Fig. 8.12a, b and c, respectively. The XRD pattern
shown in Fig. 8.13d belongs to the quasi triangular particles with the TEM shown
in Fig. 8.12d. It is clear that the particles are highly crystalline and all the char-
acteristic peaks for the spinal Fe3O4 phase are present and well resolved. The
gradual decrease in the peak broadenings from a to d is consistent with increasing
the average particle size as confirmed by the TEM images shown in Fig. 8.12. The
average particle diameter estimated from the Scherrer’s formula is consistent with
that determined by the analysis of the TEM images [127].

We have readily extended the developed synthesis by microwave irradiation to
the synthesis of several metal ferrites MFe2O4 where M = Co, Mn, Ni, Zn. For the
synthesis of these MFe2O4, we have used M(acac)2 in 1:2 ratio with Fe(acac)3

instead of using only Fe(acac)3; other reaction conditions were maintained the
same as for the Fe3O4 synthesis.

For all the ferrites we have synthesized nanoparticles with 4 different sizes
simply by increasing the microwave irradiation times under otherwise identical
experimental conditions. Examples of TEM images of NiFe2O4, ZnFe2O4 and
MnFe2O4 nanocrystals produced are shown in Fig. 8.14. The TEM images show
that the nanoparticles exhibit narrow size and shape distribution similar to the case
of Fe3O4. However, the same conditions used to prepare the *50 nm triangular
like particles of Fe3O4 (oleic acid to oleylamine ratio of 2:1) when applied to the
MnFe2O4 synthesis resulted in the formation of *120 nm cube like structures as
shown in Fig. 8.14. This indicates that the growth kinetics of the nanocubes is
much faster for MnFe2O4 than for Fe3O4.
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8.6 Metal Oxide Nanoparticles for Photocatalysis

Metal oxide nanoparticles are of great interest for the degradation of organic dyes
[128–149]. Industrial processing and manufacturing of textiles and paper as well as
printing and photography has resulted in a significant amount of brightly colored
wastewater that is polluted with non-biodegradable organic dyes [128, 130, 138].
This pollution is hazardous to the environment by damaging stream ecosystems as
well as consumers of contaminated fish. Therefore, a way to reduce the pollution
of organic dyes from contaminated water is desirable.

The most widely used dyes are aromatic organic compounds. Many of these
dyes are known to degrade into highly carcinogenic aromatic amine compounds;
therefore, they must be removed from industrial waste. Unfortunately, their high

Fig. 8.12 TEM images of Fe3O4: nanostructures of different sizes and shapes. a 4 nm and
b 20 nm prepared using the same ratio of oleic acid to oleyl amine (1:1) but different microwave
times (6–8 min and 15–18 min, respectively). c Triangular and prism shapes, and d Quasi cubes
and triangular shapes prepared using oleic acid to oleylamine ratios of 2:1 and 3:1, respectively
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solubility makes them difficult to remove and enhances their contamination
potential [138]. Current removal techniques include chemical coagulation, air
location and adsorption methods [138]. These methods simply remove the haz-
ardous dyes from the water and do not reduce the toxicity or the compounds.
Degrading the organic dyes into nontoxic species is a more appealing solution
offered by photodegradation on semiconductor surfaces.

Metal oxide nanoparticles, such as TiO2 and ZnO, are photocatalysts shown to
degrade organic dyes to harmless, colorless end products in the presence of sun-
light/UV-light. TiO2 and ZnO are well suited as photocatalyts because of their
high photosensitivity, stability, large band gap and relatively low cost. Compared
to TiO2, ZnO is advantageous because it absorbs over a larger region of the solar
spectrum [130]. Furthermore, both TiO2 and ZnO are not environmental hazards
and may be used for in situ degradation of organic dye pollutants.

Experimentally, observing degradation of organic dyes is quite simple. Organic
dyes have high molar absorbtivities and form brightly colored solutions. A tra-
ditional experiment involves introducing a known amount of catalyst particles to a
solution having a fixed dye concentration. The solution is then stirred under dark
conditions to allow for all of the dye molecules to adsorb to the semiconductor
particles’ surfaces. After approximately 30 min, the solution reaches equilibrium
conditions. Then, the solution is irradiated using either a UV or solar light source.
At specific time points, aliquots are removed and analyzed by UV–Visible spec-
troscopy, which are used to determine the rate of degradation. It is important to
note that solutions are stirred magnetically during the entire photodegradation
process. Figure 8.14 shows the degradation of malachite green in the presence of
ZnO nanoparticles. Malachite green shows a strong absorption peak at 627 nm. As
the solution is exposed to UV irradiation, the intensity of this peak decreases as
seen in Fig. 8.15a. The decoloration of the solution, which is easily observable by
UV–Visible spectroscopy, indicates degradation of malachite green into benign
products. As irradiation time increases, the degradation of dye also increases.
Degradation kinetics are easily followed by plotting absorbance intensity of the
dye peak is as a function of time (Fig. 8.15b).

Fig. 8.13 XRD patterns
of the synthesized Fe3O4

nanoparticles a 4 nm,
b 8 nm, c 20 nm and d quasi
triangular particles
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The mechanism by which photodegradation occurs is a result of semiconductor
nanoparticles acting as sensitizers for light-reduced redox processes [130, 134]. In
solution, organic dyes adsorb to the surface of metal oxide nanoparticles. Photo-
degradation on semiconductor surfaces occurs when the photocatalyst absorbs UV
light and generates an electron/hole pair by exciting an electron from the valence
band into the conduction band. The excited electron and corresponding holes then
promote chemical reactions that degrade the dye. This is known as an advanced
oxidation process (AOP) that generates hydroxyl radicals and destroys pollutants
by oxidizing dye molecules. The reaction mechanism for ZnO photocatalysis
occurs as follows. Note that a similar reaction mechanism also occurs for TiO2

particles. First, a photon generates an electron hole pair

Fig. 8.14 TEM images of metal ferrite nanostructures of different sizes and shapes. a 20 nm
NiFe2O4 and b 8 nm CoFe2O4, c 8 nm MnFe2O4, and d 120 nm MnFe2O4 cubes. The spherical
particles and the cubes were prepared using 1:1 and 2:1 mol ratios of oleic acid to oleylamine,
respectively
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ZnO þ hv! ZnO e�CB þ hþVB

� �
: ð8:6Þ

If the photogenerated species does not recombine or dissipate as heat, it will react
with nearby oxygen or water molecules to form oxygen and hydroxyl radicals
[128, 131, 145], respectively

e�CB þ O2 ! �O�2 ð8:7Þ

hþVB þ H2O! �OH þ Hþ ð8:8Þ

The produced oxygen and hydroxyl radicals are strong oxidizers and will promote
oxidation of the organic dyes on the surface, hence the term advanced oxidation
process is given to the degradation process. Degradation occurs when the hydroxyl
radicals react with dye molecules

�OH þ dye! H2O þ dye intermediate ð8:9Þ

�OH þ dye intermediate! H2O þ CO2 þ mineralization products: ð8:10Þ

The hydroxyl radical is the critical species for the degradation process; this is
shown in the following discussion on reaction kinetics. Final degradation of dye
intermediates is crucial for environmental safety as the incomplete oxidation leads
to intermediates that are often more toxic than the parent dye molecule.

The degradation process is fairly complex. Understanding the reaction kinetics
and the many parameters involved is critical to optimize the system and apply this
degradation phenomenon for reducing polluted water sources.

The degradation process is strongly influenced by the initial concentration of
the dye. Equilibrium of adsorption of dye molecules onto the catalyst surface must
be achieved; then, the degradation rate of the dye species is related to the for-
mation of hydroxyl radical. The formed hydroxyl radicals react rapidly with the

Fig. 8.15 a Absorbance spectra of malachite green oxidized in the presence of ZnO
nanoparticles with respect to UV irradiation time. b Absorbance intensity of malachite green
at 627 nm plotted as a function of UV irradiation time. ZnO acts as a photocatalyst and the strong
absorbance peak of malachite green decreases as the organic dye is degraded into benign products
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aromatic ring compounds; therefore, formation of �OH has been deemed the rate-
determining step [144]. The overall rate constant (k) is proportional to the prob-
ability of generating hydroxyl radical on the catalyst surface (P� OH) and the radical
reacting with the dye (Pdye) by

k ¼ k0P �OH Pdye ð8:11Þ

where k0 is the reaction rate constant. Both the probability of generating radicals
and the reaction probability are implicitly dependent on the initial concentration of
the dye; k0 is independent on the initial dye concentration. P� OH is related to the
initial concentration of the dye because the adsorbed OH- positions are replaced by
dye molecules during the oxidation process; fewer OH- active sites will reduce the
generation of � OH radicals and slow the degradation process [144].

The initial concentration of the dye also affects the reaction rate by influencing
the path length of photons entering the solution [131, 144, 145]. Degradation
occurs where the UV irradiation is most intense, which is on surface nearer to the
irradiation source. As the concentration increases, the solution becomes darker and
the path length decreases [144]. If the illumination time and amount of catalyst
remain constant, the degradation rate is significantly decreased. Therefore, more
catalyst is needed to degrade the dye.

Since the amount of catalyst relative to the concentration of dye affects the
degradation rate [131, 144, 145], the affect of catalyst concentration should also be
discussed. As expected, increasing the amount of catalyst surface available will
increase the rate of photodegradation up to a certain limit. Once this limit is
reached, increasing the amount of catalyst will lead to increased light scattering
from turbidity [144] as well as a possible decrease in surface area from
agglomeration [144]. Hence, increased amounts of catalysts may not increase the
degradation rate as a result of aggregation and a reduced irradiation field.

It has been previously explained that the irradiation field plays a critical role in
the degradation process. Since degradation does not occur in dark conditions, the
catalyst surface cannot promote oxidation alone. As expected, increasing the
irradiating light intensity increases the rate of degradation [144]. Thus, the
intensity of irradiation affects the degree of light absorption by the catalyst surface.
At low intensities, degradation is linearly dependent on the irradiation intensity
[128, 144]. However, square-root dependence is observed at high intensities [128].
This is attributed to a couple of different reasons. At higher intensities, it is
believed that there is increased importance on electron/hole pair recombination
[128]. The square-root dependence is also attributed to a competing reaction
between hydroxyl radicals that form hydrogen peroxide

2 � OH! H2O2 ð8:12Þ

which dominates at higher intensities [128]. These finds are particularly important
for industrial applications determining whether artificial irradiation sources or light
concentrating systems would be profitable.
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At this point, we have only discussed the use of ZnO and TiO2 semiconductor
nanoparticles as photocatalyts. Even though these are the most active, other
semiconductor particles such as SnO2, ZrO2, Fe2O3, WO3, CdS and ZnS have the
required properties to act as photocatalysts [140, 144]. Sakthivel et. al tested a
variety of semiconductor particles for the photoassisted degradation of acid brown
14 using sunlight [144]. Their results showed the order of photocatalytic activity as
ZnO [ TiO2 [ Fe2O3 [ ZrO2 [ CdS [ WO3 [ SnO2. It is important to note that
the particles used varied in size from 1.25 to 12.50 lm and had a broad range of
surface areas. ZnO demonstrated increased photocatalytic activity, which is
attributed to the increased absorption range of ZnO compared to TiO2. The
remainder of the results may be explained by the band gap energy of each catalyst,
which is shown in Table 8.2. Particles with small band gaps, less than 3 eV, have a
higher incidence of electron/hole pair recombination. At these energy gaps, the
excited electron rapidly falls into holes and does not interact to form oxidative
radial species. For particles with larger band gaps, light irradiation is not sufficient
enough to excite an electron from the valence band into the conduction band and
therefore no radical species are formed. These results demonstrate that the band
gap between 3.1–3.17 eV may be ideal for photodegradation processes.

The surface of the metal oxide surface is critical to its performance as a
photocatalyt. It is well known that metal-oxide surfaces contain a large number of
point defects, the most predominant of which are oxygen vacancies [150]. Defects
have a strong affect on the electronic band structure and therefore the catalytic and
other properties. Oxygen vacancies are responsible for electronic structure surface
band bending. High concentrations of O-vacancies leave extra electrons at the
surface, which change the surface carrier concentration. This change has a strong
influence on the electronic conductivity. Surface defects also influence the
chemisorption of gases, resulting in a change of the surface conductivity, a
requirement for ZnO gas sensors. Therefore, the amount of surface defects, namely
O-vacancies, is directly related to the use of ZnO in electronic, catalytic and sensor
applications. For this reason, the preparation method utilized to synthesize metal
oxide nanoparticles directly affects the application.

Further tuning of photocatalytic activity is possible by doping the metal oxide
particles. Adding a metal dopant has been shown to increase the photocatalytic
activity of semiconductor nanoparticles by shifting the light absorption region [134]

Table 8.2 Comparison
of band gap energies
of various semiconductor
particles

Catalyst Band gap energy (eV)

ZnO 3.17
TiO2 3.10
SnO2 3.54
ZrO2 3.87
CdS 2.26
WO3 2.76
a -Fe2O3 2.20
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and inhibiting electron/hole pair recombination [133, 134]. In metal–semiconductor
composite materials, the metal acts as an electron sink and electrons accumulate on
the metal [134]. This accumulation of electrons on the metal causes the Fermi level
to shift towards the conduction band of the semiconductor [134]. By influencing the
interfacial charge transfer process, interactions between the metal and semicon-
ductor nanoparticles maximize the efficiency of photocatalytic reactions [131, 144,
145]. However, it should be noted that some cases have shown metal doping to
negatively effect the photocatalytic process; the metal and semiconductor combi-
nation plays a crucial role in determining the effectiveness [133, 134].

Overall, metal oxide particles are extremely promising for degrading organic dyes
that enter the environment through various industrial-processing techniques. Metal
oxide particles are able to completely degrade organic dyes into non-hazardous
products when irradiated with sunlight; this is very appealing because additional
processing is not required as with current dye removal techniques. Tuning the system
for photodegradation requires careful selection of metal oxide, dopant metal and
control of experimental parameters. Even though further research is still needed to
implement metal oxides as photocatalysts in industrial applications, the outlook shows
progress towards wastewater clean up.

8.7 Applications in Sensors

Metal oxides, particularly ZnO, SnO2, and TiO2, demonstrate gas-sensing prop-
erties and have been extensively studied for their use in sensing devices. Preparing
metal oxide nanoparticles for gas sensing applications requires knowledge
regarding how the particle size, grain size, morphology and surface defects affect
the gas sensing properties. The effect of each of these parameters has been well
studied; however, the preparation method also affects semiconductor gas sensing
ability. Particles synthesized using microwave irradiation have been shown to
exhibit higher response and selectivity compared to particles synthesized through
conventional heating methods [151]. Here, we will discuss the gas sensing
mechanism and the affect of the previously mentioned parameters on gas sensing
metal oxides’ performance.

Most metal oxide gas sensors operate on the basis that gas adsorption onto a
semiconductor surface results in a conduction change. When semiconductors are
exposed to ambient atmospheres, oxygen molecules adsorb to the surface and form
O2

- species by capturing electrons from the conduction band [152]. This state
containing a high concentration of adsorbed oxygen species is considered a high
resistance state [152]. Then, when the semiconductor is exposed to a reductive gas,
the gas molecules react with the surface oxygen species. The concentration of
surface oxygen species decreases and the concentration of electrons in the con-
duction band increases, which results in an increase in conductivity [152]. This
change in conductivity gives the foundation for semiconductor gas sensors.
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The relationship between a semiconductor’s conductivity (r) and the oxygen
partial pressure (PO2) is expressed as [153]

r ¼ C expð�EA

�
kgTÞP1=m

o2 ð8:13Þ

where C is a constant, EA is the activation energy for bulk conduction and m is a
constant that depends on the defects involved in the conduction mechanism. As the
oxygen partial pressure increases the conductivity decreases. This relationship
allows for the sensing of other gases by measuring change in conductivity.

The sensitivity of a particular sensor is often used to characterize the sensing
ability. The sensitivity (Sg) is given by

Sg ¼ Ra=RG ð8:14Þ

where Ra and Rg are the electrical resistance of the sensor in air and ethanol,
respectively. Occasionally, different authors will use different symbols to define
sensitivity, but the overall relationship remains constant. Most experiments use
this definition of sensitivity to design their experiments to measure the change in
conductivity. Furthermore, the sensitivity can be represented as a function of the
partial pressure of the target gas (Pg) by

Sg ¼ APb
g ð8:15Þ

where A is a prefactor and b is an exponent determined by the charge of surface
species and stoichiometry of the elementary reactions of the surface. The exponent b
is a rational fraction usually having a value of 1 or 1/2 depending on the reaction [152].

Preparing gas sensors from semiconductor nanoparticles typically requires the
particles to be deposited as thin films. The thin films will have leads at either end
that are used to measure the electrical resistance of the sensor. However, most
studies report results in correlation with the original particle morphology. The
following discussion gives a similar account of gas sensing properties based on
characterization of prepared particles.

Since the sensor response occurs on the particles’ surface and the surface
activity varies with size, especially at the nanoscale, the sensor response depends
on the particle size. The response relation to particle size is based on the con-
ductivity (r) relation to the potential energy barrier (eVS) at the interface between
two neighboring particles by [154]

r ¼ r0 exp
�eVs

kT

� �
ð8:16Þ

where r 0 is a factor that includes the bulk intergranular conductance. The energy
barrier is related to the particle size and it is therefore expected that varying
particle size with change the sensor response. As expected, smaller particles show
enhanced sensor abilities [155]. Zhang and Liu studied the effect of doped SnO2

particle size on sensitivity [154]. The energy barrier decreased with increasing
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particle size, which means that sensitivity also increases with particle size. When
designing particles for gas sensing applications it is important to control the
particle size.

In ceramic films and films comprised of semiconductor particles, the electrical
modification occurs on the grain boundary or porous surface [152]. Therefore, the
grain size of the semiconductor material plays a critical role in controlling gas-
sensing properties. Several studies [153, 156] have examined how the grain size
affects the sensitivity. Therefore, controlling the grain size may enhance the
sensitivity. Xu et al. utilized different preparation methods to prepare ZnO parti-
cles with varying grain sizes [157]. Particles with smaller grain sizes showed
increased gas sensitivity; grain sizes greater than 40 nm showed significantly
decreased sensor response. However, the results also show that using different
methods produces different grain sizes as well as varying the lattice distortion.
Lattice distortion will also affect the sensor response, as will be discussed later.
However, it is apparent the reducing the grain size of the semiconductor crystal
will enhance gas sensitivity.

A particles’ morphology also affects sensor response. Different crystal faces
will have different reactivity with respect to surface reactions, and varying the
morphology of semiconductor particles will allow for different crystal faces to be
exposed. Gas sensing properties of spherical [151, 158], rod [152, 159–162],
flower [163] and plate [164] shaped semiconductors have been reported. Krish-
nakumar et al. reported [163] that spherical shaped semiconductor particles have a
lower response to CO gas compared to flower and star-like shaped particles. This
difference in sensing from different morphologies is attributed to varying crys-
tallite size and each morphology processing characteristic defects such as oxygen
vacancies or excess zinc [163].

Since the sensor response occurs on the particles’ surface, the composition of
the surface, which contains oxygen point defects, will affect the sensor response.
For example, higher responses are observed for particles prepared at lower tem-
peratures, which are believed to have a larger number of active sites on the surface
[151]. Epifani et al. report the study of oxygen vacancies on SnO2 surfaces and the
NO2 sensing response [165]. It is determined that surface oxygen vacancies make
the surface strongly open to to oxygen ionosorption. Thus, increased concentration
of oxygen vacancies enhances gas sensor response. This is an important finding
since different preparation methods will result in various surface compositions that
should be tailored to maximize gas sensitivity.

In order for semiconductor gas sensors to be used industrially, particle prepa-
ration needs to be cost effective and able to be produced on large scales. Many
different preparation methods have been examined but the largest yield comes
from wet chemical synthesis methods. This has led to several studies regarding
how the preparation method affects the resulting particles’ sensor ability. One
approach to efficiently produce large quantities of semiconductor nanoparticles is
through the use of microwave heating as opposed to conventional heating meth-
ods. Particles formed in low temperature regions may possess a higher number of
oxygen point defects [160], which will affect sensitivity. The sensor response of

8 Microwave Synthesis of Metal Oxide Nanoparticles 275



semiconductor nanoparticles produced via microwave heating techniques has been
the focus of several studies [151, 158, 159, 162–164]. Cho et al. studied the
sensing behavior of SnO2 for CO gas and determined that particles prepared by
microwave heating exhibited a more rapid response. Furthermore, microwave
calcinations also enhanced sensor response [159]. SnO2 particles treated using
convention calcination methods showed a 90 % response time to 30 ppm of CO of
76 s, which compares to 10–12 s for microwave calcinations [159]. Particles
prepared by these methods have the same morphology, but those treated with
microwave displayed lightly rougher surface, smaller sizes and significantly larger
pore volumes. Srivastava reported similar results [158] and showed that SnO2

particles prepared by microwave routes showed increased sensitivity at lower
temperatures. Few comparisons for gas sensing properties among particles pre-
pared using both methods exist, but the use of microwave heating to synthesize
successful gas sensor materials have been reported.

Many gas sensors fabricated out of semiconductor materials require high
operating temperatures. This is impractical for many applications, such as sensing
in potential explosive environments, and researchers are striving to fabricate
semiconductor gas sensors that operate at ambient temperatures. It is well known
that UV irradiation generates charge carriers at the semiconductor surface by
creating electron/hole pairs, which subsequently react with electron donors or
acceptors. These electron hole pairs will neutralize adsorbed oxygen species that
will react with the active gas species to be detected [161]. This led Peng et al. to
study the effect of UV irradiation on gas sensing ability of ZnO nanorods [161]. As
expected, UV irradiation enchaced the gas sensitivity. The ZnO nanowires
exhibited faster recovery times that suggest UV irradiation produces a clean effect
that does not poison the sensor. This result is encouraging for developing low
temperature gas sensing devices.

Overall, metal oxides, such as ZnO and SnO2, exhibit unique gas sensing
abilities. The sensor response depends on various parameters, which include size,
morphology and also preparation method. Therefore, the sensitivity is controllable
by tuning the synthesis method. These types of sensors are promising for future
applications as they demonstrate selectivity to active gases and high sensitivities.

8.8 Conclusion

It is clear from the above examples that by manipulating the nucleation and growth
kinetics of the nanocrystals through the choice of the appropriate precursors,
ligand systems, solvents and the reaction times, one can control the size, shape and
composition of the resulting metal oxide nanocrystals.

In conclusion, the microwave irradiation method is simple, versatile and rapid.
It allows the synthesis of a wide variety of metal oxide and doped metal oxide
nanostructures with controlled size and shape. The important advantage of
microwave dielectric heating over convective heating is that the reactants can be
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added at room temperature (or slightly higher temperatures) without the need for
high-temperature injection. The method allows the passivation of the metal oxide
nanostructures by ligating organic solvents of variable structures and surface
properties.
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Chapter 9
Metal Oxide Nanowires: Fundamentals
and Sensor Applications

Zhiyong Fan and Jia G. Lu

Abstract Detection of chemicals species such as industrial toxic and inflammable
gasses, chemical warfare agents, disease related chemicals, is of paramount
importance to public safety and health. The driving force is to develop highly
sensitive, selective, and stable sensors with rapid detection and recovery time.
Metal oxide thin films have long been used as chemical sensors due to the rich
oxygen vacancies on the surface that are electrically and chemically active. The
chemical adsorption induces redox reactions and consequently alters the electrical
conductance. However, there have been a number of limitations: relatively high
operation temperature, indirect and inefficient refreshing method, and lack of
chemical selectivity. In the surge of quasi-one-dimensional (Q1D) metal oxide
nanowire research, it is demonstrated that the unique shape anisotropy significantly
enhances the sensor performances due to the large surface-to-volume ratio and size
comparable to the Debye screening length. This not only enhances the sensitivity
at room temperature, but provides efficient modulation of the surface detection and
desorption processes. More importantly, it opens a pathway for developing wire-
less low-power sensor network to transmit information from a remote site. This
chapter provides a review of the state-of-the-art research covering the synthesis
and fundamental properties of Q1D metal oxide systems, and focusing on their
applications as chemical sensors.
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9.1 Introduction

Efficient detection of chemicals species such as industrial toxic and inflammable
gasses, chemical warfare agents, disease related chemicals, is of paramount
importance to public safety and health. The driving force is to develop highly
sensitive, selective, and stable sensors with rapid detection and recovery time.
Metal oxide thin films have long been used as chemical sensors due to the sig-
nificant density of oxygen vacancies on the surface that are electrically and
chemically active. The chemical adsorption/dissociation of oxygen and analyte
gases induced by these vacancies result in redox reactions, which consequently
alter the electron/hole concentration in the film, and thus modulate the corre-
sponding electrical conductance. However, there have been a number of practical
limitations: relatively high operation temperature, inefficient refreshing method,
and lack of chemical selectivity. In the surge of quasi-one-dimensional (Q1D)
metal oxide nanowire research, it is demonstrated that the unique shape anisotropy
significantly enhances the sensor performances due to the large surface-to-volume
ratio and size comparable to the Debye screening length. This not only enhances
the sensitivity at room temperature, but provides efficient modulation of the sur-
face detection and desorption processes. More importantly, it opens a pathway for
developing a wireless low-power sensor network to transmit information from a
remote site.

Using zinc oxide (ZnO) nanowires as a model example, this chapter provides a
review of the state-of-the-art research covering the synthesis and fundamental
properties of Q1D metal oxide systems, and focusing on their applications as
chemical sensors.

9.2 Synthesis of Metal Oxide Nanowires

The synthesis of metal oxide nanowires can be classified into two categories, i.e.
top–down and bottom–up approaches. The top–down method is a straightforward
process to produce quasi-one-dimensional (Q1D) nanostructures inheriting the
lithographic technologies in microelectronics industry [1, 2]. Whereas thebottom–
up method denotes the directional crystal growth or atomic self-assembly based on
chemical or biochemical synthesis [3, 4]. Upon extensive efforts in the past dec-
ades, the bottom–up method has been proven to be an efficient, low cost approach
for nanomaterials synthesis with controllable chemical composition, crystalline
structures and morphologies [5]. According to the synthesis environments, two
representative methods can be concluded, i.e. the vapor phase growth and liquid
phase growth. The template-based growth, which integrates the vapor/liquid phase
growth process and the dimensional confinement of templates, expands the horizon
of fabrication hierarchy [6, 7].
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9.2.1 Vapor Phase Growth

A variety of Q1D metal oxides with fruitful morphologies and high crystalline
qualities have been produced by vapor phase growth processes. The nanowire growth
from vapor phase is governed by vapor–liquid–solid (VLS) and vapor–solid (VS)
mechanisms.

The vapor–liquid–solid mechanism is a catalyst-assisted growth phenomenon
proposed by Wagner and Ellis [8] in 1960s for their work on Si whisker growth.
Several decades later, Yang and co-workers provided the direct evidence of VLS
growth via the real-time observation on individual Ge and GaN nanowires [9, 10].
Figure 9.1 shows a schematic of a typical VLS process. In this process, various
nanoparticles or nanoclusters have been used as catalysts, such as Au [11–14],
Cu [15], Co [16], and Sn [17], etc. The formation of a eutectic alloy droplet occurs at
each catalyst site, followed by the nucleation and growth of a solid nanowire due to
the supersaturation of the liquid droplet. Incremental growth of the nanowire taking
place at the droplet interface constantly pushes the catalyst upwards. This growth
method inherently provides site-specific nucleation at each catalytic site [18].

The typical experimental apparatus for vapor phase thermal CVD synthesis
includes a horizontal tube furnace, gas lines with mass flow controllers, and a vacuum
pump for vapor pressure control. The variations of the precursors delivery into the

Fig. 9.1 Schematic illustrations of VLS process. a A substrate coated with metal catalyst
nanoparticles. b Formation of eutectic alloy droplet at each catalyst site. c The supersaturation
state leads to the nucleation of nanowires. d Growth of nanowires along one particular
crystallographic orientation
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growth zone include: pulse-laser-deposition (PLD) [3, 19], molecular beam epitaxy
(MBE) [20], chemical vapor deposition (CVD) [11], pulsed laser chemical vapor
deposition (PLCVD) [21], metal–organic CVD (MOCVD) [22], and plasma
enhanced CVD (PECVD) [23], etc. A large assortment of metal oxide nanowires
have been readily synthesized using these methods, such as ZnO [24], In2O3 [25]
SnO2 [26] MgO [27], Ga2O3 [28] TiO2 [29]. For instance, Fig. 9.2 shows the electron
micrographs of ZnO nanowires synthesized by directly evaporating pure Zn powder
at 700 �C in low oxygen concentration (\2 %) using Au catalyst nanoparticles
[11, 30]. Figure 9.2b is a HRTEM image and the inset selected-area electron dif-
fraction (SAED) pattern indicates single crystalline nature with [0001] growth
direction. The growth direction determined in Q1D system is along the crystal plane
that is the most stable and has the lowest surface free energy.

A modified vapor trapping CVD process is introduced for ZnO nanowire syn-
thesis. It is intended to explore the growth and corresponding structure and property
variations with respect to the mass transport rate (Fig. 9.3) [11]. A quartz vial is
loaded into the center of a quartz tube to effectively maintain the local zinc vapor
partial pressure at a relatively stable level inside the vial. Pure zinc powder is placed
close to the bottom of the quartz vial (position A), serving as the source material.
Chips B and C coated with catalyst (gold) nanoparticles are placed at downstream for
nanowire harvesting. In a typical synthesis process, the furnace is first heated up to
600–700 �C in 10 min with a constant Ar gas flow. The oxygen gas (2 % concen-
tration mixed with Ar) is then introduced, while the temperature is kept at the set-
point. After 30 min, the oxygen gas is switched off accompanied with furnace cool
down. ZnO nanowires will be collected on the catalyst coated substrates.

Figure 9.4 shows the SEM images of ZnO nanostructures grown at different
regions on chip B, where Fig. 9.4a schematically indicates the locations of b1, b2,
b3, b4, b5, and b6, respectively. Due to the absence of Au catalyst in the locations

Fig. 9.2 a A SEM image shows the as-grown ZnO nanowires Inset: a ZnO nanowire with
diameter of 50 nm terminated with an Au nanoparticle. (scale bar is 100 nm). b High resolution
TEM image of a ZnO nanowire with lattice spacing 0.52 nm. The inset SAED indicates that the
growth direction is [0001] along the c axis. Reprinted with permission from [14], Copyright 2004,
American Institute of Physics
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b1 and b2, the growth process follows vapor–solid (VS) mechanism. The products
represent prismatic hexagonal rods on the substrate. In the regions b3–b6, a
transition from nanowires to dendrite crystals can be observed. The key point of
this process is that the spatial variation of Zn and O2 vapor pressure inside the
quartz vial, which provides a strategy to tune in-situ the morphologies of nano-
crystals. More importantly, the transport properties of nanowires could be con-
trolled by carefully changing the synthesis conditions.

Impurity doping in the synthesis process not only can alter the thermodynamic
balance thus influencing the crystal formation, but can also manipulate the electron
transport properties [31–34]. By adopting a laser ablation method in the CVD
system, we have demonstrated successfully the incorporation of In, Ga, Pb atoms
into the ZnO lattice [21]. In this doping process, pure zinc powder (99.99 %) is
placed in the center of a horizontal tube furnace, while the dopant metal is loaded
at the up-stream of the quartz tube. The dopant source is constantly ablated by
Nd:YAG (yttrium aluminum garnet) laser pulses. The doped nanowires are syn-
thesized via the VLS process on catalyst-coated silicon substrates. The energy
dispersive X-ray (EDX) spectrum and HRTEM analyses indicate that the impurity
atoms have been substitutionally doped into the wurtzite crystal lattice and the
nanowires maintain the same growth direction along the c-axis ([0001] direction).

Vapor–solid (VS) process is another commonly used nanostructure growth
process which does not rely on metallic catalysts. An assortment of metal oxide
nanomaterials have been reported based on VS mechanism, such as CuO, FeOx,
ZnO, SnO2 nanowire/nanorods [35–41]. Figure 9.5a, and b depict the a-Fe2O3 and
CuO nanowires grown by direct heating of the corresponding metal substrates
under appropriate flow of oxygen [40, 41]. In addition, the VS process can yield
metal oxide nanomaterials with complex structures. Using ZnO material as an
example, VS growth process can lead to nanowires, nanobelts, nanocombs,
nanohelixes, and other more complex structures [37, 38]. It worth noting that
although VS growth process can produce diversified nanostructures, the growth
locations, geometry and crystallographic orientations of materials can not be
controlled without the catalyst.

Fig. 9.3 Schematic illustration of the modified CVD system. A small quartz vial is placed inside
of a horizontal quartz tube for zinc vapor trapping during the synthesis process. Reprinted with
permission from [11], Copyright 2004, American Chemical Society
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9.2.2 Template-Based Growth

The second widely used nanowire fabrication method is template-based growth,
which utilizes the electroless and electrodeposition of materials into templates.
This approach has been well-developed to make monodispersed and anisotropic

10 µm

10 µm

10 µm 10 µm

1 µm

10 µm

2 µm

10 µm

(a)

Fig. 9.4 a Schematic of chip B. The SEM analysis is conducted on the six labeled areas. The
shaded circle indicates the region of Au catalyst deposition. SEM images representing the
morphologies of ZnO nanocrystals at regions (b1), (b2), (b3), (b4), (b5) and (b6). Reprinted with
permission from [11], Copyright 2004, American Chemical Society
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Q1D nanomaterial arrays [6, 42–44]. Among the various templates, robust porous
anodic aluminum oxide (AAO) membranes have demonstrated to be one of the
most promising candidates for nanomaterial synthesis.

In the conventional anodization condition, the pore diameter, barrier layer
thickness and interpore distance can be controlled by the anodization voltage with
respective proportionality constants of *0.9, 1.3 and 2.5 nm/V [45]. Figure 9.6a
shows the AAO membrane with a close-packed array of regular hexagonal cells,
obtained by two-step anodization under 60 V [46]. Typically, the anodization
process only generates limited self-assembled area with the domain size (ordering
range) in the scale of several micrometers. To implement larger domain size,
Masuda et al. have developed a pretexturing method by defining the anodization
sites [47, 48]. The process uses a pre-patterned mold to produce an ordered array
on Al foil before anodization. However, only a few groups have attempted this
method due to the time-consuming and high-cost fabrication process. A simple
method has been developed to make long-range-ordered nanopore arrangement in
millimeter scale. The electrochemically polished Al substrates are imprinted twice
using a commercial straight-line diffraction grating under appropriated pressure,
with 60� rotation between the two imprints [49, 50]. Following anodization under
optimized bias voltage, a highly ordered nanopore array (Fig. 9.6b) is produced.

Fig. 9.5 SEM images of metal oxidesmetal oxides grown via VS process. a a-Fe2O3 nanowire
arrays. Reprinted with permission from [40], Copyright 2005, American Institute of Physics.
b CuO nanowire arrays. Reprinted with permission from [41], Copyright 2010, Institute of
Physics. c ZnO nanohelixes. d TEM images of ZnO nanobelt. Reprinted with permission from
[38], Copyright 2003, American Chemical Society
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In addition, an innovative AAO template with periodic serrated inner structures
was recently developed (Fig. 9.3c) using phosphoric acid electrolyte under proper
condition [51, 52]. Three-dimensional structures with straight and serrated nano-
channels can be subsequently fabricated by applying anodization in oxalic and
phosphoric acid, alternatively. Using this unique type of template, serrated
nanowires have been grown, as shown in Fig. 9.6c.

Taking advantage of the well-developed technique on AAO fabrication, many
Q1D structures with tunable morphologies and properties can be routinely syn-
thesized, such as Sb nanowires [53], Co nanowires [54], Co nanotubes [46], Pt
nanowires [51], Ge nanopillars [49], SnO2 nanowires [55], ZnO nanowires [56],
CdS nanopillars [50], etc. In the synthesis techniques, deposition driven by electric
field is the most commonly used approach [46, 51, 53–55, 57–59]. This method
has robust capability in fabricating nanowires for elemental metals and their
alloys. To obtain metal oxide nanowires, one can apply post-thermal oxidization
on the as-prepared metal nanowires [55].

Even though there are some reports on single crystalline nanowires synthesized
by electrodeposition, electrochemical deposition often yields polycrystals. High
quality single crystal nanowires can be achieved by integrating the vapor phase or

1 µm200 nm

(a) (b)

(c) (d)

Fig. 9.6 SEM images of a AAO membrane obtained by 2-step-anodization under 60 V.
Reprinted with permission from [46], Copyright 2008, Wiley–VCH. b AAO membrane obtained
by pre-texturing method under 195 V. c Serrated anodic alumina membranes anodized at 60 V in
aqueous phosphoric acid solution. Reprinted with permission from [51], Copyright 2009,
American Chemical Society. Inset displays a serrated Pt nanowire obtained via electrodeposition.
d Highly ordered Ge nanowire arrays embedded in an AAO template after partial etching of
AAO. Reprinted with permission from [49], Copyright 2010, American Chemical Society
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liquid phase growth into template-based method [49, 50, 56, 60–62]. For instance,
electrodeposition is first adopted to fill metal catalyst segments into the bottom of
the nanotemplate. Ordered nanowire arrays have been routinely formed in the
nanochannels via CVD process (Fig. 9.6d) [56].

9.3 Fundamental Properties

Materials with size confinement exhibit unique properties. When the physical size
approaches fundamental length scales, such as the screening length and Bohr
radius, material properties will correspondingly change from their traditional bulk
behaviors. In the case of Q1D structures, the contribution of surface related
properties will become increasingly important due to the enhanced surface-to-
volume ratio which is inversely proportional to radius.

9.3.1 Optical Properties

In order to develop metal oxide nanowires as the building blocks for nanoscale
electronic devices, it is crucial to evaluate in depth their fundamental properties.
The optical and electrical transport properties are closely related to the inherent
native defects for the undoped nanowires and extrinsic impurities for the doped
nanowires. Many photo-spectroscopy techniques such as photoluminescence (PL)
[63], cathodoluminescence (CL) [64], and electroluminescence (EL) [65] have
been employed to probe the optical and electronic properties of nanowires. PL
measurement is one of the most sensitive tools to investigate radiative centers in
the material. From the spectral peak and decay time measurements, one can
determine the different emission mechanisms, the energy band gap, defect levels
and their relative density.

When the size approaches the fundamental length scale, the optical properties
of metal oxide Q1D materials begin to show size effects. Chang et al. [66] and
Shalish et al. [67] compared the ratio of the deep level/near band edge transitions
of different sized ZnO nanowire and found the ratio is directly related to the wire
diameter/length ratio. The temperature dependent PL spectra of ZnO nanowires
with different diameters (d) are shown in Fig. 9.7a [66]. The green luminescence
band at *2.5 eV, originated from bulk defects, is much stronger for wide nano-
wire (d [ 100 nm) than the thinner wires (d \ 30 nm). Figure 9.7b shows the
zoomed-in view of the band-edge transition (BET) emission at 13 K for different
diameters [66]. The emission from wide nanowires shows a sharp peak at
3.362 eV arising from the donor bound excitons and a minor peak at 3.366 eV as a
result of surface bound exciton emission. The emission peak at 3.366 eV becomes
prevailing in the thinner wires. This blue shift is a result of the finite size effect,
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due to the emerging of the surface bound exciton emission that becomes dominant
in smaller diameter nanowires.

9.3.2 Electrical Properties

In order to study the electrical transport properties of the nanowires, metallic elec-
trodes are patterned onto individual nanowires. The intrinsic electrical properties are
best conducted by four-probe conductivity measurement [21] and three-terminal
field effect transistor (FET) response [30]. Figure 9.8a represents the logarithmic
scaled conductivity of a ZnO nanowire as a function of reciprocal temperature [68].
For T [ 50 K, the conduction shows Arrhenius behavior with thermally activated
transport. The conductivity can be expressed as r * exp(-Ea/k T), where Ea is the
activation energy around 30 meV, attributed to the shallow donor levels below the
conduction band edge. For T \ 50 K, 3D Mott’s variable range hopping model
governs the transport, with conductivity expressed as r * exp(-A T-1/4).

Figure 9.8b shows an AFM image of a ZnO nanowire FET on a SiO2/p++ Si
substrate [68]. Based on simple electrostatic model [69], taking an infinitely long
thin wire of radius r located a distance h above a conducting plane, the capacitance
per length L is obtained to be C/L = (2p er e0)/[ln(2 h/r)], where er is the effective
dielectric constant for the wire in between air and SiO2 plane [21]. In general, the
field effect mobility (l) can be expressed using the following expressions:

l ¼ oIDS

oVg

L2

CVDS
ð9:1Þ

Fig. 9.7 a PL spectra of wide (left) and thin (right) ZnO nanowires at different temperatures
show that the bulk defect states (Green) are more pronounced in wide nanowires. Intensity is
normalized with respect to the band-edge transition peak. b A close-up view of band-edge
transition (BET) of thin and wide nanowires at 13 K, indicating the blue shift in thinner wires due
to the prevailing surface bound exciton emission. Reprinted with permission from [66]. Copyright
2007, American Institute of Physics
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From the gate voltage dependent source-drain conductance characteristics
(Fig. 9.8c [30]), one estimates the field effect mobility to be around 30 cm2/Vs,
and an electron concentration around 4.0 9 107cm-1 [69]. It is known that the
surface defects act as scattering and trapping centers, thus affecting the charge
transport. Surface passivation has been applied on metal oxide nanowires. Park
et al. [70] have reported an electron mobility of 1,000 cm2/Vs after coating the
nanowires with a polyimide passivation layer to reduce the electron scattering and
trapping at the surface. Later, a CMOS-compatible process to coat a SiO2/Si3N4

bilayer is conducted on ZnO nanowire FET. The surface treated ZnO nanowires
show dramatically enhanced electron mobility up to 4,000 cm2/Vs. These results
indicate that the ZnO Q1D device has promising potential in high speed elec-
tronics applications.

Fig. 9.8 a Conductivity vs reciprocal temperature. Inset: ln r vs T�1=4 plot in the low
temperature range showing a linear fit to the 3D VRH model. Reprinted with permission from
[68], Copyright 2008, American Institute of Physics. b An AFM image of a nanowire placed on a
Si back gate under a SiO2 dielectric layer with source and drain electrodes patterned to the wire
ends. c IDS - VGS curves of a ZnO nanowire FET without surface treatments showing typical
n-type semiconducting behavior. d IDS - VGS of a surface treated nanowire FET exhibits
significantly enhanced ON/OFF ratio and transconductance. Reprinted with permission from [30],
Copyright 2009, American Institute of Physics
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Under light illumination, the conductivity of semiconducting nanowires typi-
cally increases due to excess photogenerated charge carriers. Interestingly, pro-
nounced metal–insulator transitions have been observed in undoped and doped
ZnO nanowires. Figure 9.9a shows the temperature dependent conductivity of a
ZnO nanowire FET upon continuous UV (kUV = 365 nm, EUV = 3.4 eV) irra-
diation [68]. The conductivity is significantly increased by two orders of magni-
tudes at low temperature. As temperature rises, thermally activated charge carriers
contribute further to an increase in conductance. Yet, as the carrier concentration
approaches a critical value, an insulator-to-metal transition occurs. The strong
Coulomb interactions among the dramatically enhanced charge carriers cause the
conductance to decrease as the temperature rises.

In polarization measurements, it is found that the photo conductance of ZnO
nanowires is sensitive to the angle of the incident illumination as shown in Fig. 9.9b.
The photocurrent is maximized when the electrical field of the incident light is
parallel to the nanowire long axis and minimized at 90�. The large polarization
response is accounted for by the large dielectric contrast between the nanowire and
surrounding air. The polarization-dependent behavior can be potentially utilized for
an optical switch, photodetector and polarizer using aligned nanowire arrays.

9.4 Nanowire Sensing Applications

There are a number of unique characteristics that make metal oxide nanowires
ideal candidates for chemical sensing as compared to other nanomaterials.
Essentially, the chemical sensing process is a surface sensitive process which
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Fig. 9.9 a Photoconductivity of ZnO nanowire under UV irradiation reveals a metal-to-insulator
transition at 210 K. Reprinted with permission from [68], Copyright 2008, American Institute of
Physics. b Photocurrent as a function of the light polarization angle for both UV (blue curve) and
halogen light (red). The inset plot shows a spectrum of halogen light source. Reprinted with
permission from [93], Copyright 2004, American Institute of Physics

298 Z. Fan and J. G. Lu



relies on molecular adsorption on the nanowire surface and electrostatic interaction
between the adsorbed molecules and the semiconducting channel. It is known that
the metal oxide nanowire surfaces are rich with surface states, which can serve as
efficient molecular adsorption sites [71, 72]. Typically nanowires have a radius
comparable to the Debye screening length, resulting in a dramatic effect on the
nanowire conductance from the surface electrostatic perturbation caused by
adsorbed molecules [71–73]. On the other hand, the metal oxide nanowire surface
is relatively more stable, as compared to that of Si nanowires, which have been
widely investigated for chemical/biological sensing. These fundamental aspects
favor metal oxides as highly sensitive chemical sensors. Table 9.1 summarizes
sensing applications using various types of metal oxide nanomaterials. As shown,
a broad spectrum of chemical sensors has been investigated. In this section, we
will introduce the conductometric chemical sensing with metal oxide nanowires.
More importantly, we will describe the effects of nanowire diameter and external
gate potential, on the sensor performance.

9.4.1 Conductometric Chemical Sensor

Quasi-1D geometry of nanowires makes them relatively easy to be fabricated into
two terminal devices; therefore a conductometric chemical sensor device structure
is a natural choice for nanowire based chemical sensors. To-date, there have been a
number of different types of metal oxide nanowires configured as chemical sensors.
These materials include ZnO [14, 73–75], In2O3 [76–78], SnO2 [79–82], TiO2 2,
CuO [41], etc. Figure 9.10 shows the schematic of a nanowire sensor device fab-
ricated on a Si substrate capped with a layer of thermally grown oxide. A device
fabrication process can be briefly described as following. The as-synthesized
nanowires are suspended first in alcohol of a controlled concentration. Then the
suspension is dropped onto a degenerately doped p++ silicon substrate capped with
100–500 nm oxide layer. Photoresist is then spin-coated onto the substrate and
photolithography is performed to define an array of 100 lm2 pads. Finally, 10 nm
thick Ni or Ti and 100 nm thick Au is evaporated in sequence onto this substrate,
forming the electrical contacts to the nanowires. Individual nanowires with good
contacts on both ends are located with a high magnification optical microscope or
scanning electron microscope (SEM), as shown in Fig. 9.11b. Consequently, two
terminal nanowire devices are obtained, with the degenerately doped Si serving as a
global back gate to form field effect transistors, shown in Fig. 9.10a.

The electrical transport studies on these nanowire devices have been discussed
in the previous section. In order to perform gas sensing studies, these devices are
typically placed in an enclosed chamber with controlled target gas concentration,
and electrical measurement can be performed at the same time to monitor the
conductance change upon gas exposure. We have explored the sensing responses
of a number of gases, including O2 [14], NO2 [73], NH3 [74], CO [74], with
ZnO nanowire devices, as shown in Fig. 9.11. Figure 9.11a shows the
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Fig. 9.10 a Schematic
of a metal-oxide nanowire
gas sensor device structure.
b Optical and scanning
electron microscopy image
(Inset) of a metal oxide
nanowire in contact with two
metal electrodes. Each metal
square electrode has a size of
100 lm by 100 lm and the
scale bar in the inset is 3 lm.
Reprinted with permission
from [40], Copyright 2005,
American Institute of Physics

Fig. 9.11 a I - V curves of a ZnO nanowire sensor measured without presence of O2 (0 ppm)
and in 10, 25, 50 ppm O2. Reprinted with permission from [14], Copyright 2004, American
Institute of Physics, b time domain current response of ZnO nanowire sensor to NO2 Reprinted
with permission from [73], Copyright 2005, American Institute of Physics, c and d are time
domain current response of ZnO nanowire sensor to NO2, NH3 and CO. Reprinted with
permission from [74], Copyright 2006, Institute of Electrical and Electronics Engineers

9 Metal Oxide Nanowires 303



I–V characteristics of a ZnO nanowire device measured under 0–50 ppm O2

concentration [14]. It can be seen that exposure to O2 decreases the conductance of
the ZnO nanowire device, due to the fact that O2 molecules adsorbed at these sites
act as electron acceptors to form O2

- at room temperature. These chemisorbed
O2

- deplete the surface electron states and consequently reduce the channel
conductivity. Compared with bulk materials, such a surface effect is more sig-
nificant on nanowire conductance, since the surface-to-volume ratio of the nano-
wire is much larger.

Besides measuring the I–V curves of the nanowire devices, the temporal
response of nanowire conductance to gas exposure have been monitored in real-
time. Figure 9.11b–d shows the conductance response to NO2, NH3 and CO
measured at room temperature. Both NO2 and NH3 appear to be interact as an
‘‘oxidizing’’ gas as they reduce nanowire channel electron concentration and
conductance. Nevertheless, ZnO nanowires have shown much higher sensitivity to
NO2 gas, as compared to O2 and NH3 [73, 74]. As shown in Fig. 9.11b and c,
2 ppm NO2 causes a 50 % conductance decrease while 1 % NH3 yields the same
effect. This difference was attributed to the higher binding strength between NO2

molecules and the nanowire surface binding site [73].
In addition to the sensing response at room temperature to O2, NO2, NH3, the

response of ZnO nanowires to CO gas in the presence of O2 at 500 K is also
studied [74]. Figure 9.11d demonstrates the time domain measurement of nano-
wire conductance when the nanowire is exposed to 0.5 % CO in 20 % O2. It can be
seen that nanowire conductance first decreases upon admittance of 20 % O2,
however, the admittance of CO increases the nanowire conductance. It is known
that CO is a combustible gas, the sensing of CO is based on the reaction between
CO and the pre-adsorbed oxygen species to form CO2 [55]:

COþ O� ! CO2 þ e� ð9:2Þ

Fig. 9.12 Relative
conductance change of a ZnO
nanowire gas sensor exposed
to 1 atmosphere air, the inset
is the schematic of formation
of surface depletion region by
O2 molecular adsorption.
Reprinted with permission
from [14], Copyright 2004,
American Institute of Physics
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9.4.2 Diameter Dependent Sensitivity

Compared to metal oxide thin film, a semiconductor nanowire with a large surface-
to-volume ratio, a radius comparable to the Debye length, and well defined single
crystal facets, have simple and direct detection mechanisms that render them with
better sensing stability [71, 73], resulting in dominant effect on nanowire con-
ductance from the surface electrostatic perturbation caused by adsorbed molecules.
Following this rational, it is expected to render strong diameter dependent gas
sensing performance. In fact, we have performed systematic studies on selecting
ZnO nanowires with diameters ranging from 50 to 500 nm [14]. In these mea-
surements, the conductance changes of nanowire devices are recorded when their
environment is changed from vacuum to 1 atmosphere synthetic air. As shown in
Fig. 9.12, the relative conductance change DG/G0 increases as the nanowire radius
decreases, where G0 denotes the nanowire conductance in vacuum and DG is the

Fig. 9.13 a Schematic of a nanowire FET sensor, b and c are I - Vds curves of a ZnO nanowire
FET sensor measured under different NO2 exposure concentration at Vg = 0 and -5 V,
respectively. The inset of b shows the nanowire conductance versus NO2 concentration,
extrapolated from linear region at Vds = 0 V, d I - Vg curves of the ZnO nanowire FET sensor
obtained without NO2 and with presence of 5 ppm NO2. The inset shows the extrapolated relative
conductance change versus gate voltage. Reprinted with permission from [73], Copyright 2005,
American Institute of Physics
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conductance change from vacuum to atmosphere. This trend clearly supports the
above rationale and demonstrates the advantage of using thinner nanowires for gas
sensing. Schematically, depletion of electrons in ZnO nanowire by O2 molecular
adsorption is shown in the inset of Fig. 9.12.

9.4.3 Field Effect Sensor

Smaller diameter of nanowires leads to a higher sensitivity towards chemicals
adsorbed on the surface. In addition, the conductance of nanowires is also sensitive
to the electrostatic potential applied by the external gate electrode in an FET
configuration shown in Fig. 9.13a. It is well known that free carrier concentration
can be readily tuned by using the gate voltage in a FET which naturally results in
the change of the Debye screening length, and thickness of the surface depletion
region caused by molecular adsorption. One can speculate that these changes will
consequently affect nanowire sensing performance. In fact, we have performed

Fig. 9.14 a ZnO nanowire sensing response to 10 ppm NO2 and gate voltage induced sensor
refresh process. b Gate ‘‘refresh’’ voltage as a function of NO2 and NH3 concentration.
c Nanowire conductance recovery under Vg = -20 V pulse in 10 ppm NO2. Inset: recovery
curves at different NO2 concentrations. The solid lines represent the linear fitting in the recovery
region. d Conductance recovery curves for NH3 under Vg = -20 V pulse. Reprinted with
permission from [73]. Copyright 2005, American Institute of Physics
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systematic studies on this aspect [73]. Figure 9.13b and c plot I - Vds curves of a
ZnO nanowire FET obtained under different NO2 concentrations at Vg = 0 and
-5 V. The minimum NO2 concentration detected with this particular device is
200 ppb. The inset of Fig. 9.13b shows a linear decrease of the nanowire con-
ductance with increasing NO2 concentration up to 10 ppm. It is evident that the
FET device operated at lower gate voltage demonstrated higher sensitivity to NO2.
Furthermore, the dependence of gas detection sensitivity, defined as relative
conductance change S � Ggas � G0

�� ��=G0 where G0 and Ggas is the conductance of
nanowire before and after NO2 exposure, on the gate potential can be obtained
from I - Vg curves acquired under different target gas concentrations, shown in
Fig. 9.13d. Note that exposure to NO2 shifts the threshold voltage of the FET
positively from Vt0 (-7.9 V) in 0 ppm NO2 to Vt1 (-5.2 V, or Vt1 = 2.7 V) in
5 ppm NO2, indicating a decrease of electron concentration for an n-type ZnO
nanowire channel [14], which is consistent with the oxidizing nature of NO2 [73].
Analytically, the relationship between threshold voltage Vt and electron concen-
tration n can be expressed as:

n ¼ CðVg � VtÞ=epR2L ð9:3Þ

where C is the nanowire capacitance with respective to the back gate, R and L are
radius and length of nanowire channel, respectively. Hence:

Dn ¼ �CDVt=epR2L ð9:4Þ

Using the definition of relative sensitivity S � Ggas � G0

�� ��=G0; in conjunction

with G ¼ nlepR2=L;

S ¼ ngas � n0

�� ��=n0 ¼ Dnj j=n0 ¼ DVt=ðVg � Vt0Þ ð9:5Þ

The derived SðVgÞ / ðVg � Vt0Þ�1 relationship is depicted in the inset of
Fig. 9.13d and the maximum sensitivity can be achieved when the gate potential
approaches Vt0. Qualitatively, this result can be understood as when the gate
voltage is approaching the threshold, the nanowire channel is close to being fully
depleted, thus the change of the surface molecular adsorption dominantly alters the
channel conductance.

The above discussions reveal that the range of sensitivity measurement of a
nanowire field effect sensor can be controlled by simply tuning the gate voltage.
Furthermore, it has been found that a large gate field can also affect gas adsorp-
tivity on the nanowire surface significantly [73, 83]. As shown in Fig. 9.14a, after
a nanowire is first exposed to a 10 ppm NO2 pulse, a -60 V gate voltage (much
below the threshold value Vt = -25 V in 10 ppm NO2 for this particular device)
pulse with 60 s duration was applied. This voltage pulse leads to complete con-
ductance depletion, followed by a recovery of conductance close to the initial level
in about 4 min. Therefore, the large negative gate pulse efficiently refreshed the
nanowire sensor [73].
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The unique sensor gate refreshing behavior is rationalized with a gate-depen-
dent surface adsorption process [73]. Although the binding energy between the
adatoms and adsorption sites on the nanowire surface is usually much larger than
room temperature thermal energy, a negative gate potential could deplete the
electrons in the metal oxide nanowire and reduces the number of electrons
available at vacancy sites, thus lowering the chemisorption rate [73]. Hole
migration to the surface driven by the negative field will lead to the discharge of
gas molecules. In addition, if the surface adsorbed molecules have an appreciable
dipole moment [73], it is likely that the negative gate induced field can stretch and
weaken the bonding. In combination, these factors lead to the electrodes orption
process and the fast conductance recovery at room temperature.

From a sensor application point of view, the use of changes in gate voltage for
sensor rejuvenation has certain advantages compared to the conventional heating
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35

40

45

50

55

1% NH3off1% NH3off
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Fig. 9.15 a I - Vds curves of heavily doped In2O3 nanowire before and after exposure to 1 %
NH3. Inset: energy band diagrams of heavily doped In2O3 and NH3 molecules. b I - Vds curves
of lightly doped In2O3 nanowire before and after exposure to 1 % NH3. Inset: energy band
diagrams of lightly doped In2O3 and NH3 molecules. Reprinted with permission from [86],
Copyright 2003, American Institute of Physics. c ZnO nanowire sensing response to different
concentrations of NH3 at 500 K. d Schematic of Fermi level shift from 300–500 K and the
resulted reversal of electron transfer direction. Reprinted with permission from [74], Copyright
2006, Institute of Electrical and Electronics Engineers

308 Z. Fan and J. G. Lu



and UV illumination recovery methods. These methods either consume much more
energy than sensor operation, or are difficult to integrate with nanowire sensors to
form a compact solution. In addition, UV illumination usually generates a large
number of electron–hole pairs leading to longer recovery times [84], which hinders
fast sensor operation.

Besides NO2, we have also explored refreshable sensing with NH3, another type
of toxic gas [73]. As mentioned in Sect. 9.4.1, NH3 exposure also decreases ZnO
nanowire conductance at room temperature, however, ZnO nanowire sensors are
much less sensitive to NH3 gas, due to the weaker electron capture capability of
NH3 molecules, as compared to NO2 [73]. Interestingly, experiments have shown
that the gate voltage required to refresh the adsorbed NH3 molecules on ZnO
nanowires is lower than that for NO2. For example, as shown in Fig. 9.14b, the
‘‘refresh’’ or ‘‘erase’’ voltage for 1 % NH3 is -30 V as compared with -60 V for
1 % NO2. Using the same gate pulse duration (60 s), the minimum gate ‘‘refresh’’
voltage is determined to be concentration dependent, as plotted in Fig. 9.14b.
More intriguingly, the time domain responses for NO2 and NH3 show a clear
difference. Particularly at the negative gate pulse duration, in which nanowire
conductance shows a quick transient followed by a relative steady recovery pro-
cess, as expected from the dynamic adsorption–desorption process [73]. The slopes
(k) of the linear recovery regions for NO2 and NH3 at different concentrations are
shown in Fig. 9.14c inset and Fig. 9.14d, respectively. It is observed that this slope
is concentration insensitive with distinguishable difference for NO2 and NH3,
specifically, kNH3 � 2kNO2. The fact that NH3 is much easier to be electro-desorbed

Fig. 9.16 a SEM images of single In2O3, SnO2, Ni doped SnO2 and TiO2 mesowires integrated
on the same chip. b The response of the array of the chemiresistors to hydrogen pulses with
partial pressure of 6.4 9 10-2Pa. c The response of a three-chemiresistor array to H2 (top) and
CO (bottom) inputs, normalized by maximum value. Reprinted with permission from [88],
Copyright 2006, American Chemical Society
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than NO2 renders a potential mechanism to distinguish NO2 and NH3 with the
assistance of additional signal processing circuits and pattern recognition software.

It is noteworthy that the apparently different sensitivity of ZnO nanowire to
NO2 and NH3 has been attributed to their different carrier activation energy on the
nanowire surface under the framework of the Volkenstein model [85]. Experi-
ments have shown that conductance activation energy in a NO2 surface coated
nanowire is much higher than that of a NH3 surface coated nanowire. Considering
the fact that activation of carriers from the adsorbed molecules will most likely
result in the desorption process, such an activation energy can also be qualitatively
associated to the desorption energy, which in turn indicates higher desorption
energy for NO2, as compared to NH3.

9.4.4 Reversal Sensing Mechanism

External doping and temperature variation influence the electronic property of
nanowire channels, thus the sensing response characteristics to the surface
adsorbed molecules could be affected. Figure 9.15a and b represent a reversal
sensing response towards 1 % NH3 for the In2O3 nanowires with heavy and light
oxygen vacancy doping [86]. The effective doping is achieved by tuning the
oxygen partial pressures during systhesis. In the case for lightly doped nanowires,
the nanowire Fermi level EF is below the chemical potential of NH3 (ENH3), thus
electrons should transfer from nanowire to the adsorbed NH3 species, yielding a

Fig. 9.17 a Schematic
of nanowire contact printing
process. Reprinted with
permission from [91],
Copyright 2008, American
Chemical Society.
b Schematic of
heterogeneous nanowire
integration for smart sensing
application
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reduction of conductance (Fig. 9.15a). However, for heavily doped nanowires, the
nanowire Fermi level EF rises above ENH3, thus the electron transfer direction is
reversed, and the conductance increases (Fig. 9.15b).

Fermi level is temperature dependent, thus the shift in Fermi level as temper-
ature varies can alter the sensing response [74, 87]. The ammonia chemical
potential lNH3 generally lies closely below the EF level of n-channel ZnO at room
temperature. Upon exposure, the adsorbed NH3 will deplete electrons in the
nanowire channel, thus inducing conduction suppression, as shown in Fig. 9.15c.
Whereas at an elevated temperature of 500 K, conductance increases upon
exposure to NH3 occurs (Fig. 9.15c), indicating that EF lowers below lNH3, giving
rise to reversal of electron transfer. In detail, Fig. 9.15d depicts the metal oxide
band diagram schematic upon the adsorption of NH3 at 300 and 500 K. At 300 K,
the EF level lies above the chemical potential of ammonia gas (denoted as lNH3 in
Ref. [74]). To reach equilibrium upon chemisorption, the electrons are withdrawn
from the ZnO, resulting in a conductance decrease. An elevated temperature yields
the down-shift of both EF and lNH3. At 500 K, the shift in EF places it below lNH3,
as depicted in Fig. 9.15d and a reversal of charge transfer occurs, i.e. the electron
accumulation layer is formed on the ZnO surface, inducing an increase of
conductivity.

9.4.5 Nanosensor Integration

Although single nanowires have a characteristic response to different chemical
species, in order to achieve fast identification of the composition and concentration
of mixed species, it is more practical to build a sensing device with arrays of
nanowires made of different materials. Due to the difference in chemical com-
positions and surface states, nanowires made of different materials may have

Fig. 9.18 Prototype
of a compact chemical sensor
that is incorporated into a
mobile phone. Courtesy of
Dr. Francisco Hernandez-
Ramirez
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dissimilar responses to the target analytes. On the other hand, the response of a
nanowire to specific species can be also modified via surface decoration/modifi-
cation. For example, Pd decorated SnO2 nanowire surface leads to improved H2

sensing property [82]. The ultimate objective of fabricating a nanowire array based
gas sensor is to realize the concept of an ‘‘Electronic Nose’’ which is composed of
a large number of sensors. In fact, the development of such a device based on
metal oxide nanowires has been demonstrated by Kolmakov and co-workers [88],
and lately by a few other groups [89, 90]. In the first work, single SnO2, Ni doped
SnO2, In2O3 and TiO2 mesowires were integrated on the same chip to form an
array of chemoresistors, as shown in Fig. 9.16a. Note that these structures were
actually randomly placed on the four different regions of the same Si/SiO2 wafer
for device fabrication [88]. Figure 9.16b shows the response of these nano/mes-
owires to H2 pulses after low pressure O2 exposure. Similar responses were
observed in the case of CO with an exception of In2O3 mesowire. At the chosen
range of concentrations, CO did not cause a measurable change in conductance in
this mesowire. In addition, the In2O3 whisker response to hydrogen was slower
than that for any of the other structures. In this work, though both H2 and CO
increase the conductance of the chemiresistors, and the selectivity of the individual
nanostructure is not sufficient to discriminate between them, gas distinguishability
can be achieved using pattern recognition. Specifically, as shown in Fig. 9.16c,
signal patterns are depicted for these three sensing elements as radial plots: each
radial beam shows the signal of one single sensing element normalized to its
maximum value and the radial plots of H2 and CO gas responses over the
chemiresistor array are prominently different for two gases leading to feasible
pattern recognition.

The concept of smart sensing with multiple nanowires has confirmed that an
‘‘Electronic Nose’’ can only be realized via heterogeneous integration of nano-
wires. In addition, this integration has to be more or less deterministic, namely,
specific types of nanowires have to be placed at the defined location, therefore,
arrays of sensor elements can be easily fabricated at low cost. Recently, we have
developed a scalable contact printing technique to achieve heterogeneous inte-
gration of semiconductor nanowires for sensor applications [91]. As shown in
Fig. 9.17a, this method involves the directional sliding of the nanowire growth
substrate with randomly aligned nanowires on top of a receiver substrate. During
this process, nanowires are effectively combed (i.e., aligned) by the directional
shear force, and are eventually detached from the growth substrate and transferred
to the target substrate which has lithographically defined patterns. This nanowire
transfer method has been proven highly generic for a number of nanowire mate-
rials, and is also compatible with various type of substrates, including Si/SiO2,
glass, plastic and paper. More importantly, all-nanowire integrated sensing circuits
have been fabricated using two different types of nanowires. Therefore, this
technique provides an ideal technological platform for building nanowire arrays
towards selective and smart chemical sensing, as illustrated in Fig. 9.17b.

312 Z. Fan and J. G. Lu



9.5 Future Outlook

We have presented in this chapter the recent progress in the studies of Q1D metal
oxides for chemical sensor applications. The topics cover nanowire growth,
structure and material characterizations, and their advantages as stable, sensitive,
and fast chemical sensors with low-power consumption, easy integration, and
potential chemical selectivity. Because of the intensive research effort in this field,
it is difficult to numerate all the achievements. Thus, in this chapter, we could only
highlight the essence of this research area.

Although the studies are still in the research stage, the future of nanowire based
devices is promising in terms of practical sensing performance. As in the case of
thin film metal oxide sensors, chemical selectivity remains a challenge for prac-
tical implementations. Possible solutions include surface coating with a chemically
selective membrane, or surface modifications with specific functional groups. And
a more sophisticated solution is to combine modular sensing units with different
nanomaterials to form a sensor network with wireless transmission capability.

As a model for sensor applications, Morante et al. [80] have developed a
portable chemical sensor by integrating SnO2 nanowires and micromembranes
with integrated heaters into one device. This device demonstrates hand held with a
built-in nanowire chemical sensor. Figure 9.18 shows a photograph of the
experimental setup, including the electronic integrated circuit. All of the mea-
surements can be performed and analyzed at an external processing station through
its USB connector. This small and lightweight device enables ways to perform
in-situ and real-time monitoring and detection of hazardous gases. Such a device
can be made portable and mobile, with a wireless transducer to implement a
wireless sensor network [92]. Ultimately, one envisions a smart sensor system,
which integrates multiple sensing elements with signal processing on a single chip.
Such a system with multicomponent chemical analysis integrated with pattern
recognition and signal transmission provides a promising prospect for a compact
and portable chemical sensor.

In summary, the chapter has examined the fundamental properties of metal
oxide nanowires and their potential application as chemical sensors. The intrinsic
nature of large surface-to-volume ratio, radii comparable to the Debye length, and
well defined single crystal facets make them stable sensors with tunable sensi-
tivity, fast recovery, as well as simple integration for efficient analyte differenti-
ation. The ultimate goal of chemical sensors is to mimic the olfactory function of
mammalian systems, in detecting complex gas mixtures and odors using a network
of sensor arrays and pattern recognition algorithms. The recent development of a
metal oxide nanowire based ‘‘Electronic Nose’’ embodied into a single device
integrating the sensing and signal processing functions in one chip have been
described. The identifications of compounds and concentrations are obtained via
pattern analysis of the measured responses carrying the ‘‘fingerprint’’ of a complex
gas mixture. For detailed review of this particular topic, please refer to Chaps. 14,
15 in this book.
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Chapter 10
ZnO Nanowires for Gas and Bio-Chemical
Sensing

Stephen J. Pearton, David P. Norton and Fan Ren

Abstract There has been significant recent interest in the use of surface-func-
tionalized thin film and nanowire ZnO for sensing of gases, heavy metals, UV
photons and biological molecules. For the detection of gases such as hydrogen, the
ZnO is typically coated with a catalyst metal such as Pd or Pt to increase the
detection sensitivity at room temperature. Functionalizing the surface with oxides,
polymers and nitrides is also useful in enhancing the detection sensitivity for gases
and ionic solutions. The use of enzymes or adsorbed antibody layers on the ZnO
surface leads to highly specific detection of a broad range of antigens of interest in
the medical and homeland security fields. We give examples of recent work
showing sensitive detection of glucose and lactic acid and the integration of the
sensors with wireless data transmission systems to achieve robust, portable
sensors.

10.1 Introduction

The explosion of interest in nanoscience coupled with growing demand for
reliable, low-power chemical sensors for a wide variety of industrial applications
has led to a surge in the development of nanostructured materials for gas detection
[1–5]. One-dimensional (1D) nanostructures such as nanowires, nanorods, and
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nanobelts are particularly suited for chemical sensing due to their large surface-to-
volume ratio [6–11]. In terms of material selection, wide band-gap semiconductors
are ideal for gas sensing having numerous advantageous properties including
ability to operate at high temperatures (or alternatively, to have low leakage
current at room temperature), radiation and environmental stability, and
mechanical robustness. Literature from more than a decade of research shows
improvement in consistent growth methods and potential for immediate industrial
use of 1D semiconductor nanostructures. Particular semiconductor materials
including III-nitrides such as GaN [12, 13] and InN [14–16], metal oxides
including ZnO and SnO2 [17, 18], and high-temperature materials such as SiC [19]
have seen the greatest interest for chemical gas sensing applications, chiefly for the
detection of H2, O2, NH3, and ethanol.

Chemical sensors have gained in importance in the past decade for applications
that include homeland security, medical and environmental monitoring and also
food safety. A desirable goal is the ability to simultaneously analyze a wide variety
of environmental and biological gases and liquids in the field and to be able to
selectively detect a target analyte with high specificity and sensitivity. In the area
of detection of medical biomarkers, many different methods, including enzyme-
linked immunosorbent assay (ELISA), particle-based flow cytometric assays,
electrochemical measurements based on impedance and capacitance, electrical
measurement of microcantilever resonant frequency change, and conductance
measurement of semiconductor nanostructures. Gas chromatography (GC), ion
chromatography, high density peptide arrays, laser scanning quantitative analysis,
chemiluminescence, selected ion flow tube (SIFT), nanomechanical cantilevers,
bead-based suspension microarrays, magnetic biosensors and mass spectrometry
(MS) have been employed. Depending on the sample condition, these methods
may show variable results in terms of sensitivity for some applications and may
not meet the requirements for a handheld biosensor.

For homeland security applications, reliable detection of biological agents in
the field and in real time is challenging. Toxins such as ricin, botulinum toxin or
enterotoxin B are environmentally stable, can be mass-produced and do not need
advanced technologies for production and dispersal. A significant issue is the
absence of a definite diagnostic method and the difficulty in differential diagnosis
from other pathogens that would slow the response in case of a terror attack. This
is a critical need that has to be met to have an effective response to terrorist attacks.
Given the adverse consequences of a lack of reliable biological agent sensing on
national security, there is a critical need to develop novel, more sensitive and
reliable technologies for biological detection in the field. Some specific toxins of
interest include Enterotoxin type B (Category B, NIAID), Botulinum toxin (Cat-
egory A NIAID) and ricin (Category B NIAID).

While the techniques mentioned above show excellent performance under lab
conditions, there is also a need for small, handheld sensors with wireless con-
nectivity that have the capability for fast responses. The chemical sensor market
represents the largest segment for sales of sensors, including chemical detection in
gases and liquids, flue gas and fire detection, liquid quality sensors, biosensors and
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medical sensors. Some of the major applications in the home include indoor air
quality and natural gas detection. Attention is now being paid to more demanding
applications where a high degree of chemical specificity and selectivity is required.
For biological and medical sensing applications, disease diagnosis by detecting
specific biomarkers (functional or structural abnormal enzymes, low molecular
weight proteins, or antigen) in blood, urine, saliva, or tissue samples has been
established. Most of the techniques mentioned earlier such as ELISA, possess a
major limitation in that only one analyte is measured at a time. Particle-based
assays allow for multiple detection by using multiple beads but the whole detec-
tion process is generally longer than 2 h, which is not practical for in-office or
bedside detection. Electrochemical devices have attracted attention due to their
low cost and simplicity, but significant improvements in their sensitivities are still
needed for use with clinical samples. Microcantilevers are capable of detecting
concentrations as low as 10 pg/ml, but suffer from an undesirable resonant fre-
quency change due to the viscosity of the medium and cantilever damping in the
solution environment. Nano-material devices have provided an excellent option
toward fast, label-free, sensitive, selective, and multiple detections for both pre-
clinical and clinical applications. Examples of detection of biomarkers using
electrical measurements with semiconductor devices include carbon nanotubes for
lupus erythematosus antigen detection [20], compound semiconducting nanowires
and In2O3 nanowires for prostate-specific antigen detection [21], and silicon
nanowire arrays for detecting prostate-specific antigen [22]. In clinical settings,
biomarkers for a particular disease state can be used to determine the presence of
disease as well as its progress.

Semiconductor-based sensors can be fabricated using mature techniques from
the Si chip industry and/or novel nanotechnology approaches. Specifically, the
development of hydrogen-selective sensors has seen considerable recent attention
for their potential use with proton-exchange membrane (PEM) and solid oxide fuel
cells for space craft and industrial applications. Sensors in these harsh environ-
ments must selectively detect hydrogen at room temperature or below while using
minimum power. Several groups have already demonstrated the application of
nitride and oxide semiconductor nanostructures for exclusive H2 sensing using
carbon nanotubes (CNTs) [1, 23] and ZnO [24, 25]. Several issues must still be
addressed however, including quantifying sensitivity, improving detection limits at
room temperature, and reducing power consumption.

In this review we discuss the progress of ZnO-based semiconductor nano-
structures for nanoelectronic devices and for chemical and gas sensing, specifically
for hydrogen. Functionalizing the surface with oxides, polymers and nitrides is
also useful in enhancing the detection sensitivity for gases and ionic solutions. The
wide bandgaps of these materials make them ideal for solar-blind UV detection,
which can be use for detecting fluorescence from biotoxins. The use of enzymes or
adsorbed antibody layers on the semiconductor surface leads to highly specific
detection of a broad range of antigens of interest in the medical and homeland
security fields. The use of catalyst metal coatings on ZnO nanowires is found to
greatly enhance the detection sensitivity for hydrogen. All sensors tested exhibited
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no response at room temperature upon exposure to various other gases including
O2, C2H5, N2O, and CO2.The high surface-to-volume ratio of nanowires and the
ability to use simple contact fabrication schemes make them attractive for
hydrogen sensing applications functionalities.

10.2 Zinc Oxide Nanostructures Based Sensors

The history of ZnO nanostructures is extensive; there is much literature dedicated
to the synthesis and characterization of the various types of nanostructured ZnO
morphologies grown. A review of the many forms of nano-sized ZnO including
nanobelts, -cages, -combs, and -wires is provided by Wang [26]. This ease of
nano-fabrication combined with the high compatibility with Si-based microelec-
tronics afforded to semiconducting metal oxides makes ZnO a particularly inter-
esting candidate for solid-state chemical gas sensing. ZnO is a chemically and
thermally stable, inherently n-type semiconductor with a large exciton binding
energy and wide bandgap. ZnO-based gas sensors have already been developed
from thin films [27], nanoparticles [28], and nanowires [29]. Additionally, ZnO
easily forms a heterostructure system with MgO and CdO over a limited misci-
bility range that is promising for blue/UV optoelectronics, transparent electronics,
and sensors. Schottky diode devices using thin Pd or Pt contacts have detected
hydrogen at concentrations of hundreds of ppm at temperatures as low as 100 C. It
is generally accepted that H2 is dissociated when adsorbed on Pt and Pd at room
temperature. The reaction is as follows:

H2ðadsÞ!2 Hþ þ e�

Dissociated hydrogen causes a change in the channel and conductance change
of the nanowire by altering the zero-bias depletion depth.

10.3 Hydrogen Detection Using Zinc Oxide Nanostructures

For our work, site selective growth of ZnO nanorods was achieved by Molecular
Beam Epitaxy (MBE) on Al2O3. Growth time was *2 h at 600 �C producing
single crystal nanorods with a typical length of 2–10 lm and having a diameter
between 30 and 150 nm. Al/Ti/Au electrodes were deposited via e-beam evapo-
ration with a separation distance of *3 lm. Finally, Au wires were bonded to the
contact pads for I–V measurements performed at temperatures between 25 and
150 �C in 10 % H2 in a N2 ambient. No current was measured through the dis-
continuous Au islands and no thin film of ZnO was observed with the nanorod
growth. In some cases, nanorods were functionalized using Pd, Pt, Au, Ni, Ag or
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Ti discontinuous thin films (*100 Å thick) deposited by sputtering, shown
schematically in Fig. 10.1.

Although there was no detectable change in current upon H2 exposure at room
temperature, ZnO nanorods did reflect changes in current beginning at *112 �C as
shown in Fig. 10.2. While change in current only approaches 16 nA at 200 �C,
these changes are readily detected by conventional ammeters, however, an on-chip
heater would be needed for practical application of ZnO nanorods for detection of
hydrogen. Regardless, these results show the possible ability of ZnO nanorods for
use as hydrogen gas sensors without deposition of an additional functional layer. In
this case, the gas sensing mechanism is believed to derive from desorption of
absorbed surface oxygen and grain boundaries in poly-ZnO or from changes in
surface or grain boundary conduction by gas adsorption/desorption. Since the
nanowires are typically single crystal, the latter effect is not likely to contribute.
When detecting hydrogen with similar thin film rectifiers, observed changes in
current were consistent with changes in the near surface doping of the ZnO,
suggesting the introduction of a shallow donor state via hydrogen adsorption. The
nanorods also showed a strong photoresponse to above bandgap UV light

S D

M-NRs

Pd

Fig. 10.1 Schematic of multiple nanowire semiconductor sensor coated with catalyst metal. The
source (S) and drain (D) contacts are both Ohmic in nature
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(366 nm). The quick photoresponse indicated that the changes in conductivity due
to injection of carriers was bulk-related and not due to surface effects.

Similar to GaN and InN, previous reports have shown the addition of metallic
nanoparticles on the surface increases the detection sensitivity for H2 [30], so
metal catalyst coatings were deposited to ZnO nanorods to increase the detection
efficiency for hydrogen gas. Figure 10.3 shows the time dependence of relative
resistance change of metal-coated multiple ZnO nanorods with various metal
functionalization layers upon exposure to 500 ppm H2. The measured bias voltage
was 0.5 V. Pt-coated nanorods exhibited a relative response of up to 8 % at room
temperature upon exposure to 500 ppm hydrogen concentration in N2 ambient.
Unlike the results for the nitride-based nanostructures, this was a factor of two
larger than obtained with Pd-coatings. Pt-coated ZnO nanorods easily detected
hydrogen down to 100 ppm (experimental limit), with relative responses of 4 % at
this concentration after 10 min exposure. All other metal functional layers showed
very little relative responses to hydrogen exposure.

Differences in relative response to hydrogen exposure between Pt- and Pd-
coated samples were suggested to come from catalytic properties of the metals. Pd
has a higher permeability than Pt, but the solubility of H2 is larger in Pd. Addi-
tionally, bonding studies of H to Ni, Pt, and Pd surfaces have shown that the
adsorption energy is lowest on Pt. As shown however, the calculated activation
energy for GaN nanowires and InN nanobelts was lower for Pd-coated samples,
not Pt. This is likely due to the adsorption of hydrogen at an oxide interface
between the nitride surface and the metal and not from adsorption of hydrogen at
the metal coating. The existence and importance of this oxide interface for
hydrogen sensing on nitride-based semiconductors is well documented. Because
hydrogen adsorption on the oxide side of a ZnO-based sensor would contribute to
the creation of a shallow donor state, the sensing mechanism for hydrogen
detection on metal coated ZnO nanostructures is probably different from that of
GaN or InN.

Similar to nitride-based nanostructured sensors is the rapid, initial response of
ZnO multiple nanorod sensors to hydrogen exposure. Effective nanorod resistance
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continues to change for [15 min exposure. This suggests chemisorption of
hydrogen to the metal/ZnO interface is the rate-limiting step in conductance
changes to the ZnO. Recovery of initial resistance upon removal of hydrogen from
the ambient was rapid. An activation energy of 12 kJ/mole was measured for the
chemisorption of hydrogen onto the metal coating surface [15].

Pt-coated ZnO nanorods are good potential candidates for detection of ppm
concentrations of hydrogen at room temperature. Both initial response and
recovery characteristics are rapid and likely limited by adsorption/desorption of
hydrogen at the metal-ZnO interface. Because these ZnO nanorods can be placed
on cheap substrates such as glass, they are well-suited for low-cost sensing
applications that operate at very low power requirements. Reliability and long-
term reproducibility of sensor response will still need to be considered before these
sensors are considered for space applications.

10.4 UV Photodetectors

The development of UV detectors in the spectral range shorter than k*400 nm
has attracted much interest recently because of potential applications in detection
of biological materials and for the defense industry. In the former case, the UV
photons are used to excite fluorescence at UV wavelengths from biological
materials of interest and this is detected by the photodetectors. Wide bandgap
detectors are very useful in bio-warfare agent detection because some pathogenic
biological molecules fluoresce in the UV spectral region [31].

The most common UV detectors are based on p-i-n Si photodiodes or
UV-filtered photomultiplier tubes. The use of nitride semiconductor UV detectors
has advantages in terms of more precise detection windows, lower background
currents due to solar fluxes and wider range of operating temperatures. Photode-
tectors that have no response for photons at wavelengths[290 nm are called solar-
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blind and are useful in applications that need to detect UV photons in the presence
of sunlight, such as flame sensors, missile detectors and aircraft detection. Si
detectors have very poor solar-blind performance characteristics and wide bandgap
systems offer improved speed and lower dark currents.

Currently the most commonly used wide bandgap semiconductor system for
UV detection is GaN/AlGaN. There is also interest in developing ZnO/ZnMgO
nanowire UV detectors as a complementary technology for UV detection, with the
following advantages relative to the nitrides [32–52].

1. The ZnO-based materials offer similar band-gaps to the nitrides, but can be
grown at much lower-temperature on a wider range of substrates, including
large area Si or cheap transparent materials such as glass. The nanowires can be
transferred to any substrate for integration with other sensors and are com-
patible with low temperature materials such as polymers.

2. The nanowire UV detectors operate at very low power levels compared to
existing nitride UV detectors.

3. The fabrication approach developed previously for ZnO nanowire gas sensors
allows for a simple, low-cost, single-step approach to realizing robust UV
detectors.

4. ZnO nanowire UV detectors can be readily integrated with on-chip wireless
circuits to provide data transmission to a central monitoring location. Thus, it is
possible to have either single detectors or arrays of detectors that operate at
very low-power levels and do not need constant monitoring by humans.

5. The versatility of substrates also makes it possible to utilize 3D stacking
technology developed for silicon substrates for data intensive applications.
Devices stacked with overlying ZnO sensors would permit maximum sensor
density and higher levels of integration with silicon or gallium arsenide
electronics.

ZnO nanowires grown by site-selective MBE are single crystal and typically
conducting with a carrier density in the 1017–1018 cm-3 range. These nanowires
can be removed by sonication from their original substrate and then transferred to
arbitrary substrates where they can be contacted at both ends by Al/Pt/Au Ohmic
electrodes, as shown in Fig. 10.4(top). The current–voltage and photoresponse
characteristics were obtained both in the dark and with ultra-violet (254 or
366 nm) illumination. The current–voltage (I–V) characteristics are Ohmic under
all conditions, with nanowire conductivity under UV exposure of 0.2 Ohm.cm.
The photoresponse showed only a minor component with long decay times (tens of
seconds) thought to originate from surface states. The results show the high quality
of material prepared by MBE and the promise of using ZnO nanowire structures
for solar-blind UV detection. Recent reports have shown the sensitivity of ZnO
nanowires to the presence of oxygen in the measurement ambient and to ultra-
violet (UV) illumination [51, 52]. In the latter case, above bandgap illumination
was found to change the current–voltage (I–V) characteristics of ZnO nanowires
grown by thermal evaporation of ball-milled powders between two Au electrodes
from rectifying to Ohmic. By contrast, there was no change in the effective built-in
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potential barrier between the ZnO nanowires and the contacts for below bandgap
illumination. The slow photoresponse of these nanowires was suggested to orig-
inate in the presence of surface states which trapped electrons with release time
constants from msec to hours.

By sharp contrast to these results, we have demonstrated that the photoresponse
characteristics of single ZnO nanowires grown by site selective Molecular Beam
Epitaxy (MBE) have relatively fast photoresponse and show electrical transport
dominated by bulk conduction. Figure 10.4 (bottom) shows the change in current
at fixed bias of the nanowires in the dark and under illumination from 366 nm
light. The conductivity is greatly increased as a result of the illumination, as
evidenced by the higher current. No effect was observed for illumination with
below bandgap light. Transport measurements show that the ideality factor of Pt
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Schottky diodes formed on the nanowires exhibit an ideality factor of 1.1, which
suggests that there is little recombination occurring in the nanowire. It also
exhibits excellent Ohmicity of the contacts to the nanowire, even at low bias. On
blanket films of n-type ZnO with carrier concentration in the 1016 cm-3 range we
obtained contact resistance of 3–5 9 10-5 Ohm.cm-2 for these contacts. In the
case of ZnO nanowires made by thermal evaporation, the I–V characteristics were
rectifying in the dark and only became Ohmic during above bandgap illumination.
The conductivity of the nanowire during illumination with 366 nm light was
0.2 Ohm.cm.

The photoresponse of the single ZnO nanowire at a bias of 0.25 V under pulsed
illumination from a 366 nm wavelength Hg lamp shows the photoresponse is
much faster than that reported for ZnO nanowires grown by thermal evaporation
from ball-milled ZnO powders and likely is due to the reduced influence of the
surface states seen in that material. The generally quoted mechanism for the
photoconduction is creation of holes by illumination that discharge the negatively
charged oxygen ions on the nanowire surface, with de-trapping of electrons and
subsequent transmission to the electrodes. The recombination times in high quality
ZnO measured by time-resolved photoluminescence are short, on the order of tens
of ps, while the photoresponse measures the electron trapping time. There is also a
direct correlation reported between the photoluminescence lifetime and the defect
density in both bulk and epitaxial ZnO. In our nanowires, the electron trapping
times are on the order of tens of seconds and these trapping effects are only a small
fraction of the total photoresponse recovery characteristic. Note also the fairly
constant peak photocurrent as the lamp is switched on, showing that any traps
present have discharged in the time frame of the measurement. Once again we see
an absence of the very long time constants for recovery seen in nanowires prepared
by thermal evaporation.

10.5 pH Measurement

The measurement of pH is needed in many different applications, including
medicine, biology, chemistry, food science, environmental science as well as
oceanography. Solutions with a pH less than 7 are acidic and solutions with a pH
greater than 7 are basic or alkaline. We have found that ZnO nanorod surfaces
respond electrically to variations of the pH in electrolyte solutions introduced via
an integrated microchannel. The ion-induced changes in surface potential are
readily measured as a change in conductance of the single ZnO nanorods and
suggest that these structures are very promising for a wide variety of sensor
applications. An integrated microchannel was made from SYLGARD@ 184
polymer. Entry and exit holes in the ends of the channel were made with a small
puncher (diameter less than 1 mm) and the film immediately applied to the
nanorod sensor. The pH solution was applied using a syringe autopipette (2–20 ul).
An SEM image of the completed device is shown in Fig. 10.5 (top).
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Prior to the pH measurements, we used pH 4, 7, 10 buffer solutions to calibrate
the electrode and the measurements at 25 �C were carried out in the dark or under
ultra-violet (UV) illumination from 365 nm light using an Agilent 4156C
parameter analyzer to avoid parasitic effects. The pH of the solution was varied via
titration of an aqueous solution (pH = 7) with either an aqueous HNO3 solution or
an aqueous NaOH solution using distilled water as the solvent. The electrode was a
conventional Acumet standard Ag/AgCl electrode. The nanorods showed a very
strong photoresponse as a function of pH and furthermore, the conductivity is
greatly increased as a result of UV illumination, as evidenced by the higher current
displayed in Fig. 10.5 (bottom). No effect was observed for illumination with
below bandgap light. The photoconduction appears predominantly to originate in
bulk conduction processes with only a minor surface trapping component. The
adsorption of polar molecules on the surface of ZnO affects the surface potential
and device characteristics.

The current at a bias of 0.5 V as a function of time for nanorods exposed for
60 s to a series of solutions whose pH was varied from 2 to 12 was reduced upon
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exposure to these polar liquids as the pH is increased. The experiment was con-
ducted starting at pH = 7 and went to pH = 2 or 12. The I–V measurement in air
was slightly higher than in an aqueous solution with pH = 7(10–20 %). The data
shows the sensor is sensitive to the concentration of the polar liquid and therefore
could be used to differentiate between liquids into which a small amount of
leakage of another substance has occurred. The conductance of the rods was higher
under UV illumination but the percentage change in conductance is similar with
and without illumination. The nanorods exhibited a linear change in conductance
between pH 2–12 of 8.5nS/pH in the dark and 20nS/pH when illuminated with UV
(365 nm) light as shown at the bottom of Fig. 10.5. The nanorods show stable
operation with a resolution of *0.1 pH over the entire pH range, showing the
remarkable sensitivity to relatively small changes in concentration of the liquid.
The small size and low power requirements are the main advantages of this
approach.

10.6 Biomedical Applications

10.6.1 Glucose Detection

AlGaN/GaN HEMTs with ZnO nanowires on the gate region can be used for
measurements of pH in exhaled breath condensate (EBC) and glucose, through
integration of the pH and glucose sensor onto a single chip and with additional
integration of the sensors into a portable, wireless package for remote monitoring
applications. Figure 10.6 shows an optical microscopy image of an integrated pH
and glucose sensor chip and cross-sectional schematics of the completed pH and
glucose device. The gate dimension of the pH sensor device and glucose sensors
was 20 9 50 lm2.

For the glucose detection, a highly dense array of 20–30 nm diameter and 2 lm
tall ZnO nanorods were grown on the 20 9 50 lm2 gate area. The lower right
inset in Fig. 10.6 shows closer view of the ZnO nanorod arrays grown on the gate
area. The total area of the ZnO was increased significantly with the ZnO nanorods.
The ZnO nanorod matrix provides a microenvironment for immobilizing nega-
tively charged GOx while retaining its bioactivity, and passes charges produced
during the GOx and glucose interaction to the AlGaN/GaN HEMT. The GOx
solution was prepared with concentration of 10 mg/mL in 10 mM phosphate buffer
saline (pH value of 7.4, Sigma Aldrich). After fabricating the device, 5 ll GOx

(*100 U/mg, Sigma Aldrich) solution was precisely introduced to the surface of
the HEMT using a pico-liter plotter. The sensor chip was kept at 4 �C in the
solution for 48 h for GOx immobilization on the ZnO nanorod arrays followed by
an extensively washing to remove the un-immobilized GOx.

To take the advantage of quick response (less than 1 s) of the HEMT sensor, a
real-time EBC collector is needed. The amount of the EBC required to cover the
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HEMT sensing area is very small. Each tidal breath contains around 3 ll of the
EBC. The contact angle of EBC on ZnO has been measured to be less than 45o,
and it is reasonable to assume a perfect half sphere of EBC droplet formed to cover
the sensing area 4 9 50 lm2 gate area. The volume of a half sphere with a
diameter of 50 lm is around 3 9 10-11 liter. Therefore, 100,000 of 50 lm
diameter droplets of EBC can be formed from each tidal breath.

To condense the entire 3 ll of water vapor, only *7 J of energy need to be
removed for each tidal breath, which can be easily achieved with a thermal electric
module, a Peltier device. The figure also shows a photograph and schematic of the
system for collecting the EBC. The AlGaN/GaN HEMT sensor is directly mounted
on the top of the Peltier unit (TB-8-0.45-1.3 HT 232, Kryotherm), which can be
cooled to precise temperatures by applying known voltages and currents to the
unit. During our measurements, the hotter plate of the Peltier unit was kept at
21 �C, and the colder plate was kept at 7 �C by applying a bias of 0.7 V at 0.2 A.
The sensor takes less than 2 s to reach thermal equilibrium with the Peltier unit.
This allows the exhaled breath to immediately condense on the gate region of the
HEMT sensor.

Prior to pH measurements of the EBC, a Hewlett Packard soap film flow meter
and a mass flow controller were used to calibrate the flow rate of exhaled breath.
The HEMT sensors were also calibrated and exhibited a linear change in current
between pH 3–10 of 37 lA/pH. Due to the difficulty to collect the EBC with

Fig. 10.6 SEM image of an integrated pH and glucose sensor. The insets show a schematic
cross-section of the pH sensor and also an SEM of the ZnO nanorods grown in the gate region of
the glucose sensor
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different glucose concentrations, the samples for glucose concentration detection
were prepare from glucose diluted in PBS or DI water.

The HEMT sensors were not sensitive to switching of N2 gas, but responded to
applications of exhaled breath pulse inputs from a human test subject, which
shows the current of a ZnO coated HEMT sensor biased at 0.5 V for exposure to
different flow rates of exhaled breath (0.5–3.0 l/min). The flow rates are directly
proportional to the intensity exhalation. Deep breath provides a higher flow rate. A
similar study was conducted with pure N2 to eliminate the flow rate effect on
sensor sensitivity. The N2 did not cause any change of drain current, but the
increase of exhaled breath flow rate decreased the drain current proportionally
from 0.5 L/min to a saturation value of 1 L/min. For every tidal breath, the
beginning portion of the exhalation is from the physiologic dead space, and the
gases in this space do not participate in CO2 and O2 exchange in the lungs.
Therefore, the contents in the tidal breath are diluted by the gases from this dead
space. For higher flow rate exhalation, this dilution effect is less effective. Once the
exhaled breath flow rate is above 1L/min, the sensor current change reaches a
limit. As a result, the test subject experiences hyper ventilation and the dilution
becomes insignificant. The sensor is operated at 50 Hz and 10 % duty cycle, which
produces heat during operation. It only takes a few seconds for the EBC to
vaporize from the sensing area and causes the spike-like response. The principal
component of the EBC is water vapor, which represents nearly all of the volume
([99 %) of the fluid collected in the EBC. The measured current change of the
exhale breath condensate shows that the pH values are within the range between
pH 7 and 8. This range is the typical pH range of human blood.

The glucose was sensed by ZnO nanorod functionalized HEMTs with glucose
oxidase enzyme localized on the nanorods, shown in Fig. 10.7. This catalyzes the
reaction of glucose and oxygen to form gluconic acid and hydrogen peroxide.
Figure 10.8 shows the real time glucose detection in PBS buffer solution using the
drain current change in the HEMT sensor with constant bias of 250 mV. No
current change can be seen with the addition of buffer solution at around 200 s,
showing the specificity and stability of the device. By sharp contrast, the current
change showed a rapid response of less than 5 s when target glucose was added to
the surface. So far, the glucose detection using Au nano-particle, ZnO nanorod and
nanocomb, or carbon nanotube material with GOx immobilization is based on
electrochemical measurement. Since there is a reference electrode required in the
solution, the volume of sample can not be easily minimized. The current density is
measured when a fixed potential applied between nano-materials and the reference
electrode. This is a first order detection and the range of detection limit of these
sensors is 0.5–70 lM. Even though the AlGaN/GaN HEMT based sensor used the
same GOx immobilization, the ZnO nanorods were used as the gate of the HEMT.
The glucose sensing was measured through the drain current of HEMT with a
change of the charges on the ZnO nano-rods and the detection signal was amplified
through the HEMT. Although the response of the HEMT based sensor is similar to
that of an electrochemical based sensor, a much lower detection limit of 0.5 nM
was achieved for the HEMT based sensor due to this amplification effect. Since
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there is no reference electrode required for the HEMT based sensor, the amount of
sample only depends on the area of gate dimension and can be minimized. The
sensors do not respond to glucose unless the enzyme is present, as shown in
Fig. 10.9.

Although measuring the glucose in the EBC is a noninvasive and convenient
method for the diabetic application, the activity of the immobilized GOx is highly
dependent on the pH value of the solution. The GOx activity can be reduced to
80 % for pH = 5–6. Once the OH- ions produce from reaction between oxygen
and water diffused away the gate area, the pH value decreased. Thus around
85 min, the pH value of the glucose solution around gate area decreased low
enough to allow the activity of GOx to resume and the drain current of the glucose
sensor showed another sudden increase. Then, the same process happened again
and drain current of the glucose current gradually decreased for a second time.

The human pH value can vary significantly depending on the health condition.
Since we cannot control the pH value of the EBC samples, we needed to measure
the pH value while determine the glucose concentration in the EBC. With the fast
response time and low volume of the EBC required for HEMT based sensor, a
handheld and real-time glucose sensing technology can be realized.

Fig. 10.7 Schematic of ZnO
nanorod functionalized
HEMT (top) and SEM
of nanorods on gate area
(bottom)
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10.6.2 Lactic Acid Detection

Lactic acid can also be detected with ZnO nanorod-gated AlGaN/GaN HEMTs.
Interest in developing improved methods for detecting lactic acid has been
increasing due to its importance in areas such as clinical diagnostics, sports
medicine, and food analysis. An accurate measurement of the concentration of
lactic acid in blood is critical to patients that are in intensive care or undergoing
surgical operations as abnormal concentrations may lead to shock, metabolic
disorder, respiratory insufficiency, and heart failure. Lactic acid concentration can
also be used to monitor the physical condition of athletes or of patients with
chronic diseases such as diabetes and chronic renal failure. In the food industry,
lactate level can serve as an indicator of the freshness, stability and storage quality.
For the reasons above, it is desirable to develop a sensor capable of simple and
direct measurements, rapid response, high specificity, and low cost. Recent

Fig. 10.8 Plot of drain
current versus time with
successive exposure of
glucose from 500 pM to
125 lM in 10 mM phosphate
buffer saline with a pH value
of 7.4, both with and without
the enzyme located on the
nanorods
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research on lactic acid detection has mainly focused on amperometric sensors with
lactic acid specific enzymes attached to an electrode with a mediator. Examples of
materials used as mediators include carbon paste, conducting copolymer, nano-
structured Si3N4 and silica materials. Other methods of detecting lactic acid
include utilizing semiconductors and electro-chemiluminescent materials.

A ZnO nanorod array, which was used to immobilize lactate oxidase (LOx),
was selectively grown on the gate area using low temperature hydrothermal
decomposition (Fig. 10.10, top). The array of one-dimensional ZnO nanorods
provided a large effective surface area with high surface-to-volume ratio and a
favorable environment for the immobilization of LOx. The AlGaN/GaN HEMT
drain-source current showed a rapid response when various concentrations of
lactic acid solutions were introduced to the gate area of the HEMT sensor. The
HEMT could detect lactic acid concentrations from 167 nM to 139 lM.
Figure 10.10 (bottom) shows a real time detection of lactic acid by measuring the
HEMT drain current at a constant drain-source bias voltage of 500 mV during
exposure of HEMT sensor to solutions with different concentrations of lactic acid.
The sensor was first exposed to 20 ll of 10 mM PBS and no current change could
be detected with the addition of 10 ll of PBS at approximately 40 s, showing the
specificity and stability of the device. By contrast, a rapid increase in the drain
current was observed when target lactic acid was introduced to the device surface.
The sensor was continuously exposed to lactic acid concentrations from 167 nM to
139 lM. The response was reversible.

As compared with the amperometric measurement based lactic acid sensors, our
HEMT sensors do not require a fixed reference electrode in the solution to measure
the potential applied between the nano-materials and the reference electrode. The
lactic acid sensing with the HEMT sensor was measured through the drain current
of HEMT with a change of the charges on the ZnO nanorods and the detection
signal was amplified through the HEMT. Although the time response of the HEMT
sensors is similar to that of electrochemical based sensors, a significant change of
drain current was observed for exposing the HEMT to the lactic acid at a low
concentration of 167 nM due to this amplification effect. This is about a factor of 3
lower than electrochemical sensors. In addition, the amount of sample, which is
dependent on the area of gate dimension, can be minimized for the HEMT sensor
due to the fact that no reference electrode is required. Thus, measuring lactic acid
in the exhaled breath condensate (EBC) can be achieved as a noninvasive method.

10.7 Wireless Sensors

With many of the sensor applications, it is desirable to have the detected signal
transmitted wirelessly to a central location. This could be part of an unmanned
system for biotoxin detection or part of a personal medical monitoring system in
which a patient could breathe into a hand-held device that then transmits the
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encrypted signal to a doctor’s office. This would allow for fewer visits to doctor’s
offices and less problems with false positive tests because data could be accu-
mulated over an extended period and a more reliable baseline established.

As shown in the Fig. 10.11, we have also developed a pen-sized portable, re-
configurable wireless transceiver integrated with a pH sensor. The wireless
transmitter and receiver pair was designed to acquire EBC data and transmit it
wirelessly. This system is able to interface multiple different sensors and consists
of a transmitter and receiver pair. The transmitter was designed such that it is the
size of a marker-pen so that it could be used as an ultra-portable lightweight
handheld device. The transmitter is designed to be operated on an ultra-low-power
mode. The transmitter is also equipped with an on-board recharging circuit, which
can be powered by using a standard mini-USB cable. The transmitter consumes on
average 80 lA. The transmitter and receiver pair is designed to operate at 2.4 GHz
with a range of up to 20ft line-of-sight. The receiver has USB 2.0 connectivity,
which relays EBC data from the transmitter to a PC while powering the receiver.
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Fig. 10.10 Schematic cross
sectional view of the ZnO
nanorod gated HEMT for
lactic acid detection (top) and
plot of drain current versus
time with successive
exposure to lactic acid from
167 nM to 139 lM (bottom).
(Reprinted with permission
from Ref. 31 Chu BH, Kang
BS, Ren F, Chang CY, Wang
YL, Pearton SJ, Glushakov
AV, Dennis DM, Johnson
JW, Rajagopal P, Roberts JC,
Piner EL and Linthicum KJ
(2008) Appl Phys Lett
93:042114 Copyright
American Institute of
Physics, 2008)

338 S. J. Pearton et al.



The transmitter is designed to integrate with various different sensors through a
connector. The transmitter can be reset for the required input signal range to
trigger the alarm through the bi-directional wireless communication for a different
sensing application. Thus this system is reconfigurable over-the-air. The wireless
circuits only consume a power level around 1 lW. If the sensor consumes a
similar power level, the battery installed on the transmitter package can last more
than one month. This EBC sensing pair of devices can be mass-produced cost
effectively well below $100 each pair. The sensor occupies the tip of the pen-
shaped layout in Fig. 10.11 and runs off a 75 mA Li ion polymer rechargeable
battery. Figure 10.11 illustrates the package sensors mounted on a circuit board
containing the detection circuit and microcontroller and the wireless transmitter
for data collection. The sensor module is fully integrated on an FR4 PC board and
is packaged with battery. The dimension of the sensor module package is:
4.500 9 2.900 9 200. The maximum line of sight range between the sensor module
and the base station is 150 m. The base station of the wireless sensor network
server is also integrated in a single module (3.000 9 2.700 9 1.100) and is ready to be
connected to a laptop by a USB cable. The base station draws its power from the
laptop’s USB interface, thus do not require any battery or wall AC transformer,
which reduces its form factor. The PC is used to record the sensing data, send the
data to internet, and take actions when the hydrogen is detected.

10.8 Summary and Outlook

Nitride and oxide semiconductor nanostructures are ideal materials for chemical
sensing. Material properties including high chemical and thermal stability coupled
with a high surface to volume ratio give these nanostructured sensors high sen-
sitivity with detection capabilities down to the low ppm levels for gases such as
hydrogen. While hydrogen sensing devices have been demonstrated on single ZnO
nanowires, there are real advantages in the development of wide bandgap sensors
involving contacting multiple nanowire sheets. Although the power requirement
for using multiple nanowires is higher than that for single nanowire devices, the
simplicity of fabrication including minimal processing steps for multiple nanowire
sensors is highly favorable for future mass production of these sensors.

Selective sensing of hydrogen in nitrogen ambients has been shown using
nanostructured ZnO down to 50 ppm at room temperature. Sensors were func-
tionalized using Pt or Pd in order to facilitate dissociation of molecular hydrogen
and improve sensing efficiency. All sensors displayed excellent response charac-
teristics and decent recovery upon exposure to air or pure oxygen. Sensor recovery
was slower for devices kept in pure nitrogen ambient upon removal of hydrogen.
Non-functionalized devices showed little to no change upon gas exposure. In the
case of ZnO nanowires, Pt functionalization produced a larger relative response to
hydrogen exposure over Pd functionalization.
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There is also great promise for using nanowires in conjunction with HEMT
sensors to enhance the detection sensitivity for glucose and lactic acid. Once again,
the high surface area of nanowires provides an ideal approach for enzymatic
detection of biochemically important substances.
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Fig. 10.11 Photographs of
integrated pH sensor (top)
and receiver/transmitter pair
(center) and connection to
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Chapter 11
Metal Oxide Nanowire Sensors
with Complex Morphologies
and Compositions

Qiuhong Li, Lin Mei, Ming Zhuo, Ming Zhang
and Taihong Wang

Abstract Metal oxide nanowire sensors with complex morphologies and com-
positions have shown promising properties due to their high surface-to-volume
ratio and stable structures against agglomeration. In this chapter, a series of metal
oxide nanostructures modified via surface coating, morphology variation, doping
and appropriate energy band engineering have been investigated, and the sensing
mechanism is discussed. By using nanostructures with complex morphologies and
compositions in simple material synthesis routes, the structure of the sensitive
material is modified, the electronic transport of the sensor is regulated and the
sensing properties can be greatly improved, including enhancing the sensitivity
and selectivity, lowering the working temperatures, reducing the response time and
achieving long-term stability.

11.1 Introduction

Metal oxide nanowire sensors have been investigated extensively in recent years [1–
3]. They are promising in a wide range of applications including monitoring atmo-
sphere quality, detecting hazardous and poisonous gases in mining or at home,
diagnosing human health, among others. The metal oxide nanowires are usually n- or
p-type semiconductors and sensitive to oxidizing or reducing ambient conditions.
The chemical information about the ambient gas and its concentration can be turned
into an electric one such as resistance, which can be easily detected [4].
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In 2004 ZnO nanowire sensors were fabricated by a MEMS technology [5].
They had shown a sensitivity of 1.9 and 47 to 1 and 200 ppm ethanol at 300 �C,
respectively. The response time was about 5 s and the recovery time was about
10 s to 1 ppm ethanol. The properties were much better than thin or thick film
metal oxide sensors. This high performance has attracted much attention and more
different types of nanowire sensors have since been developed. Metal oxide
nanowires are usually crystalline structures with well defined chemical composi-
tions. Sensors made of these nanowires exhibit superior properties in sensitivity,
selectivity, and stability due to their high surface-to-volume ratio, high degree of
crystallinity and stability against agglomeration [2].

The sensors usually consist of a large number of sensitive nanostructures (when
arranged in nanowire mats) that contact each other to form a thin conduction layer.
As nano-sized structures, surface effects and contact barriers dominate their
sensing properties, and oxygen plays an important role in their sensing mechanism.
When the sensor is in air, oxygen molecules are adsorbed on the surface of the
nanostructure and deprive it of electrons, forming oxygen ions (O-, O2- or O2

-).
If the sensing material is n-type, a depletion layer forms on the surface of the
nanowire’s conduction channel, and the potential barriers are built up between the
nanowires, thus reducing the sensor conductance. On the other hand, for a p-type
material, the extraction of electrons from the nanowire increases the major carrier
concentration and hence increases the conductance of the sensor. Therefore, when
the n-type sensor is put in an oxidizing gas, more electrons are deprived, the
thickness of the surface depletion layer increases and the potential barriers are
raised. Thus the resistance of the sensor increases. While in a reducing gas,
electrons are transferred from the preadsorbed oxygen ions back to the metal
oxide, the depletion layer becomes narrower, the contact barrier is reduced and the
conductance of the sensor increases. With a similar mechanism, the conductance
of a p-type sensor increases in an oxidizing gas and decreases in a reducing gas.
The contact between the sensitive nanowires and electrodes may play a role as
well in the transport and sensing mechanism, but it is less important than that of a
single nanowire sensor since the electrodes are in parallel connection with a large
number of nanostructures.

The surface depletion and contact barriers all contribute to the sensor resistance
[6–8] that can be enhanced or reduced in adsorption and desorption processes,
whereas which one dominates the sensing mechanism mainly depends on the size
of the nanowires. If the diameter of the nanowire is much larger than the depletion
width, surface depletion does not greatly affect the density and mobility of the
carriers of the nanowires but significantly modifies the potential barrier of the
contacts between the nanowires. When the size of nanowires is comparable to
the space charge layer 2Ld (Ld: Debye length), surface depletion greatly affects the
density and mobility of the carriers of the nanowires and these effects becomes
much more dominant in the corresponding sensing mechanism. Metal oxide
nanowire sensors have shown ultra high responses as the size of the nanowire is
close to or smaller than 2Ld [8–10].
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With rapidly growing demands for better sensors, sensors from simple metal
oxide nanowires need to be improved and better functional sensitive materials are
under development to further increase the sensitivity, quicken the response, lower
the working temperature, and enhance the selectivity. Therefore, materials with
complex morphologies and composition are receiving more and more attention.
The addition of noble metals has been reported to improve the selectivity and
stability of thin film sensors which has been adopted in nanowire sensors in the
current research [11–15]. Coating or doping is proven to be an effective method to
improve the sensing performance. By using coating and doping technology or
fabricating sensors from hierarchical-structure nanomaterials, the contact between
sensitive materials can be modified, the adsorption and desorption process can be
accelerated and the sensor properties are greatly improved. The sensing properties
for some nanostructures are summarized in Table 11.1.

In this chapter, a series of representative metal oxide nanostructure sensors with
complex morphologies and composition are discussed, including nanoparticle and
nanowire systems, hierarchical nanostructures, metal doping in nanowires, and
multiple-composition oxide nanowires. We demonstrate that the sensor properties
such as sensitivity, selectivity, response time and stability can be greatly improved
via the aforementioned methods.

11.2 Sensors Packaging and Measurement Setup

The sensors in this chapter are fabricated in a commercial style as shown in
Fig. 11.1a. After material synthesis they are usually dispersed in a solution such as
water or ethanol to get homogenous paste for coating on a ceramic tube. As shown in
Fig. 11.1a, a ceramic tube is welded on a six-electrode basic stand to connect with an
outside electronic circuit. The tube has a diameter of 1 mm and length of 5 mm. The
platinum electrodes 1–4 on the surface of the ceramic tube work as measurement
electrodes connecting with sensitive materials. Sensitive materials are coated on the
surface of the tube to form the conductive route. Electrodes 5 and 6 are for heating
and are connected with a platinum resistor located in the hollow ceramic tube center.
By monitoring the voltage on the platinum resistor, the working temperature of the
sensor is controlled. Before measurements the sensors are usually aging at 300 �C for
1–48 h by applying a heating voltage on the resistor.

The sensor is then connected in series with a reference resistor Rr as shown in
Fig. 11.1b. As a voltage Vc (usually 5 V) is applied on the sensor and the reference
resistor, the voltage on the reference resistor Vout can be measured and the
resistance of the sensor Rs is then calculated as Rs = (Vc - Vout)Rr/Vout. The
sensor is first put in air with the resistance defined as Rs

a, and then put into a
chamber in which a certain concentration of target gas mixed with air is already
prepared. Then the sensor is taken out of the chamber and put in the air atmosphere
again. The resistance in the detected gas is defined as Rs

g. The sensitivity (S) of the
sensor is defined as S = Rs

g/Rs
a as Rs

g [ Rs
a or S = Rs

a/Rs
g as Rs

g \ Rs
a. The real-time
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voltage on the reference resistor Vout while varying the ambient is recorded and the
sensor resistance is calculated. The equipment for the sensor measurement is a
highly precise sensor analyzer NS-4003 series made by China Zhong-Ke Micro-
nano IOT Ltd. Rr will be chosen automatically by the equipment according to the
sensor resistance. A measurement of 256 sensors can be carried out simultaneously
with a time resolution of 10-3 s and the measurable resistance range 100–109 X,
current range 10-12–10-3 A, voltage range 10-9–100 V, and capacitance range
10-12–10-3 F. The equipment also provides accurate heating on the platinum
resistor, including constant current and voltage power supply. Due to the accurate
(with error less than 0.09 %) and dynamic measurement across the whole range
the electric signals can be recorded precisely.

11.3 Tin Oxide Coated Multi-Walled Carbon Nanotube
(MWCNT) Sensors

The sensing materials were synthesized by coating of MWCNTs with SnO2

nanograins using an ultrasonic method [16]. The MWCNTs were prepared by an
arc discharge method. The collected material was purified by reflux in H2O2 and
then in a mixture of sulfuric and nitric acids to remove particles in the MWCNT
materials. The process facilitated the formation of functional groups (mainly
carboxylic acid groups) on the MWCNTs to act as sites for SnO2 coating [17].
Such a material was sonicated in tin chloride solution with hydrochloric acid, and
the resultant solution was then stirred for 30 min. Products were collected after
filtration and rinsed in distilled water. High resolution transmission electron
microscopy (HRTEM) studies revealed that the SnO2 nanograins were uniformly
distributed on MWCNTs with the size about 2–6 nm as shown in Fig. 11.2. Then
the material was pasted on the surface of the ceramic tube for gas sensing mea-
surement as described previously.

By changing the gas categories including NO, NO2, C2H2, and ethanol with
certain concentrations, the resistance was measured in real-time. The standard
working temperature was about 300 �C and the resistance in air was about 130 kX.
In oxidizing gases including NO and NO2, the resistance increased, while in
reducing gases, the sensor resistance decreased, which was in accordance with the
above discussion. The sensitivity to different gases and concentrations is shown in
Fig. 11.3a, b. The resistance increased to about 2.8 MX and 1.4 MX in 50 ppm of
NO2 and NO, respectively. And the resistance decreased to about 46.3 kX and
62.8 kX in 50 ppm of ethanol and C2H2, respectively.

The sensing performance of the SnO2-MWCNT material can be understood in
terms of the aforementioned receptor-transduction mechanism. Namely, when the
sensor is in air, oxygen molecules are adsorbed on the tin oxide grains and extract
electrons from them, leaving with depletion layers between the grains and thus
forming barriers for electron transport. When the sensor is put in oxidizing gases
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such as NO and NO2, the molecules are directly adsorbed on SnO2 grains and
further extract electrons, so higher barriers are formed between them and the
sensor resistance rises. The oxidizing response can follow the reaction path (11.1).
When the sensor is taken out of the target gas and set in air again, NOx (x: 1 or 2)
gas molecules are desorbed from SnO2 nanograins, and electrons are released. The
sensor resistance then recovers. On the other hand, when the sensor is put in
reducing gas such as ethanol or C2H2, these molecules react with preadsorbed
oxygen ions and release the trapped electrons, so the barriers are lowered and the
sensor resistance decreases. A representative reaction can be described as (11.2):

NOþ e� ! NO� ð11:1Þ

Fig. 11.2 High resolution transmission electron microscopy (HRTEM) image of the sensitive
material for SnO2 nanoparticle coated MWCNTs. The tin oxide nanocrystal grains can be seen
clearly. Scale bar 10 nm

Fig. 11.1 a Typical photo of the sensor. 1–4 working electrodes, 5–6 heating resistor. 1 and 2 are
both ends of one platinum wire, and 3 and 4 are both ends of one platinum wire. b Measurement
circuit configuration for the sensor. VH heating voltage, Vc voltage applied on the sensor and the
reference resistor, Vout voltage on the reference resistor, Rr reference resistor
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C2H5OH þ 6O� ! 2CO2 þ 3H2Oþ 6e� ð11:2Þ

The sensors exhibit high selectivity to NOx gases. SnO2 is a typical n-type sen-
sitive material and MWCNTs are highly conductive. The sensor resistance is dom-
inated by the barriers between SnO2 nanograins on the MWCNTs, and the barrier
height is controlled by the adsorption and desorption of gas molecules, which extract
or release electrons. Because the work function of the MWCNTs is approximately
equal to that of SnO2, the Schottky barrier between them is very low [18–20].
Electrons can travel through the tin oxide grains into the MWCNTs, and then conduct
in MWCNTs with low resistance. The sensor exhibits rather good stability. After
3 months, the fluctuation of the sensitivity is less than ±3 %, which indicates that the
network structure of the sensor is very stable. It is assumed that MWCNTs provide a
support for SnO2 nanograins to avoid their aggregation that is a serious problem for
traditional gas sensors composed of SnO2 nanograins. The metal oxide sensors
usually work at a high temperature (200–500 �C). In SnO2 nanoparticles sensors, the
nanoparticles tend to aggregate at elevated temperatures with aging that leads to
structure instability [21, 22]. When the particles become larger and denser, gas
diffusion into the inner part of the sensing materials becomes much more difficult.
Under this configuration, a high sensitivity cannot be achieved because the resistance
change occurs mostly near the surface region and the inner part remains almost
inactive. Moreover, the sluggish gas diffusion through the aggregated nanostructures
slows down the sensor response time.

There is another advantage of SnO2-MWCNT system. The sensor resistance
increases upon oxidizing gases. In many sensors including SnO2 nanograins and
SnO2 thin films, the resistance is high in air. When exposed to oxidizing gases, the
resistance becomes even higher (on the orders of tens or even thousands of MX),
which is hard to measure with common circuitry. The sensors with SnO2 nanograins

Fig. 11.3 The sensitivity in different gas concentrations for the sensors in a reducing gases of
ethanol and C2H2, b oxidizing gases of NO and NO2
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coated on MWCNT are in a suitable resistance range, which is favorable for the
matching amplifying electronic circuit commonly available in industry.

11.4 Hierarchical Structures

With highly conductive Sb-doped SnO2 nanowires as the backbone and SnO2

nanowires as the branches, three dimensional hierarchical nanostructures were
synthesized in a two-step vapor-liquid-solid (VLS) process [23]. Sb doped SnO2

nanowires were first grown at 800 �C for 1 h in a furnace with Sn and Sb powders
(20:1 in weight) as source materials and Au as catalyst. Then 5 nm-Au was
deposited on the Sb-SnO2 nanowires as catalyst. Similar processes were used to
grow hierarchical structures with branched SnO2 nanowires on Sb-SnO2 nanowire
backbones. The scanning electronic microscope (SEM) image of the materials is
shown in Fig. 11.4a, b.

Fig. 11.4 a and b Scanning electronic microscope (SEM) images of the hierarchical
nanostructures. Real-time response of the measured voltage on the reference resistor Vout as
the ambient was switched between air, c 0.5 ppm ethanol, d 100 ppm ethanol (Reprinted with
permission from [23], Copyright 2008, American Institute of Physics)
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The sensors based on hierarchical nanostructures demonstrated good sensing
properties as given in Fig. 11.4c, d. They could detect ethanol with the concentration
as low as 0.5 ppm and the corresponding sensitivity was about 2.3. The sensitivity
was 50.6–100 ppm ethanol with the response time about 2 s. The sensitivity vs.
concentration showed an almost linear behavior with the concentration between
0.5 ppm and 500 ppm, which was favorable for a wide ethanol detection range.

Sensors based on hierarchical nanostructures had stable three-dimensional (3D)
morphologies while maintaining the advantages of small size and high crystallinity
of the nanowire structures without scarifying large surface-to-volume ratio. Owing
to a large amount of porous space between the hierarchical structures in which gas
molecules could diffuse quickly, the sensor had short response and recover times.
Many paths for electrical conduction were offered by the branched nanowires
structure with metallic backbones and high sensitivity could be achieved. The
ability to detect ethanol down to 0.5 ppm level was probably related to the small
size and large surface of the active SnO2 nanowire branches. Branched SnO2

nanowires were expected to be much more stable against agglomeration.

11.5 Nanoparticles Coated on Quasi-One Dimensional
Materials

Quasi-one dimensional metal oxides, such as ZnO and SnO2, demonstrate promising
sensing properties. However, the development of high quality sensors based on the
quasi-one dimensional materials still needs to be improved, including the sensitivity,
response time and selectivity of the sensors. The sensors based on nanoparticles have
very high surface-to-volume ratio and high sensitivity. However, since the sensor
usually operates at high temperatures, nanoparticles become easily aggregated into
larger size grains, which deteriorate the reliability and stability of the sensors. By
combining large surface-to-volume ratio nanoparticles deposited on to the surface of
stable quasi-one-dimensional crystalline nanostructures, one can expect to have
better sensing performance.

11.5.1 Gold Nanoparticles Coated ZnO Nanorods

The noble metals are well known to be good catalysts. There are many reports
where noble metal catalysts, including Au, Pt, Pd, and Ag have been used to
improve the gas sensing properties of nanowire sensors [14, 15]. For example, Au
nanoparticles are well known as active catalysts for e.g. CO oxidation, hydrogen
peroxide synthesis from H2 and O2 and hydrocarbon oxidation. Therefore, coating
nanowires with Au nanoparticles is an effective way to improve the gas sensing
properties of metal oxide nanostructures.
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ZnO nanorods were first pasted on the ceramic tubes and then Au nanoparticles
were deposited on the nanorods by sputtering [24]. The sensors were annealed at
700 �C in a muffle furnace for 1 h before measurement. The average diameter and
length of the nanorods were about 15 nm and 1 lm, respectively, and the diameter of
Au nanoparticles was about 4 nm. Figure 11.5a, c, and d show comparatively the
performance of the sensor with respect to various ethanol concentrations at 150 and
300 �C with or without Au nanoparticle coating. The sensitivity of ZnO nanorods
functionalized with Au nanoparticles could reach 89.5 to 100 ppm ethanol with a
response time of less than 2 s at 300 �C. Moreover, the sensor with Au nanoparticle
coating could work at low temperatures, specifically the sensitivity to 100 ppm
ethanol was 11.3 even as the working temperature was lowered down to 150 �C, and
the response and recovery times of the sensors at 150 �C were only about 10 and 20 s,
respectively. On the contrary, for the sensors without Au nanoparticle coating, the
sensitivity to 100 ppm ethanol was 7, and the response and recovery times were about
80 and 55 s, respectively, which are longer than the sensors with Au nanoparticle
coating.

Compared with bare ZnO nanorods, the sensing properties were greatly
improved not only in sensitivity but also in response time, which could be related
to the increasing rate of oxygen adsorption and desorption due to the catalytic

Fig. 11.5 a Sensitivity of the sensor to different ethanol concentrations with/without Au
nanoparticles coating at 300 and 150 �C, b illustrations of chemical sensitization of the Au coated
nanorods, and real-time response of the nanorod, c with and d without Au nanoparticle coating to
different ethanol concentrations at 150 �C. The concentration of ethanol is indicated in c and d
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action of Au nanoparticles. As shown in Fig. 11.5b, Au nanoparticles activate the
oxygen molecules, which could be more easily adsorbed on the surface of ZnO
nanorods. This adsorbed oxygen could diffuse faster to surface vacancies and
capture electrons from the conduction band of ZnO nanorods to become oxygen
ions (O-, O2- or O2

- ). This catalyst decreases the working temperature of the sensor
and increases the quantity of adsorbed oxygen. The latter results in greater and
faster degree of ZnO nanorods electron depletion, which in turn defines its higher
sensitivity and faster response. With reduction of the size of Au particles, the
chemical sensitization effect of nanomaterials becomes much more remarkable and
the working temperature could be lowered further [25–27]. These sensors dem-
onstrated promising characteristics, especially on their low working temperatures,
which could be related to Au activation and small size effect. The method provides
an easy way to enhance the sensor performance.

11.5.2 SnO2 Nanobelts Functionalized with CdS Nanoparticles

The sensing materials composed of CdS nanoparticles decorating SnO2 nanobelts
were prepared by a sonochemical synthesis method [28]. First, single crystalline
SnO2 nanobelts with 30–200 nm in width, 10–50 nm in thickness, and several
hundreds of microns in length were prepared by a thermal evaporation of Sn
powders at 800 �C. Then they were mixed in water with cadmium chloride and
thiourea in a sonication cell. The mixture was subjected to high-intensity ultra-
sonication for 1–3 h. After sonication the excess CdS nanoparticles were separated
from the rest of the mixture by centrifugation. Then the products were washed,
centrifuged and dried. The CdS nanoparticles were nearly spherical and had

Fig. 11.6 a Typical transmission electron microscopy (TEM) image of the SnO2 nanobelt coated
with CdS, and the inset shows the corresponding selected area electron diffraction (SAED)
patterns, b Response curves of the SnO2-nanobelt and the CdS-nanoparticle-coated-SnO2-
nanobelt sensors to 100 ppm ethanolethanol at 400 �C (Reprinted with permission from [28],
Copyright 2004, The Royal Society of Chemistry)
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typical diameters in the range of 10–20 nm. The typical transmission electron
microscopy (TEM) image of the coated SnO2 nanobelt was shown in Fig. 11.6a.

The SnO2 nanobelt/CdS nanoparticle sensor had a high sensitivity to 100 ppm
ethanol (about 90) in air at 400 �C. As shown in Fig. 11.6b, the sensitivity of the
coated structure was much higher than that of uncoated nanobelts.

As we know, SnO2 is a wide bandgap semiconductor with Eg = 3.6 eV, and
CdS is a narrow one with Eg = 2.4 eV. The energy band diagram of SnO2 and
CdS heterostructures indicates that electrons would be transported from the coated
CdS nanoparticles to the SnO2 nanobelts in a thermal equilibrium. An accumu-
lation layer of electrons is formed in the interface of SnO2/CdS. Thus, compared
with pristine SnO2 nanobelts, the heterojunction offers an additional source for
electrons, that is, the CdS nanoparticles. Compared with general SnO2 nanopar-
ticles and thin films, the sensor has a lower resistance about 16 kX. In combination
with the large surface-to-volume ratio of CdS nanoparticles and stable nature of
SnO2 nanobelts, the sensors are expected to have high sensitivity and to be more
stable. Other than the noble metal addition, CdS coating is a good way to improve
gas sensing properties toward specific gases.

11.5.3 p–n Junctions at the Interface Between CuO
Nanoparticles and SnO2 Nanorods

Band engineering is a very effective approach not only for microelectronic devices
but also for semiconductor sensors. As an example, by using the p–n junction in CuO-
SnO2 nanostructures, we show that such sensors demonstrate ultra high sensitivity
and selectivity when exposed to H2S even at room temperature [29]. CuO and SnO2

are known to be a p-type and n- type semiconductors, respectively. Nanoscale
p–n junctions were formed by coating SnO2 nanorods with CuO nanoparticles. The
SnO2 nanorods were synthesized by a hydrothermal method, with a typical diameter
and length of 10 and 100 nm, respectively. They were added in ethanol solution with
Cu(NO3)2. 3H2O. After ultrasonic and stirring treatment, green products were col-
lected, filtered and dried at 75 �C. Then the products were annealed with a slowly
rising temperature to 800 �C and the final materials with CuO nanoparticles coated
on SnO2 nanorods were finally collected. TEM inspection revealed that CuO
nanoparticles had an average diameter about 4 nm.

The gas sensing properties of this material were tested at 18, 60, 95, 180, and
300 �C and the sensitivity to 10 ppm H2S was shown in Fig. 11.7a. It could be as high
as 9.4 9 104 at 60 �C. The response time was about 30 s and the recovery time lasted
several hours at 60 �C. Raising the working temperature could shorten both the
recovery and response time in a large degree, but the sensitivity also decreased with
elevating temperatures. When the temperature rose above 103 �C, CuS converted
into Cu2S with lower conductivity, resulting in a decrease of sensitivity with
increasing temperatures. Also, the sensing properties to different gases including
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ethanol, SO2, and H2 had been investigated, and the sensitivity toward these gases
was found to be more than 1 order of magnitude smaller at room temperature. Such
good selectivity toward H2S can be used to avoid the interference of other gases.

The good performance in sensitivity and selectivity could be explained by the
presence of the p–n junction and small size effect. P-type CuO nanoparticles were
coated on n- type SnO2 nanorods uniformly along the rods, forming the network of
p–n junctions at the surface of the nanorod as shown in Fig. 11.7b [29]. When the
sensor was in air, the barriers at the junctions effectively blocked the electrons
flowing through the nanorods, resulting in a very low conductance. On the other
hand, when the sensor was exposed to H2S gas, the CuO nanoparticles reacted with
H2S following the chemical reaction:

CuOþ H2S! CuSþ H2O ð11:3Þ

CuS was reported to have relatively high metal-like conductivity. Upon the reaction
(11.3) p–n barriers disappeared. Since the work function of CuS is lower than that of
SnO2 as shown in Fig. 11.7b, the conductance of the sensing material become greatly

Fig. 11.7 a Sensitivity of the sensor at different temperatures to 10 ppm H2S, b energy band
diagram illustration of the CuO-SnO2 PN junction sensor to H2S gas (Reprinted with permission
from [29], Copyright 2008, American Chemical Society)
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enhanced. In addition to the reduction reaction with CuO, H2S being a reducing agent,
also reduced pre-adsorbed oxygen that increased the conductance further. Taking into
consideration the comparability of the diameter of SnO2 nanorods to the depletion
width one can assume the conduction channel inside the nanorods could be very narrow
and the resistance in air could be very large. As a result, a large resistance change could
be observed upon exposure of the sensor to H2S, which implied a super high sensitivity
as large as 104. Moreover, the reaction in (11.3) was effective for H2S gas but not for H2,
ethanol or SO2, therefore a high selectivity to H2S was achieved.

11.5.4 La2O3 Loaded SnO2 Nanorods

Another example of the surface functionalization of nanowire sensors is SnO2

nanorods loaded with La2O3. SnO2 nanorods with diameters about 5–20 nm and
length about 100–200 nm were synthesized by a hydrothermal method [30]. After
dropping La(NO3)3�6H2O into SnO2 nanorod solutions, stirring for 4 h, and
annealing the materials at 800 �C for 3 h, La(NO3)3 was converted into La2O3, and
the La2O3 loaded SnO2 nanorods were obtained.

The response of SnO2 nanorod sensors with/without 5 % weight La2O3 towards
ethanol gas at a working temperature of 200 �C is shown in Fig. 11.8a, b,
respectively, and the sensitivity vs. concentration was shown in Fig. 11.8c. The
sensitivity was 213 to 100 ppm ethanol. As the temperature increased, the sensi-
tivity became smaller due to the decrease of resistance in air with increasing
temperature, closely related to a thermally activation mechanism.

The high performance of the sensor can be interpreted by taking into account the
surface chemical properties of these two oxides. Generally the sensing mechanism is
based on the change of resistance when exposed to ethanol that reacts with the

Fig. 11.8 Real-time resistance of the SnO2 nanorod sensors a with and b without La2O3 loading to
different concentrations of ethanolethanol (Reprinted with permission from [30], Copyright 2009,
Elsevier). c Sensitivity of the sensor at different ethanol concentrations with and without La2O3 loading
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adsorbed oxygen species followed reaction (11.2) discussed above. The ethanol
molecules become oxidized to CO2 and H2O. The reaction transfers electrons back to
the conduction band, and as a result the resistance of the sensors decreases. Inter-
actions of ethanol molecules with the oxide surfaces are quite complicated and the
sensor signal depends both on the density and nature of surface active centers.
Depending on the surface chemical conditions of oxides, the ethanol molecules can
convert to CO2 and H2O through two kinds of reactions: (1) dehydration into C2H4 in
the presence of acid surface groups as shown in (11.4), and (2) dehydrogenation into
acetaldehyde (CH3CHO) in the presence of basic surface groups as given in (11.5).
The intermediates (C2H4 and CH3CHO) then react with adsorbed oxygen ions and
are turned into CO2 and H2O followed as (11.6) and (11.7), respectively:

C2H5OH �!acid�surface
C2H4 þ H2O ð11:4Þ

C2H5OH �!basic�surface
CH3CHO þ H2 ð11:5Þ

C2H4 þ 6O� ! 2CO2 þ 2H2Oþ 6e� ð11:6Þ

CH3CHOþ 3O� ! 2CO2 þ 2H2Oþ 3e� ð11:7Þ

The surface of the SnO2 nanorods contains many acidic centers such as Brønsted
and Lewis type [31], and ethanol molecules mainly decompose to C2H4 intermedi-
ates. On the other hand, La2O3 is a typical basic oxide [31]. Therefore, the presence of
La2O3 at the surface of SnO2 will reduce the amount of the acidic sites. The latter will
result in the formation of Lewis acid–basic pairs, which lead to a preferred dehy-
drogenation process, and more ethanol molecules will convert to CH3CHO. From the
thermodynamic point of view, reaction (11.5) is more favorable than reaction (11.4)
under the same conditions [32, 33], and this is the reason why SnO2 shows a higher
response to CH3CHO than C2H4 with the same concentration and the La2O3 loading
enhances the sensitivity of the SnO2 nanorod sensor.

11.6 Doping in Oxide Nanowires and Nanowires
with Multi-Compositions

Noble metal doping has a similar effect on the sensing properties to surface
modification by noble metal coating that has been discussed before. The con-
ductivity of the nanowires can be modulated by controlling the level of the doping
metal, and the surface reaction path could be also modified. It is very important to
control the doping level in the metal oxide nanowires during the process of their
synthesis to avoid a second phase formation. To enhance the certain property of
the sensor, doping with appropriate elements and levels is very promising strategy.
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11.6.1 Sb Doped SnO2 Nanowires

Sb doped SnO2 nanowires were synthesized by thermal evaporation of Sn and Sb
powders (the weight ratio 10:1) at 900 �C in a constant flow of 1 % oxygen and
99 % nitrogen at a rate of 5 l/min [34]. Energy dispersive X-ray spectra (EDS)
revealed that the synthesized nanowires were composed of Sn, O and Sb and the
atomic percentage Sb in the synthesized sample was about 3.5 %. The SEM and
EDS images were shown in Fig. 11.9a, b, respectively.

The sensitivity of Sb-doped SnO2 nanowire sensors was about 1.76 upon
10 ppm ethanol gas. The response and recovery time to 10 ppm ethanol were
about 1 s and 5 s, respectively.

Sb metal doping in SnO2 nanowires could decrease the sensor resistance in air
and shorten the response and recovery time of the sensor. Presumably Sb doping
accelerates the ionosorption of oxygen on the surface of the SnO2 nanowires,
which has a great significance to reduce the recovery times of the sensor.

11.6.2 Indium-Doped Tin Oxide (ITO) Nanowires
and ZnSnO3 Nanowires

Besides modifying the materials from accustomed binary metal oxide nanowires, new
compounds composed of multiple elements such as ternary oxides have been also
explored to test their sensing properties. Indium-doped tin oxide (ITO) and ZnO-SnO2

compounds have a great potential for flexible transparent electronics, solar cells, light
emitting diodes and etc. Here we briefly review their gas sensing properties.

ITO nanowires were synthesized by a thermal evaporation of In2O3, SnO, and
graphite powders (weight ratio of 4:1:4) at 930 �C for 2 h in argon and oxygen mixed

Fig. 11.9 a SEM image of the Sb doped SnO2 nanowires, b EDS of the Sb doped SnO2

nanowires, which inidicates the sample is composed of Sn, O and Sb (the peaks of Cu come from
the Cu grids) (Reprinted with permission from [34], Copyright 2005, The Royal Society of
Chemistry)
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gases [35]. The ITO nanowires had diameters ranging from 70–150 nm and lengths
of several tens of micrometers as shown in Fig. 11.10a. EDS spectrum indicated
atomic ratio (In, Sn, and O) of the ITO nanowires was about 5.5: 31.6: 62.9.

The gas sensors based on ITO nanowires were very sensitive to ethanol gas as
shown in Fig. 11.10b, and the sensitivity was up to 40 upon 200 ppm ethanol at
400 �C. Both the response and recovery time were less than 2 s.

ZnSnO3 nanowires were synthesized by a thermal evaporation of ZnO, SnO and
graphite mixture powders (weight ratio of 1:5:1) [36]. The mixture was heated to
700 �C as the pressure was kept below 4 Pa. Then a mixed gas of oxygen and
argon was introduced into the tube furnace till the pressure became 1,000 Pa and
the tube furnace was sealed. The mixture was heated at 990 �C for 2 h. The
nanowire product was collected and analysis showed that they had a composition
of ZnSnO3. These nanowires had diameters ranging from 20 to 90 nm and lengths
up to several tens of micrometers. EDS spectrum showed that three elements
(Zn, Sn, and O) uniformly distribute over the whole nanowires, respectively.

Gas sensors based on ZnSnO3 nanowires had a quick response to ethanol. The real-
time response to different concentrations of ethanol at 300 �C was given in Fig. 11.11.
Both response and the recovery time were about 1 s to 1 ppm ethanol. The sensitivity
was about 2.7 to 1 ppm ethanol and 42 to 500 ppm ethanol, respectively.

ZnSnO3 nanowires and ITO nanowires had been suggested to have higher
conductivity than SnO2 and higher sensitivity to ethanol gas than bulk ZnO, SnO2

and Zn2SnO4 [37, 38]. They were potential candidates for high performance
sensors and the sensing properties could also be improved by coating or doping
methods in the future.

11.7 Summary

A series of metal oxide nanostructures with surface functionalization, bulk doping,
and with complex morphologies or compositions are discussed and their sensing

Fig. 11.10 a SEM image of the ITO nanowires, b Response of the sensor to different ethanol
concentrations, insert: sketch of the nanowire in air and in ethanol (Reprinted with permission
from [35], Copyright 2006, American Institute of Physics)
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properties along with sensing mechanisms are briefly reviewed. The nanostructure
synthesis method is very simple and easy to be reproduced. It has been shown that
combining the merits of functionalization, doping and morphology tuning with
energy band engineering, the sensing performance of nanowires can be greatly
enhanced. Among the reviewed sensors we demonstrate that the response time can
be less than 1 s. The sensors exhibit high sensitivity, especially in case of SnO2

nanorods loaded with La2O3 which demonstrate a sensitivity of 213 to 100 ppm
ethanol even at a low working temperature of 200 �C. Alternatively very high
sensitivity to H2S has been observed for CuO-SnO2 nanostructures which form
p–n junctions. The selectivity of such sensors is also largely improved. The results
indicate a number of guidelines to improve the sensor properties.

1. The hierarchical nanostructures possess a stable 3D morphology, and therefore
provide a large amount of open space for facile gas diffusion, adsorption and
desorption. In addition, the small dimension of nanostructured branches is
favorable for high sensitivity. Therefore a stable, quick response and highly
sensitive sensor can be achieved.

2. Nanoparticle coatings on the surfaces of quasi-one dimensional materials,
nanowires/nanotubes/nanorods, provide a stable support for nanoparticles to
prevent agglomeration that is usually the main reason for sensor deterioration
with aging. In addition, the small nanoparticle size offers large surface-to-
volume ratio and enhanced catalytic action which accounts for the high sen-
sitivity and fast time response. Besides, noble metal doping can also performs
as an effective catalyst and improve the sensor performance.

3. By choosing proper material combinations, the energy band, e.g. p–n junction,
heterojunction can be engineered appropriately. All these can be used to
enhance the sensitivity and selectivity of the sensors.

4. Rare earth oxides can ‘‘navigate’’ the intermediate reaction to a thermody-
namically favorable direction that can enhance the rate of conversion of
reducing gas and enhance the sensitivity of the gas sensor.

Fig. 11.11 The response of
ZnSnO3 nanowire sensors to
ethanol at 300 �C, the curves
labeled by 1–5 indicating the
ethanol concentrations: 1, 10,
50, 100 and 500 ppm,
respectively (Reprinted with
permission from [36],
Copyright 2006, American
Institute of Physics)
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Chapter 12
Optical Sensing Methods for Metal Oxide
Nanomaterials

Nicholas A. Joy and Michael A. Carpenter

Abstract Optical analysis of metal oxides as a means of transduction in sensing
devices provides an alternative method for the detection of target analytes. The
optical properties of metal oxides are rich with opportunity as luminescence,
dielectric function changes and optically active dopants are all sensitive to envi-
ronmental changes and can be utilized in a sensing device. A detailed description
of the latest work on the photoluminescence of metal oxides will be provided, with
a focus on ZnO, SnO2 and TiO2 nanoscale thin films as well as nanorods. Changes
in the dielectric function of perovskite metal oxide coated long period fiber
gratings has been shown to be a convenient sensing device and results pertaining to
these metal oxides containing alkaline earth metals and their use in the detection of
CO2 will be highlighted. Optically active dopants, pertaining specifically to metal
nanoparticles such as Au, Cu and Ag, can serve as beacons for reactions and
environmental changes within metal oxide nanocomposite thin films through the
interrogation of changes in their plasmonic properties. In particular sensing
applications within harsh conditions, including elevated temperature and either
oxidizing or reduction gas environments will be detailed. Each of these optical
techniques will be reviewed and any key environmental, film deposition methods
or reaction conditions will be highlighted in light of their potential effects on
sensor detection limits, sensitivity or selectivity characteristics.
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12.1 Introduction

The development of chemical sensors has been an active field of research for
several decades. In terms of the choice of transduction methods there are electrical,
acoustical and optical based chemical sensors. Optical transduction has several
advantages over the other classes of sensing techniques. For one, the chemically
sensitive component of the sensor is simply an optically active material that needs
to be compatible with the sensing environment conditions. Without the need for
electrical contacts, maintaining reliability is in many ways easier in a variety of
operating conditions which can range from ambient temperatures to temperatures
as high as 1,000 �C with either a reducing or an oxidizing environment. Main-
taining an intrinsically safe sensing environment is also simpler as there are no
electrically active components within the sensing environment that would require
specially designed packaging or controlled operating conditions to ensure that an
electrical short or a spark discharge is not possible in an explosive environment.
While there are many advantages to an optical based sensing device, the use of
metal oxide based sensing materials provide a wealth of chemistry, shape, and
surface structure which can be tailored to optimize the detection limits, sensitivity
and selectivity characteristics. In this chapter optical sensing methods based on
photoluminescence, refractive index changes, and plasmonic based techniques will
be highlighted. A variety of metal oxides are compatible with these optical
techniques, however, the focus of this chapter will be on ZnO, TiO2, SnO2, and
alkaline earth metal doped perovskites. The plasmonic based sensing schemes
require noble metal dopants such as Au, Ag or Cu nanoparticles. This section of
the chapter will focus on Cu and Au nanoparticle dopants. In particular these
nanoparticles within yttia-stabilized zirconia (YSZ), TiO2, and CeO2 will be
detailed. With such a rich chemistry and microstructure available for use as
individual sensing elements it is natural to construct sensing arrays to allow for
selective measurements to be made in complex sensing environments. A brief
outline of the use of principal component analysis for the selective characterization
and detection of gases will be provided.

12.2 Photoluminescence

Among the optical methods for probing the sensing characteristics of metal oxide
nanomaterials, one is grounded in the photoluminescence properties of metal
oxides. Whether wide band gap semiconducting materials like SnO2, ZnO, TiO2,
or CeO2 or an insulating metal oxide like ZrO2, the photoluminescence properties
of these materials is accessible with excitation photons ranging between the Uv
and visible range.

Photoluminescence within bulk metal oxides is attributed to transitions between
the conduction band and the valence band. Defects and impurities within the metal
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oxide lead to a number of states that are below the conduction band. Thus, the
characteristic emission properties of the metal oxide have both intrinsic and
extrinsic features. The intrinsic emission spectra are typically structure-less and
arise from transitions between the conduction and valence bands. Extrinsic
emission bands arise due to transitions between defect states (i.e. oxygen vacancy
states) below the conduction band and the valence band and are thus red shifted in
wavelength from the intrinsic bands [1–3]. For nanoscale metal oxides the pho-
toluminescence properties can have similar emission characteristics as the bulk
material, explained by intrinsic and extrinsic bands, or emission governed by
quantum confinement. Quantum confined photoluminescence requires the metal
oxide to have dimensions that are of similar magnitude or smaller than the exci-
ton’s Bohr radius. This size dependence is characteristic of the metal oxide but is
typically on the order of several nanometers, with metal oxides such as ZnO and
SnO2 having Bohr radii of 3 and 2.7 nm respectively. At sizes larger than this a
number of surface and defect modified emission characteristics can be realized
until the metal oxide begins to show bulk emission properties. In the text that
follows, utilization of the photoluminescence of metal oxides, specifically for ZnO
and SnO2 will be detailed. Specific attention will be given with respect to a
characterization of the metal oxide emission properties and its corresponding
sensing properties.

12.3 ZnO

ZnO is a wide bandgap, 3.4 eV, semiconductor with an exciton binding energy of
60 meV at room temperature. This has led to its recent interest as a Uv optical
device. The emission properties of ZnO are characterized by superposition of a
strong near band-edge photoluminescence peak as well as a broad band of pho-
toluminescence in the visible range, typically around 2.5 eV (500 nm). The visible
photoluminescence is generally attributed to defects, while the Uv emission is
characterized by the crystalline regularity, thus these processes are competing
phenomena. While the Uv emission has been sought to be opitimized for Uv
optical devices, the visible fluorescence has been primarily explored for sensing
applications as well as for visible light phosphors. Lattice defects such as oxygen
vacancies and interstitial zinc cause ZnO to have an intrinsic n-doping. A deeper
understanding of these lattice defects and their role in the generation of visible
photoluminescence is an active area of study both for the development of optical
based chemical sensors as well as the optimization of visible phosphors [2, 3].

Upon exposure to oxidizing gases that bind on the ZnO surface, near surface
electron traps are formed which decreases the number of charge carriers for
radiative recombination, thus leading to a decrease in the visible photolumines-
cence [2, 3]. It is interesting to note that the detailed characteristics of the ZnO
green emission is dependent on the preparation and type of nanomaterial. Spe-
cifically, a series of films grown by pulsed laser deposition (PLD) with the
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substrate temperature varied between 500 and 700 �C as well as the background
oxygen pressure ranging between 1 and 100 Pa resulted in both smooth and rough
films as well as nanostructured thin films of ZnO [2]. Such a change in surface
structure and a subsequent increase in surface area is generally beneficial from a
sensing standpoint as there are more sites available for interaction. Upon exposure
to NO2 a series of surface reactions can take place which include:

NO2ðgasÞ þ e� ! NO�2 ðads:Þ ð12:1Þ

NO2ðgasÞ þ e� ! NOðgasÞ þ O�ðads:Þ ð12:2Þ

NOðgasÞ þ e� ! NO�ðads:Þ ð12:3Þ

NOðgasÞ þ e� ! 1
2

NðgasÞ þ O�ðads:Þ ð12:4Þ

Each of the above reactions would involve the trapping of a ZnO electron, thus
creating a decrease in the number of charge carriers, resulting in a decrease in the
observed photoluminescence upon exposure to NO2. While each of the films
produced a response towards room temperature exposure to NO2 at concentrations
ranging from 11 to 114 ppm in a dry air mixture, as can be seen in Fig. 12.1, the
sensing response decreased with an increase in concentration. This was attributed
to the irreversible binding of NO2 related adsorbed species producing a saturated
response. The microstructure of each of the films was characterized, using XRD, as
being oriented along the c-axis of the Wurtzite structure. The film used for
Fig. 12.1e, generally characterized with nanopillars (or pencils), also had signifi-
cant contributions from other crystallographic planes, including (0 0 2) and (0 0 4).
Further inspection of Fig. 12.1e shows that this film has an overall larger response
towards NO2 which may be attributed to it having a larger number of active
adsorption sites, however this film also showed a steady saturation in response
towards increasing [NO2] which again is attributed to irreversible adsorption.
Heating each of these films to 50 �C was not enough to restore the original sensing
characteristics and is evidence of binding chemistries resulting from a strong
interaction upon surface adsorption.

Nanowires of ZnO can also be produced by means of vapor transport processes
in which the precursor materials are vaporized into a carrier gas stream and
deposited on a substrate located in a cooler portion of a furnace. Commonly a
catalyst material, such as gold, is deposited on the substrate and a vapor liquid
solid growth mechanism leads to nanowire growth. The recent work of Maddalena
et al. have characterized both the optical properties and the sensing properties of
ZnO nanowires produced in this fashion [3]. Typical SEM images of ZnO nano-
wires and their PL spectrum can be seen in Fig. 12.2a and b. The Uv and visible
peaks are assigned to the near band edge and defect state emissions respectively.
Exposure to NO2 in a room temperature dry air mixture with concentrations
ranging from 0.1 to 0.5 ppm, as shown in Fig. 12.3, shows a repeatable and
reversible response with response and recovery times on the order of 10 and 8 min
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respectively. The calibration curve of the ZnO nanowire response towards NO2

followed a Langmuir isotherm with no signs of saturation for exposures as high as
2 ppm. Responses of the nanowires towards interfering gases such as ethanol and
humidity levels of 20, 30 and 70 % were also studied. While NO2 in dry air causes
a characteristic decrease in PL yield due to electron trapping, both ethanol and the
added water vapors caused an increase in PL, indicative of an effective quenching
of the trapping states. Time resolved PL measurements of the visible PL band, in
both dry air and 30 ppm NO2 showed no change in the PL decay time constant
when normalized for the overall lower PL yield. This is indicative of NO2 serving
as a static PL quencher leading to an overall reduction in the number of radiative
sites which give rise to the visible emission. As the ZnO nanowires have both the
intrinsic band edge and the extrinsic defect related emission peaks, an interesting
comparison to be made is how the relative intensity of these respective bands
varies with the morphological characteristics of ZnO nanowires. Such a size
dependent study has been completed by Narayanamurti et al. where nanowires of
diameters ranging between 50 and 250 nm in radii were grown in a single vapor
deposition growth process to maintain the material integrity of the various nano-
wire samples [4]. As seen in Fig. 12.4 the SEM images and the corresponding PL

Fig. 12.1 Room temperature
NO2 sensing measurements
using PLD grown ZnO
samples. Reprinted with
permission from [2]
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spectra show that the ratio of the band edge PL at 3.25 eV to the visible PL
peaking at *2.25 eV decreases with a decrease in the nanowire radius. This trend
parallels the expectation that as the surface to volume ratio of the nanowire
increases with a decrease in nanowire radius, the number of defects within the
nanowire will also increase, leading to an increase in the visible emission peak.
Figure 12.5 shows this trend more completely with wire radii decreasing from 250
to 50 nm, producing a linear decrease in the band edge to defect peak PL ratio.
Since the emission peak in the visible range can be correlated with the number of
defects, when dealing with nanowires of a reducing radius, an increase in the
number of surface defect states leads to an increase in the visible PL. This is an
interesting result as the work of Maddalena et al. [2], showed that NO2 exposures

Fig. 12.2 a SEM image of ZnO nanowires deposited on a silicon substrate, b Photoluminescence
spectrum of ZnO nanowires. Reprinted with permission from [3]

Fig. 12.3 Dynamic PL
quenching versus time upon
exposure to sub ppm
concentrations of NO2 in a
dry air carrier gas. Reprinted
with permission from [3]
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decreased both the band edge and the defect emission PL intensities. Thus, a dual
wavelength channel detection scheme is possible for enhanced sensitivity, how-
ever this would need to be balanced with a potential increase in cost due to
hardware/software integration issues. As an alternative, if one could tailor the
nanowires for production of a strong defect PL intensity within the visible range,
then the NO2 detection limits could presumably be optimized accordingly.

12.4 SnO2

Tin oxide nanowires are routinely grown using chemical vapor deposition meth-
ods. Typically SnO is the precursor material and alumina or silica substrates are
used in a tube furnace processing chamber. The precursor material is placed in the
hotter zone of the furnace while the substrates are placed in cooler zones down-
stream from the precursor. The vaporized SnO condenses on the substrate and
background oxygen levels, or added oxygen levels, lead to nanowire growth.
Zappettini et al. studied the PL dependence of nanowires grown in this fashion
towards exposure to NO2, humidity, CO and NH3 [5]. The PL spectra of the
nanowires excited using a HeCd light source at 326 nm can be characterized by a
broad peak centered at around 600 nm. The bandgap of SnO2 is 3.6 eV (344 nm)
and both band edge emission *340 nm and defect related emission in the visible

Fig. 12.4 Photoluminescence spectra obtained from ZnO wires of three different sizes as
displayed in the corresponding SEM images. Reprinted with permission from [4]
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wavelengths are commonly observed. As with the case of ZnO, the visible PL
emission is dominated by deep defect states and upon exposure to oxidizing gases
it is expected that these will induce electron trapping states leading to a reduction
in the observed visible PL. The exposure of these SnO2 nanowires to NO2 in dry
air as well as humidified air (30 and 70 % RH) while the nanowires are held at
120 �C, produced a reversible response with regards to the change in the PL
emission centered at *600 nm as seen in Fig. 12.6. Also noted from this figure is
that the added humidity had no apparent effect on the PL response and furthermore
the response times were on the order of 30 s with a recovery time of *600 s. The
calibration curve representing the PL response as a function of NO2 concentration
for these nanowires was logarithmic and in this case is similar to that observed for
the conductivity based SnO2 sensors. Further experiments were done with regards
to the PL response towards 1,000 ppm of CO and 50 ppm of NH3 in dry air and
there were no appreciable responses to either of these gases. As an increase in
surface to volume ratio is typically beneficial to sensing applications, the synthesis
of SnO2 nanowires of various sizes as well as geometries is of particular interest
for PL based sensors. Golberg et al. has synthesized SnO2 fishbone like nano-
ribbons through the use of Sn as well as Fe(NO3)3 precursors in a vapor deposition
system [6]. The iron (III) nitrate serves to induce both oxidation of the Sn pre-
cursor via Fe2O3 which forms at the elevated temperatures, as well as inducing a
variety of nucleation sites along the ribbon during the growth process, which
results in the fishbone structure that is observed in Fig. 12.7. Microstructural

Fig. 12.5 Photoluminescence peak intensity ratios as a function of the average wire radii.
Reprinted with permission from [3]
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analysis done on these samples indicated that the diffraction peaks could be
attributed to tetragonal rutile SnO2. PL emission studies of these samples have
been done and a broad green emission peak is observed centered at 500 nm. This
broad emission peak has been attributed to defects and while sensing studies have
not been performed on this type of structure, the high surface area may prove
beneficial for the detection of gases.

12.5 TiO2

Titania is a wide bandgap semiconductor and has been used in a number of
applications including pigments, photocatalysis, self-cleaning windows, oxidation
of organic material, and is a biocompatible interface for medical implants. It has
also been used in a number of sensing applications including electrochemical
detectors. Titania nanopowders (grain sizes of 30–60 nm) have also been studied
as PL based chemical sensors by Martinelli et al. [7]. The TiO2 powders were
synthesized using a sol–gel process, were screen printed onto silicon substrates and
then fired at 650 �C for 1 h. PL analysis was done using a HeCd laser in the
presence of dry air and NO2 in dry air. Both rutile and anatase samples were
produced during the process steps and the PL spectra showed a broad peak cen-
tered at *2.3 eV for anatase, while a narrower peak centered in the NIR at 1.2 eV
was observed for the rutile phase. While the rutile PL peak has been attributed to
the ionization of oxygen vacancies, the PL peak for anatase is attributed to self
trapped excitons. In this study, only the anatase phase was studied for its PL

Fig. 12.6 Peak area intensity vs. time upon exposure to 1 ppm NO2. Temperature is 120 �C and
humidity is varied between dry air, 70 and 30 %. Reprinted with permission from [5]
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response towards exposure to NO2. As a comparison, sol–gel synthesized SnO2

nanopowders of a comparable grain size were also produced and studied against
exposure to NO2. As expected the SnO2 sample showed the typical reduction in PL
upon NO2 exposure due to the enhanced trapping of charge carriers. However, the
TiO2 sample shows an increase in PL intensity upon NO2 exposure, and thus
serves as an enhancer of PL rather than a quencher. Given the nature of self
trapped exciton (STE) based PL emission, the increase in electron density in the
conduction band upon surface adsorption of gases increases the probability of self
trapped exciton emission and thus produces a PL increase. These characteristics
are evident in Fig. 12.8a which shows that upon increasing [NO2] the peak PL
intensity of anatase increases. An analysis of the PL peak position and FWHM as a
function of [NO2] ranging from 0.5 to 50 ppm, noted in Fig. 12.8b, shows that
these are both essentially constant and therefore are not perturbing the nature of
the STE emission properties and the sensing mechanism can be assumed stable.
A Langmuir analysis was performed for the response of both the anatase and the
SnO2 samples, which matched the calibration curves reasonably well. From this a
comparison can be made between these two samples if the absolute value of the
relative variation in PL intensity is plotted vs. NO2 coverage, and as can be seen
from Fig. 12.9, the anatase sample is a better NO2 sensor than the SnO2 sample.

In conclusion the PL sensing characteristics of ZnO, SnO2 and TiO2 have been
detailed with respect to their detection of NO2 at concentrations as low as 0.1 ppm

Fig. 12.7 SnO2 fishbone-like nanoribbons a low magnification, b high magnification SEM
images. Reprinted with permission from [6]
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and up to 100 ppm. While the NO2 sensing characteristics are quite good, espe-
cially with regards to the detection limits, less work has been done with other types
of emission gases such as CO and unburnt fuel as well as the cross sensitivity with
common gases such as humidity and CO2. The work by Zappettini et al. [5]. did
show little effects with respect to humidity, CO and NH3 however more detailed
work for reliability studies would be needed to completely rule these out as
interfering species. Likewise the work of Maddalena et al. [1] also performed
studies with ethanol and water as interferrants for the ZnO based PL detection of
NO2 and these initial studies showed that an increase in PL is observed, which
being the opposite response with respect to NO2, will require careful handling for
data interpretation with mixed species. For each of these materials the response
and recovery times are both somewhat limiting; on the order of tens of seconds and
sometimes as high as 600 s. These are both thought to be high for many gas
sensing applications and would need improvement. While the benefit of PL based
sensing using metal oxide nanomaterials is that it can be used for room

Fig. 12.8 a Anatase photoluminescence spectra as a function of [NO2], b peak PL intensity and
FWHM as a function of [NO2]. Reprinted with permission from [7]

Fig. 12.9 Relative variation
of the PL intensity vs. NO2

surface coverage for TiO2

and SnO2. Reprinted with
permission from [7]
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temperature applications, if the end-application involves their exposure to organics
or particulate matter, these materials will likely become de-sensitized as the
materials might become poisoned. This might be alleviated through a periodic
cleaning step by heating the sample to high enough temperatures in the presence of
background air and oxidizing the contaminating material. The benefits of a PL
based sensing system are quite promising as demonstrated by the initial work in
this field. However, further work is required on many areas to optimize this
detection technique.

12.6 Long Period Fiber Gratings

Another technique which amends itself well to the optical detection of emission
gases, especially at elevated temperatures, uses specialized metal oxide nano-
powders which are coated onto the cladding of a long period fiber grating (LPFG).
As the chemicals of interest adsorb into the metal oxide coating, the refractive
index change of this sensing material induces a shift in the resonance wavelength
of the LPFG indicative of the target gas concentration. Y. S. Lin et al. have made
recent measurements using a Pd coated LPFG for the detection of hydrogen [8] as
well as the use of perovskite metal oxides for the detection of CO2 [9]. Perovskite
metal oxides containing alkaline earth metals are susceptible to the adsorption of
CO2 and subsequent formation of carbonate species at elevated temperatures.
Their recent work on perovskites has included the study of Ba0.5Sr0.5Co0.8Fe0.2O3-

d (BSCF) which has shown a reversible response to CO2 at elevated temperatures
of 600 and 700 �C. The BSCF metal oxide is produced by combining the metal
precursors in a combined citrate and EDTA complexing method with a final
sintering step of 950 �C to form the perovskite structure [10]. The LPFG was
formed using a focused CO2 laser line and the cladding was then coated by dipping
the fiber into a suspension of the BSCF powder multiple times. From SEM images
of the coated fiber and XRD analysis of the powder, the metal oxide has an
individual grain size which is \200 nm, with a sub monolayer coverage of
0.5–1 lm agglomerates coating the fiber. The experiments performed in this BSCF
study showed that the perovskite coated LPFG is able to reversibly detect CO2 in
an air carrier gas at levels down to 1 % and up to 10 %. The response times are on
the order of 8–10 min, and the BSCF coating does have a dependence on the
oxygen partial pressure. A variation in O2 levels from 0–20 % decreased the
resonance wavelength shift for 0.1 atm of CO2 by 60 pm. More work would need
to be performed to determine the cross sensitivity to humidity and other common
background gases, but these alkaline earth metal perovskite coated LPFGs offer
another optical sensing method which is amenable to rather challenging harsh
environmental conditions.
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12.7 Metal Nanoparticle Doped Metal Oxides

While PL is one method to optically probe metal oxides, another technique is to
perform transmission/absorption experiments. Since most metal oxides are trans-
parent in the visible range one needs to add an ‘‘optical beacon’’ to the metal oxide
which will provide a signal that is dependent on changes within the metal oxide that
are relevant to changes in the surrounding environment. An interesting choice of
beacon is one which has a strong absorption cross section in the visible range and
likewise can serve as either a spectator in the sensing process or an active partic-
ipant by inducing specific chemical reactions to take place. Metal nanoparticles
embedded in oxide matrices have been a subject of considerable interest over the
past few decades. These nanocomposite systems exhibit unique and customizable
optical properties that could be exploited for a plethora of applications, such as high
density information storage devices, ultrafast optical switches, and optical gas
sensors [11–15]. However, the successful design of such optical devices requires
the ability to customize the optical response of the nanocomposite systems.

In the case of gold (Au), the optical response of Au nanoparticles is dominated
by a strong surface plasmon resonance (SPR) band (or sometimes referred as the
localized surface plasmon band (LSPR)). This resonant behavior is due to the light-
induced collective displacement of conduction electrons with respect to the positive
ionic background in the nanoparticle, which results in a restoring force due to
surface polarization [16, 17]. This collective, oscillatory motion of the conduction
electrons is observed in optical extinction spectra as a selective enhancement of the
absorption cross section of the nanoparticle, and is typically probed by standard
absorption measurements. The frequency, width, and intensity of the surface
plasmon resonance band depends on the size, size distribution, concentration, and
shape of the metal nanoparticle, as well as the dielectric properties of the embed-
ding medium. Therefore, in order to tailor the optical properties of a nanocomposite
film, one needs to ensure precise control over film microstructure and identify a
straightforward method for its assessment.

The optical properties of metal nanoparticles have also been studied exhaus-
tively, yet active research is still being pursued in the development of new appli-
cations and theoretical models making use of and probing their optical properties
[18–21]. One area of active research taking advantage of the optical properties of
metal nanoparticles is optical sensing [22–25]. Most noble metal nanoparticles
exhibit a surface plasmon resonance band in the visible spectrum and this LSPR
band can be very sensitive to changes in the surrounding medium, which makes
metal nanoparticles ideal optical beacons for transduction events. Likewise they
can serve as either a spectator in the sensing process or an active participant by
inducing specific chemical reactions to take place. Furthermore, by shrinking the
size of the metal nanoparticle it is also likely to change not only the nanoparticle’s
optical properties but also its catalytic properties. The increase in the surface to
volume ratio allows one to use less material to receive the same, if not better,
catalytic behavior as bulk samples. Rodríguez et al. [26] have recently published
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results showing a difference in catalytic behavior between Cu and Au nanoparticles
supported on molybdenum oxides where Au nanoparticles out-perform Cu nano-
particles in the water–gas shift catalysis (CO ? H2O ? CO2 ? H2). It is well
known that the size of the metal nanoparticle can affect the catalytic behaviors
towards certain molecules: i.e. as shown by Haruta et al., the catalytic reaction of
CO on AuNPs is more efficient on smaller AuNPs [27]. In summary it is clear that
the size, chemical nature and metal oxide host material will all enable characteristic
catalytic properties of the composite material.

Haruta et al. [25] not only have demonstrated the catalytic behavior of gold
nanoparticles (AuNPs) but also that the changes in the AuNPs LSPR band can serve
as a sensing signal for carbon monoxide. The AuNPs were sputter deposited on
glass substrates and then coated with copper naphthenate. The resulting sample was
then fired in air at 380 �C producing a 35 nm thick film which from XRD analysis,
showed that it consisted of Au and CuO. The Au particles were on average 20 nm in
diameter as shown by TEM analysis. The absorbance spectrum of the Au-CuO
sample was investigated as a function of CO concentration in an air carrier gas
while at 300 oC. As shown in Fig. 12.10 the SPR band peaks at *600 nm during
the air exposure and then appears to redshift and broaden upon exposure to
1,000 ppm and 1 % CO in air. Absorbance changes at a wavelength of 700 nm
within the SPR absorption band showed a near linear increase with the logarithm of
CO concentrations ranging between 50 ppm and 1 % CO. The response was
reversible at all CO concentrations with response times on the order of 1–3 min.
The sensing mechanism was attributed to the CO partial reduction reaction of CuO,
forming Cu2-xO which is known to cause an increase in the metal oxide refractive
index and thus inducing a redshift and broadening of the LSPR band.

12.8 Gold Nanoparticle Doped TiO2

While copper oxide in the above example was characterized as participating in the
sensing response via a refractive index change reported by the AuNPs, there are a
variety of other metal oxide nanocomposites that will also serve in this manner.

Fig. 12.10 Absorption
spectrum of Au-CuO
composite film at 300 �C in
a air b air and 1,000 ppm CO
and c air and 1 vol. % CO.
Reprinted with permission
from [25]
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TiO2 has been the subject of research for a variety of applications including its use
as a chemical sensor. Martucci et al. has been actively studying the chemical
sensing properties of sol–gel processed Au-TiO2 nanocomposites [28] for chemical
sensors [29]. Two of these Au-TiO2 films were studied, both of which contained
AuNPs up to 8 wt. %. One of the films was annealed to 400 �C producing an
amorphous TiO2 matrix, and the other was annealed to 500 �C which produced the
anatase TiO2 microstructure. The AuNPs in both films were *10 nm in diameter
with larger polycrystalline domains comprised of these 10 nm particles. The sol gel
film thicknesses deposited on silica glass slides were 50 nm. Upon exposure to
either H2 or CO in an air carrier gas at an operating temperature of 360 �C the LSPR
peak of the AuNPs within the 500 �C annealed film shifts to bluer wavelengths and
upon re-exposure to the air carrier gas the peak reversibly shifts to its original peak
position. Exposure to CO induced a larger response than exposure to similar levels
of H2. However, for the sample annealed at 400 �C, exposure to CO in an air carrier
gas at 360 �C produced no appreciable change in the LSPR peak position, while H2

induced a measurable blue shift. The differences in the LSPR band for these two
films upon exposure are portrayed in Fig. 12.11 through the use of a gas induced
optical change ratio (OCR). The OCR spectrum is determined by normalization of
the difference spectrum obtained by subtracting the spectrum with the exposure gas
on, Agas, from the spectrum with the target gas turned off, Aair, and thus
OCR = [Aair-Agas]/Aair. It is apparent from Fig. 12.11a that the 400 �C film is less
sensitive to CO while having a large response to H2, and that the film annealed at
500 �C, Fig. 12.11b, has a similar response to both H2 and CO, although it is overall
less sensitive than the film annealed at 400 �C. Dynamic response curves were also
measured as both a function of time and exposure concentration, and these films
showed a reversible response to both CO and H2. The change in the detection
characteristics for CO as a function of the annealing temperature were characterized
with respect to the enhanced catalytic oxidation properties of anatase towards CO.
Reaction mechanisms were proposed which could lead to the observed changes in
the LSPR spectrum and these mechanisms focused on the reactive characteristics of
both CO and H2 on these Au-TiO2 nanocomposites. Specifically, from the Drude
model the LSPR peak wavelength position is dependent on both the free electron
density of the metal particle as well as the dielectric function of the nanocomposite
material. Reactions involving CO and H2 may include oxidation reactions with
adsorbed oxygen ion species leading to electron donation back to the AuNP,
causing the observed blue shift in the LSPR peak. However, these reactions could
also include adsorption within the metal oxide matrix which would cause a local
change in the refractive index which could also cause a shift in the plasmon peak
position. The differing response characteristics of the 400 and 500 �C annealed
films towards CO was attributed to the enhanced CO oxidation properties of the
anatase metal oxide. While for H2 it has been shown to oxidize upon adsorption in
the presence of Au and O2 through formation of peroxide species, it has also been
speculated to dissociatively chemisorb as a fully ionized species thus increasing the
electron density.
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12.9 Mixed Metal Oxide Matrices for Gold Nanoparticles

As the metal oxide can play a role in both changing the LSPR peak position of
AuNPs as well as affect the catalytic properties of the nanocomposite and its
subsequent optical response towards the target gases, it is interesting to explore
mixed metal oxides as the embedding material for the AuNP optical beacons. Post
et al. [30, 31] has recently performed studies resulting in a cookie like structure
containing AuNPs and NiO nanoparticles embedded in SiO2. The nanocomposite
films were produced using sol–gel methods and the appropriate pre-cursor mate-
rials. The cookie structure producing AuNPs in contact with NiO nanoparticles
was strongly dependent on the annealing temperature. Annealing temperatures of
500 �C produced a film with AuNPs and NiO nanoparticles separated within the
SiO2 matrix while at 600 �C there were indications that Au and NiO cookie
structures were beginning to form. At 700 �C HRTEM analysis confirmed that the
Au and NiO nanoparticles exhibit a twofold structure with the (1 1 1) planes of Au
parallel to the (2 0 0) planes of the NiO phase. As expected, and shown in
Fig. 12.12, the difference in the local surroundings of the AuNP in these three
films has a pronounced affect on its resulting LSPR band. In particular for the
700 �C film portions of the AuNP is surrounded by both the SiO2 as well as the
NiO material, which leads to the bimodal LSPR spectrum with the red shoulder
peaking at 615 nm attributed to the Au-NiO interaction and the lower intensity
shoulder at 530 nm attributed to the Au-SiO2 interaction. Sensing tests performed
on these films showed strong responses to both H2 and CO. Repeated CO expo-
sures on the 700 �C annealed film showed a reversible response in LSPR intensity

Fig. 12.11 OCR of films annealed at a 400 �C and b 500 �C after exposure to 1 % H2 and 1 %
CO. Reprinted with permission from [29]

380 N. A. Joy and M. A. Carpenter



as measured at 690 nm with CO concentrations ranging between 10 and
10000 ppm in an air carrier gas and operating temperature of 330 �C. It is inter-
esting to consider this materials fabrication procedure in a broader sense. By
tailoring the metal oxide matrix chemistry, it may be possible to achieve a material
with multiple LSPR features whose selective response towards target gases of
interest would lead to an intrinsic sensing array without having to simultaneously
monitor several different spatial locations. Martucci et al. [32] has also studied
AuNPs within TiO2/NiO mixed metal oxide nanocomposite films. The films were
made using sol–gel methods. Films containing a 50:50 or a 70:30 ratio of
TiO2:NiO as well as a 0.05 molar ratio of Au had characteristically better sensing
properties. These films were on silica glass and tested against CO, H2 and H2S in
an air carrier gas and elevated operating temperatures. Neither of these films had
any appreciable response to CO or H2 while they both responded reversibly to
H2S. Films exposed to H2S at elevated temperatures and then cooled in the
presence of H2S to room temperature were analyzed using ellipsometric as well as
XPS techniques. The dielectric function for each of these nanocomposite films
were only different from samples unexposed to H2S in wavelength regions per-
taining to the LSPR band. XPS analysis showed no evidence for reactive changes
to the metal oxide matrix. It was therefore surmised that H2S catalytically reacts
with the surface of the AuNP thus inducing a change in the LSPR band that can be
reversibly monitored. Examples of this data can be seen in Fig. 12.13 for the 70:30
film annealed at 500 �C and exposed to both 0.01 % H2S in air as well as 1 % H2

in air at an operating temperature of 350 �C. The absorption intensity change at
605 nm as a function of time shows a strong reversible response to H2S as well as
no measurable response to H2. A key development for chemical sensors is the
production of both sensitive and selective sensing arrays for the target gases of
interest. While more work is required to determine the cross sensitivity depen-
dence of these materials against other common target gases, it is clear that the
novel use of mixed metal oxides as a matrix material for AuNP optical beacons for
the detection of target gases through monitoring its LSPR band offers promise for a

Fig. 12.12 Absorption
spectra of Au-NiO-SiO2 films
annealed at 500, 600 and
700 �C. Reprinted with
permission from [30]
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high level of selectivity as well as sensitivity. Given the wide range of metal oxide
materials, this appears to be an interesting development that will require a tailored
coupling of theoretical as well as experimental work to develop arrays of materials
in a logical fashion for testing against a series of target gases.

12.10 Au Nanoparticles Embedded in Oxygen Ion Conducting
Metal Oxides

The combined study of metal nanoparticles embedded in metal oxide matrices is a
field that has generated a great deal of interest for its potential towards development
of nanodevices and for its ability to tune the optical properties of metal nanopar-
ticles [33–39]. Yttria stabilized zirconia (YSZ) is one of the most widely used
oxygen ion conductors with applications in solid oxide fuel cells, oxygen pumps
and chemical sensors [40–42]. In all of these applications YSZ acts as a solid
electrolyte where oxygen ions diffuse through the YSZ matrix as long as the
operation temperature is above that required for oxygen ion transport (T [ 300 �C)
[43]. Metals are normally used as the catalytically active surface layer on porous
anodes and cathodes in the above-mentioned applications for YSZ, and it has been
shown that by using catalytically active metals the flux of oxygen ions through YSZ
electrolytes can increase significantly [44]. By adding Au nanoparticles (AuNPs) to
YSZ thin films, diffusion kinetics of oxygen ions into the oxygen vacancies in the
YSZ matrix is expected to increase for the same reason metals increase electro-
chemical reaction kinetics at the surfaces of YSZ electrolytes.

Fig. 12.13 Dynamic response of Au-70TiO2-30NiO nanocomposite film annealed to 500 �C
upon exposure to multiple cycles of air, 0.01 % H2S in air and 1 % H2 in air. Operating
temperature is 350 �C. Reprinted with permission from [32]
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Metal oxides such as YSZ and SnO2 have been used in gas sensors for about as
long as commercially available gas sensors have been on the market. The sensing
mechanism of these metal oxides rely on oxygen ion diffusion through, or into
oxygen vacancies in the material (via a hopping mechanism) to produce a current,
in the case of YSZ based O2 sensors, or a change in film resistivity in the case of
SnO2 gas sensors. With the advent of the semiconductor industry, metal oxides
such as these and others were deposited on the semiconducting portion of field
effect transistors developing what is known as the ion selective field effect tran-
sistor (ISFET) [45]. The ISFET also uses the diffusion of ions in and out of the
oxide, but the transduction mechanism of the sensor comes in the form of a
capacitance change in the oxide material, which is observed in the I–V charac-
teristics of the device. Nevertheless metal oxides have always been used in sensors
for the very simple fact that ions can diffuse in and out of them, producing an
electronic response. The use of YSZ in nanocomposite films for use in optical
based chemical sensors is for this same reason; it acts as an oxygen ion sponge at
elevated temperatures ([300 �C). Along with its ability to allow for the diffusion
of oxygen ions, YSZ also has the added benefit of being optically transparent in the
visible range and has a high refractive index (n = 2.1) [46].

12.11 Au-YSZ Nanocomposites for the Detection of CO, H2

and NO2

The work of Carpenter et al. has been focused on the development of plasmonic
based optical chemical sensors which are able to detect emission gases under harsh
environmental conditions. Films used for the detection of CO were comprised of
Au-YSZ nanocomposites synthesized on sapphire substrates by RF magnetron co-
sputtering followed by an annealing treatment at 1000 �C for 2 h [47]. Films with a
Au content of *10 at. % and a thickness of *30 nm were used for this study. The
microstructure of the post-annealed Au-YSZ films was examined by XRD. The
XRD pattern indicated the presence of two polycrystalline phases; one corre-
sponding to the tetragonal phase of YSZ and the other corresponding to the face
centered cubic Au phase. The average YSZ and Au crystallite sizes were calculated
from the Scherrer formula [48] using the YSZ (101) and the Au (111) reflections,
and an average crystallite size of *19 nm was obtained for both phases.

The sensing properties of the films at atmospheric pressure and elevated tem-
perature were tested in a custom-designed quartz transmission cell housed within a
tube furnace. White light from a CW lamp was collimated and transmitted through
the sample held centered in the quartz cell using a Macor sample holder. The
transmitted light was dispersed and detected using a spectrometer equipped with a
Charged Coupled Diode (CCD) detection system. Upon exposure to an air gas cycle
at temperatures above *350 �C the LSPR band of the gold nanoparticles showed a
red shift and a broadening of the FWHM. It is expected that YSZ will react readily
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with O2 and at temperatures above *350 �C, oxygen anions species will form and
O2- will diffuse through the matrix and occupy the oxygen vacancies. Given that
the Au-YSZ nanocomposite has a Au wt % of approximately 10 %, a likely source
of electrons during the formation of O2- is the AuNP. Given the Drude model for
AuNPs, the peak of the LSPR band, X (rad/sec), will depend on

X ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N0e2

1þ 2emð Þmee0

s

both the free electron density, No as well as the dielectric function of the matrix,
em. A reduction in No will cause a reduction in X and the observed red shift in the
LSPR peak wavelength. Furthermore, addition of O2- ions into the YSZ matrix
will likely increase the polarizability of the system and in doing so the dielectric
function will increase, also causing a red shift in the LSRP band. Absorption
spectra obtained with the CO/air gas pulse on showed LSPR peak positions that
were blue shifted from the LSPR peak position during the air alone gas cycle. This
blue shift during CO exposure is indicative of an interfacial charge transfer
reaction of CO with the O2- ions forming CO2 with the electrons being donated
back to the AuNP [49, 50]. The absorption spectra obtained with the CO/air gas
pulse were subtracted from the absorption spectrum during the air gas cycle to
obtain a difference spectrum. The peak to peak difference in this spectrum was
labeled the sensing signal and it is this signal that was monitored as a function of
time during the various gas cycles. Figure 12.14 displays the resulting CO sensing
signal as a function of time for the Au-YSZ film upon exposure to 1, 0.75, 0.5, 0.25
and 0.1 vol. % CO concentrations in air at 500 �C. The change in the absorption
spectra upon exposure to CO was reversible, and the sensing signal increased with
increasing CO concentration. The response time, i.e. the time required for the
sensing signal to obtain its maximum value upon exposure to CO was *40 s at all
CO concentrations, with recovery in the subsequent air pulse displaying a two
stage mechanism comprised of a fast, *60 s, initial stage followed by a slower,
*1,000 s, stage. The tests performed for this experiment showed clear revers-
ibility and likewise a dependence on the background O2 concentration, as the
LSPR band was unresponsive to CO in the presence of just a N2 carrier gas.

12.12 Hydrogen Titration Studies

Within these studies we have performed a detailed titration study of the optical
properties of Au-YSZ films as a function of H2 concentrations ranging from 0.05
to 1 vol. % and O2 concentrations ranging from 0.1 to 20 vol. % at an operation
temperature of 500 �C. As can be seen in Fig. 12.15a and b both the LSPR band
peak position and the corresponding FWHM reversibly blue shift and narrow,
respectively, at all O2 concentrations upon exposure to increasing H2 levels. In
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addition, through a detailed analysis of the optical response of the AuNPs to a
change in their surrounding environment, this research developed and verified an
electrochemical model for charge transfer between YSZ—bound oxygen ions
formed through the dissociative adsorption of oxygen molecules on YSZ at high
temperatures and the AuNPs. The degree of charge transfer is dictated by the

equilibrium ratio, pH1=4
2

.
pO1=8

2 ; contributing to oxygen ion diffusion into and out

of the YSZ matrix, which results in a characteristic change in the square of the
LSPR band peak position [51].

12.13 NO2 Sensing Studies

The primary explanation for shifts in the peak position of the LSPR band is charge
exchange from the AuNPs in the YSZ matrix to diffusing oxygen ions from cata-
lytic reactions occurring within the Au-YSZ nanocomposites, as outlined in the
previous section. Exposure studies for NO2, however, will lead to NO2 catalytically
decomposing on the hot gold surface producing an O ion for incorporation into the
YSZ matrix. Evidence for this theory can be seen in Fig. 12.16. Even in the
presence of a matrix oxidizing 20 vol. % O2 background (air), exposure to NO2

results in a red-shift of the LSPR band peak position due to further removal of
charge from the AuNP by the O ion produced upon dissociation of NO2 on the
surface. It is interesting to note that while the optical response of the AuNP towards
O2 in N2 is nearly saturated at levels above 10 vol. %, the addition of the oxidizing
species, NO2, causes a further red shift in the LSPR band at concentrations ranging
from 5 to 100 ppm in an air carrier gas. A similar 5 ppm increase in O2 concen-
tration, in the air carrier gas, would not be measurable due to the matrix being
saturated with the oxygen baseline reactions. While it is not fully understood why a

Fig. 12.14 Sensing signal
response curve of the
Au-YSZ nanocomposite film
upon exposure to 1, 0.75, 0.5,
0.25 and 0.1 vol. % CO in air
at 500 �C. Reprinted with
permission from [47]
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Fig. 12.15 Peak position and FWHM of 25 nm AuNP embedded in YSZ as a function of both H2

and O2 concentrations at a 500 �C operating temperature. Reprinted with permission from [51]
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Fig. 12.16 Peak position and FWHM as a function of both NO2 concentrations at a 500 �C
operating temperature. Reprinted with permission from [52]
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Au-YSZ nanocomposite is more susceptible to the addition of oxygen ions by NO2

rather than O2, it is likely due to differences in the interfacial reaction sites available
to the two species. These may include the specific oxygen vacancy type, Y-VO-Y,
Y-VO-Zr and Zr-VO-Zr that is available for stabilization of the generated oxygen
ion species and the reactivity differences between the two species [52].

12.14 Selectivity and Sensor Arrays

It is clear from both the work described above that both photoluminescence
properties of metal oxides as well as absorption spectral properties of Au—metal
oxide nanocomposite materials are sensitive to gaseous species in a variety of
sensing environments. However, as with any chemical sensing application there is
a need for both sensitivity and selectivity of the target gases amongst the back-
ground gases. As noted above Martucci et al. have designed a Au-mixed metal
oxide material (Au-TiO2-NiO) which appears to be sensitive towards H2S while
being insensitive towards H2 exposures. However, in the work of Carpenter et al.
both CO and H2 cause a blue shift in the plasmon band while NO2 induces a red
shift. Evaluation of the CO and H2 calibration curves indicates that with similar
gas concentrations one apparently cannot distinguish between these two individual
gases let alone a gas mixture containing both reducing and oxidizing gases. While
developing a detailed understanding of the sensing mechanism will aid the design
of other highly selective Au-metal oxide nanocomposite materials, it is likely that
the materials design will have to be utilized in combination with statistical analysis
algorithms to analyze patterns within the sensing data across a sensing array.
A variety of methods are available for the statistical analysis of sensor arrays.
These range from supervised learning packages such as linear discriminant anal-
ysis (LDA) or neural networks, and unsupervised learning packages such as
principal component analysis (PCA). The literature is rich with references on each
of these algorithms and their use in electronic nose based sensor applications, and
the reader is encouraged to seek these out [53–58]. Details on these algorithms and
resulting analysis of sensing data is also provided within Chaps. 14 and 15 of this
text. However, specific to the statistical analysis of chemiluminescence from an
array of catalytically active nanomaterials is work by Wu et al. [59]. This work
used an array of 21 nanomaterials including metal oxides, metal oxides deposited
on CNTs, AuNPs on metal oxides and carbonates. A chemiluminescent (CL)
imaging system analyzed the 21 spots deposited on a thermally controlled ceramic
chip. Through the use of temperature control during the exposure experiments a
quantitative analysis of a series of organics commonly found in cigarette smoke
could be determined. Using an LDA algorithm, identification of six brands of
cigarettes could be accomplished. Carpenter et al. has also begun to utilize PCA
analysis for the interpretation of sensing data across individual sensing elements
[60] as well as an array of Au-metal oxide thin films. The sensor array consisted of
3 elements; 1) 30 nm thick Au-YSZ films containing 10 at. % Au, 2) 30 nm thick
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Au-TiO2 films containing 10 at. % Au and 3) 200 nm thick MBE grown ceria
films with *8 at. % Au implanted to a depth of *75 nm. XRD analysis showed
the average AuNP size to be *20 nm for the Au-TiO2 film, and closer to 10nm for
both the Au-YSZ and Au-CeO2 films. CO, H2 and NO2 gas exposures in a
background of 5 and 10 % O2 balanced by N2, and in a background of dry air, were
performed across this array with target gas concentrations listed in Table 12.1 at
an operating temperature of 500 �C. A sample of the type of sensor response is
displayed in Fig. 12.17 for the hydrogen in an air carrier gas exposure experiment.
Each of the elements in the array shows a strong response towards H2 with both
reversibility and stability over the entire ([50 hr) experiment. A series of cali-
bration curves have been determined for each of the target gases, however the
problem is that as noted in Table 12.1, the H2 and CO gas concentrations overlap
at concentrations below 1,000 ppm, so a selective response determination will be
difficult to ascertain without the use of a statistical algorithm. PCA analysis was
used with 45 observables (5 gas concentrations, 3 target gases, and 3 O2 con-
centrations), and for each of the three sensing elements, 175 wavelengths across
the LSPR band were used as variables for input into the algorithm. Analysis of this
large dataset using PCA reduces the multidimensionality of the sensing data into a
few principal components while retaining the maximum variance within the
dataset. The results of this analysis can be summarized by the PCA scores plots
shown in Fig. 12.18. Both PC 2 vs. PC 1 and PC 3 vs. PC 2 are shown and these
first 3 principal components (otherwise known as eigenvectors) represent 90 % of
the variance in the data as determined from their eigenvalues. It is clear from these
plots that there is good separability amongst the three target gases. While much
work needs to be done for optimization of these types of Au-metal oxide sensing
arrays, especially with respect to other common background gases such as water
(humidity), CO2, and hydrocarbons among others, these results are promising with
respect to selective measurements under harsh conditions. Further work is in
progress to characterize these types of background gas dependencies as well as to
begin work with mixtures of the target gases.

12.15 Summary and Perspective

This chapter has provided an overview of how the optical properties of metal
oxide nanomaterials can be used as a transduction mechanism for chemical

Table 12.1 Target gas concentration exposures in ppm across a 3 element Au-metal oxide
sensor array

H2 CO NO2

Exposure 1 200 200 2
Exposure 2 500 300 5
Exposure 3 1,000 500 10
Exposure 4 5,000 1,000 20
Exposure 5 10,000 2,000 98
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Fig. 12.17 Time dependence of the SPR peak position (eV2) for a three element sensor array
exposed to 200, 500, 1000, 5000 and 10,000 ppm H2 in an air carrier gas at 500 �C

Fig. 12.18 Principal component scores plots from PCA analysis of 3 element sensing array
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sensors. The photoluminescence of metal oxides have characteristic bands indic-
ative of the transition between the valence and conduction band as well as from the
valence band to defect states, or surface states. These transitions have been shown
to be sensitive to changes in the surrounding gas environment and by tuning the
chemistry of the metal oxide as well as its nanomaterial shape (sphere, rod or
fishbone) one can change the surface area. As the target gases will interact directly
with the surfaces of these metal oxides, enhancing the optical signature of the
defect or surface states through design of the nanomaterial shape can likely offer
advantages for sensing applications. The addition of noble metal dopants into
metal oxides for use in a plasmonic based sensor has shown promise for the
detection of a variety of target gases as well as operation environments. While the
bulk of this work has used Au nanoparticles as the optical beacon, Ag and Cu
nanoparticles also have strong plasmon bands in the visible wavelength region
which may make them an attractive alternative. However, depending on the
operation environment, oxidation of these nanoparticles may cause problems with
reliability and reversibility. A variety of metal oxides have been used as the
embedding material for these plasmonic based sensors. These were shown to
include SiO2, TiO2, and the mixed metal oxide TiO2–NiO, as well as oxygen ion
conducting metal oxides such as YSZ and CeO2. The addition of the oxygen ion
conduction properties enhances the interfacial reaction characteristics as oxygen
anions can more readily populate the entire metal oxide thin film due to their
enhanced diffusion properties. This allows for sensing events to include both
surface and bulk reactions. It is clear that the studies outlined above hold much
promise for the use of optical based transduction methods in chemical sensors.
However, as with the majority of sensing research, work is still needed to improve
detection limits, reliability, and selectivity both with respect to the variety of target
gases and also the background gases which are characteristic of the particular
sensing application. Achievement of selectivity will most likely require the use of
sensing arrays with a detailed statistical analysis to ensure the proper interpretation
of the sensing ‘‘fingerprint’’ across the array elements. Another primary issue will
entail integration of the metal oxide sensing layer into a portable optical detection
scheme for future applications. While photoluminescence of materials as well as
reflection spectroscopy (for monitoring plasmonic and/or refractive index changes)
can be performed via a fiber optic coupling, a fiber optic based grating coated with
metal oxides was demonstrated as a means for the detection of CO2 using alkaline
earth doped perovskite based metal oxides. The use of a fiber based grating for a
variety of target gases will just require the tailoring of the metal oxide coating for
detection. It is clear that as the optical interrogation of metal oxide based materials
continues to provide the required sensing characteristics, more efforts aimed at the
integration of these materials as well as their ancillary components (sources,
detectors, optics) will be required for the development of cost effective sensing
devices. Fortunately, the miniaturization of many of these ancillary components
has been developing independently and there are a range of options to choose from
for devices which function from the Uv into the NIR regions and with that it is
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apparent that the use of metal oxide nanomaterials in optical based chemical
sensors will have a long and bright future.
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Part III
New Device Architectures

and Integration Challenges



Chapter 13
Metal Oxide Nano-architectures and
Heterostructures for Chemical Sensors

Thomas Fischer, Aadesh P. Singh, Trilok Singh,
Francisco Hernández-Ramírez, Daniel Prades
and Sanjay Mathur

Abstract Metal oxide nanostructures with hetero-contacts and phase boundaries
offer a unique platform for designing materials architectures for sensing applica-
tions. Besides the size and surface effects, the modulation of electronic behaviour
due to junction properties leads to modified surface states that promote selective
detection of analytes. The growing possibilities of engineering nanostructures in
various compositions (pure, doped, composites, heterostructures) and forms
(particles, tubes, wires, films) has intensified the research on the integration of
different functional material units in a single architecture to obtain new sensing
materials. In addition, new concepts of enhancing charge transduction by surface
functionalization and use of pre-concentrator systems are promising strategies to
promote specific chemical interactions, however the challenge related to repro-
ducible synthesis and device integration of nanomaterials persist.

13.1 Introduction

Integration of chemical sensor technology and engineered metal oxides embodies
an optimal synergic platform, where the wide variety of functional properties (e.g.,
electrical, optical, magnetic, piezo-electric) of metal oxides and strong electronic
correlations, particularly in transition metal oxides, can be adapted to the
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requirements of sensor materials. In addition to their unique electronic charac-
teristics, metal oxides also display rich phase diagrams and abilities to form multi-
cationic stoichiometries, which in conjunction with the possible modulation of
morphological features and dimensions (particles, fibers, films and composites)
provide new degrees of freedom to meet the requirement profile (transduction-
detection-acquisition) of chemical sensor systems [1, 2]. Owing to the smaller
grain sizes in nanomaterials, even small external perturbation results in a huge
change in intrinsic material properties that is manifested as ‘‘response’’ of the
material. In the last few years, tremendous efforts have been made to design
sensors that show improved key features such as selectivity, low detection limits,
reversibility, robustness, portability and easy handling, whereby the application of
nanostructured materials has played an important role [3, 4].

For a targeted material design and development, it is essential to understand the
interplay of composition, materials architecture and properties since a number of
radically new phenomena (e.g., catalytic and transport properties) have been
observed, when dimensions or compositions were changed in metal oxides and
heterostructures thereof. Among heterostructures, the descriptors A@B, A-B and
A/B denote multimodal junctions with coherent and non-coherent interfaces as well
as differential work functions. Nevertheless, these terms are used interchangeably
in the published literature. For instance, planar stacking of two insulating materials
(LaAlO3 and SrTiO3) can lead to a metallic or superconducting interface [5]. The
influence of size, strain and interface effects has also been a subject of significant
attention in the recent past [6]. The size-effects become predominant, when long
range order is perturbed, whereas the increasing surface-to-volume ratio is known
to enhance the transduction behavior of nanosized materials [7]. Several reports
have confirmed the intrinsic advantages of materials and interface engineering on
sensor performance [8, 9]. For example, Yamazoe et al. demonstrated enhanced
response to carbon monoxide (CO), when the grain size was reduced from 30 to
5 nm (6-fold increase in sensitivity) [10] and nano-porous film of SnO2 were
produced. A significant enhancement in the change in resistance was observed in
sensors based on one dimensional nanostructures [11], when compared to sensors
constituted by a micro-grained films. The sensor response was shown to be further
improved, when the gas detection was performed on sensor devices based on
individual nanowires [12]. In addition, the interfacial effects have shown to impart
synergistic effects leading to improved sensing behavior.

In Field Effect Transistor (FET) sensing devices modifications of single n-type
SnO2 nanowires with n-type (ZnO) and p-type (NiO) nanoparticles resulted in
enhanced selectivites towards H2S for ZnO@SnO2 or CH4 when NiO@SnO2was
used [13]. In both the cases, formation of n–n or p–n heterojunctions led to
modified surface states which promoted the selective surface reaction of gaseous
analyte species, as no compound formation MSnOx (M = Zn, Ni) was observed
under the synthesis and operating conditions. Using H2, as the analyte gas,
ZnO@SnO2 n–n-heterocontacts exhibited an even more complex sensing behav-
ior, whereby a concentration-dependent n–p–n transition was observed leading to
an n-ZnO/p-Zn–O-Sn/n-SnO2 interface which is dependent on the H2
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concentration. This mechanism is believed to be caused by shallow donors induced
by H2 and was therefore not observed with other reducing gases like CO and CH4

as their size hinders an effective diffusion into the bulk material [14]. Not only
oxide/oxide- but more often metal/oxide-heterocontacts play a crucial role in
tuning the sensitivity and selectivity of gas sensors [15]. This effect not only
accounts for desired doping of the active sensing material, but it needs to be
considered that all electrical contacts needed to connect the metal oxide sensing
element with the readout electronics essentially form Schottky barriers and cata-
lytic sites where analyte molecules can adsorb and react [16, 17].

Among various options available for the detection of gaseous analytes such as
electrochemical (solid electrolyte and amperometric), catalytic combustion (hot-
wire) and semiconductor (modulation in conduction), metal oxides remain the
most widely used choice for sensor technology due to their low cost and the
possibility to alter their structure and composition to meet the analytical
requirements [18]. Numerous metal oxides both in simple (e.g., SnO2, TiO2, ZnO,
Fe2O3) and multi-component (e.g., SrTiO3, BaCeO3, MgAl2O4, BiFeO3) compo-
sitions have been used in developing metal oxide sensors [19]. The sensing
mechanism principally involves charge transfer at the gas–solid interface, which
can be monitored as the resistance change in the material, whereby the magnitude
of change in electrical resistance is proportional to the concentration of the target
gas present [18, 20]. In the case of n-type oxides, there is either donation (for
reducing gases such as CO, CH4, C2H5OH) or subtraction (for oxidizing gases
such as NOx, O3) of electrons from the conduction band, whereas converse is true
for p-type oxides [2, 4, 21, 22].

Solid-state gas sensors, based on conductometric metal oxide–semiconductor
structures represent the most promising approach towards the development of
commercial chemical sensing devices due to the simplicity of their use and the
reversibility of the surface reactions [4, 23]. In most of the sensors, the chemical
reactions occurring on the sensor surface are monitored by measuring the change
in capacitance, work function, mass or optical characteristics upon gas–solid
interactions [24]. In addition, the competitive edge given by the intrinsic advan-
tages of using nanostructured materials in solid-state sensing has provided new
impulse to the field, largely due to the possibilities of synthesizing them in various
engineered compositions (pure, doped, composites, heterostructures) and forms
(particles, tubes, wires, films) that provenly result in high sensitivity and faster
response/recovery times and can lead to extensive miniaturization of the device
structures leading to low power consumption [25]. Furthermore, innovative
strategies of surface functionalization and pre-concentrators has helped in cir-
cumventing the major bottleneck of solid-state gas sensors namely cross-sensi-
tivity (lack of chemically specific adsorption) [26, 27]. Nevertheless, the quest for
new sensor materials with optimized ‘5S’ parameters (5 S of Sensor Technology:
Simplicity, Sensitivity, Selectivity, Signal Readout, System) continue to act as the
research motor in the field of chemical sensing.

Chemical sensors based on semiconducting metal oxides such as SnO2

(Eg = 3.6 eV), TiO2 (Eg = 3.3 eV), WO3 (Eg = 2.8), ZnO (Eg = 3.37 eV),
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Fe2O3 (Eg = 2.3 eV) and In2O3 (Eg = 2.6 eV) [28] have been extensively studied
and the effects of lattice- and surface-doping in enhancing the sensor parameters
have been demonstrated [29–31]. The need for specific detection and monitoring
of potentially hazardous gases (e.g., NOx, NH3, O3, CO, CH4, H2, SO2, etc.) and
polluting volatile organic compounds (VOCs) in the urban environment has sig-
nificantly increased in the past two decades with field of applications including fire
detectors, detection of threshold concentrations of toxic gases, regulation of food
quality, indoor air quality in residential buildings and vehicles. The major chal-
lenge of the sensor technology is to design sensor systems or multi-sensor plat-
forms to precisely analyse complex environmental fluctuations amidst well-known
cross-sensitivity problems [32]. Moreover, the development of next generation
sensors demands sensing devices with better measurement precision and longevity.
In addition, sensors can be multifunctional with an energy harvesting unit coupled
to the sensing element in order to produce self-sustained autonomous units [33,
34]. Further improved integration technologies allow embedding multiple sensors
in a single sensor unit to create more autonomous and intelligent sensor systems.

The development of new generation of sensors with advanced capabilities and
constituated by advanced and adaptive materials will underpin common high-
volume consumer products and higher-performance, higher-value automotive and
medical products in the future. Therefore the interesting challenge would be the
design, development and fabrication of new sensors devices based on materials
heterostructure for detection of multiple analytes simultaneously using sensor
arrays or multifunctional sensors. Among new materials, hetero-nanostructures
have shown exciting opportunities to tune sensor properties emerging from the
coupling effects at the interface and the heterojunction barrier characteristics
(Fig. 13.1). Subject to the nature of the components, heterojunctions can be made
up of metal and oxide, oxide–oxide, metal or metal oxide incorporated in an
inorganic matrix as well as organic polymer-based blends. For example, metal
nanoparticles dispersed in an oxide matrix are interesting systems for improving
gas sensing properties due to increased surface area and altered electrical prop-
erties due to the formation of Schottky contacts.

In addition, the metal-oxide interfaces have shown to be catalytically active
(e.g., TiO2/Au) [35] which can substantiate the analyte-oxide interactions and
leverage the sensing process. Further, the possible exchange of electrons between
the metallic nanoparticles and metal oxide grains can change the width of the
depletion layer by influencing the operation temperature (reduction) and overall
sensor response. For example, ZnO films with embedded noble-metal nanoparti-
cles (Pt, Au and Ag) were shown to exhibit enhanced sensitivity and fast initial
recovery behavior, when compared to pure ZnO films [36]. The presence of
electronic interaction between Au and TiO2 causes an increase in the electrical
resistance of the system, which enhances the magnitude of transduction behavior.
At the heterojunction (M/MOx) the Fermi level of metal oxide is shifted to cor-
respond to the work function of metal. Thus, metal nanoparticles attracts electrons
from the oxide to produce electron depletion (in addition to the one caused by
adsorbed oxygen), which ultimately alters the Debye length.
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The hetero-structures of metal oxide nano-architecture can create intertwined
nanoscopic conduction channels that enhance the charge transport kinetics
responsible, for instance, for shorter response times. Furthermore, the fabrication
of core–shell structures and use of porous structures (e.g., nanotubes) offers higher
gas adsorption capacity, which positively influences the sensing behavior. For
example, the variation of shell thickness in core–shell nanowires is reported to
have a dramatic change in the ethanol sensing properties of a-Fe2O3/ZnO hetero-
nanostructures [37]. Figure 13.1 depicts the expected band-bending phenomenon
upon formation of the Fe2O3/ZnO interface in the semiconductor heterostructure.
Similarly, the incorporation of metal or metal oxide nanostructures in polymer
matrices enables a facile fabrication of planar sensor devices and improvement in
gas sensing features due to the formation of metal oxide-conductive poly-
mer junction and catalytic behavior of metal nanoparticles as shown in SnO2-
polyaniline (PANI) nanocomposites [38].

Fig. 13.1 Band bending at the interface of semiconductors heterostructures (Fe2O3/ZnO)
a before and b after contact and barrier formation on heterocontacts without (c) and with reducing
gas (d)
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13.2 Role of Micro- and Nano-materials in Sensors

13.2.1 Nanomaterials for Chemical Sensors

Metal oxide semiconductors possess unique properties finding applications in
several technological domains such as sensors, photocatalysis and varistors [39–
41]. The working principle of these materials as chemometric sensors is based on
the electrical transduction reactions which take place at the interface between
molecular adsorbents and the metal oxide’s surfaces [42–44]. However, their final
performance is governed by manifold experimental parameters such as the con-
centration of oxygen vacancies, which are originated during the materials syn-
thesis; and the intrinsic carrier concentration [45, 46]. Commercial sensors are
commonly based on thin layers of metal oxide semiconductors deposited onto
hotplates, which are used to maintain the temperature at the optimal values in
order to activate the surface transduction mechanisms necessary to detect the
chemical analytes[17] (Fig. 13.5a). Although this design has been successful from
a commercial point of view1, it faces two major challenges: (1) high power con-
sumption which hinders its use in portable and autonomous systems and, (2) poor
stability derived from multiple causes such as the grain boundary contribution
among nanoparticles inside the sensing layers [47]. Consequently, making low-
power consuming, stable and device-quality metal oxide chemical sensors remains
at the forefront of this technology and represent one of major roadblocks of this
approach against other more favoured alternatives (e.g., electrochemical cells).

The unique fundamental properties of metal oxide nanomaterials and related
advantages have given rise to a fast and significant progress in the synthesis and
characterization of nanowires and other nanostructures; and their final integration
in proof-of-concept devices [48–57]. However, their manipulation and character-
ization is not a straightforward process due to the intrinsic limitations, when
working at the nanoscale [58–60]. To accomplish electrical measurements, free of
parasitic effects and to develop competitive sensors, different fabrication and
characterization strategies have been successfully evaluated so far [61]. Thus, it
can be asserted that the present state of development of nanomaterial-based
technologies guarantees a complete and well-controlled characterization of proof-
of-concept devices, overcoming most of the abovementioned matters which were
considered insurmountable obstacles in the past. However, the present state of the
technological development is mostly limited to the fabrication of single-nanowire
prototypes (Fig. 13.2b) and the integration at a larger scale and using low-cost
techniques represent a yet-to-be-solved challenge.

1 There are many companies offering this type of sensors, such as Figaro, FIS, MICS, UST,
CityTech, Applied-Sensors, NewCosmos, etc. See information provided by the gas sensors
manufacturers on their homepages: (i) http://www.figarosens.com; (ii) http://www.fisinc.co.jp; (iii)
http://www.appliedsensors.com; (iv) http://www.citytech.com; (v) http://www.microchem.com

402 T. Fischer et al.

http://www.figarosens.com
http://www.fisinc.co.jp
http://www.appliedsensors.com
http://www.citytech.com
http://www.microchem.com


One of the main advantages of using individual nanostructures as building-
blocks in sensor prototypes is their potential to provide a deeper comprehension of
the fundamental adsorption mechanisms of analytes onto metal oxides than the one
obtained upon using thin film sensors constituted by randomly oriented nanopar-
ticles (Fig. 13.3). The low mass of individual nanowires facilitates heating them
up enabling functional sensors based on individual nanowires and requiring a
power consumption of only few tens of microwatts compared to thin film sensors
mounted onto micro-hotplates, which usually require milliwatts to be operated in
continuous mode [62, 63]. Figure 13.2a shows configuration typically used in
commercial metal oxide sensors working with a thin ceramic film that is heated in
order to activate adsorption/desorption of molecules at the surface, where by the
modulation of conductance is measured as the function of the concentration of
exposed gas. In a simplistic approximation, grain boundaries are described by
highly resistive barriers, which represent the main contribution to the overall
device resistance (Fig. 13.2a).

Consequently, the modulation of barriers among nanoparticles constitutes the
most important transduction mechanism in porous-film sensors. However, the
random aggregation of nanoparticles in the film and the size-distribution make an
accurate study of the transduction phenomena rather difficult. The particular
geometry of each neck and boundary, and the unique orientation of the adsorbate-
modulated electrical field (Ebar) regarding the externally applied bias field (Ebias)

Fig. 13.2 Schematic diagrams of different types of conductometric gas sensors based on metal
oxides. a Commercial thin-film sensor formed by a layer of nanoparticles. Here, electrons must
go through a network of nanocrystals with different size and shape. From an energy point of view,
electrons are to overcome potential barriers [(1) metal–semiconductor barriers (eVC) and
(2) intergrain boundary barriers (eVB)]. The overall influence of gas on the height of the barriers
determines the final response of the sensor. This is equivalent to a network of resistors [(1) metal–
semiconductor contacts (RC), (2) grain boundary interfaces (RB) and (3) metal-oxide grains (RG)].
b Single-nanowire sensor. If a nanowire is measured in 4-probe DC configuration, the
conductometric response is basically determined by changes of the conduction channel along the
nanowire (RNW). On the contrary, contacts effects are overcome. Reproduced with permission
from [53]
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present in conductometric measurements (Fig. 13.3a) make necessary to describe
thin-film sensors composed of individual nanoparticles with simplified models,
and to analyze their responses as the convolution of diverse contributions. The
same conclusions are found if bundles of nanowires are used instead of nano-
particles, since randomly oriented boundary effects are reduced but not totally
eliminated (Fig. 13.2b). Since uncontrolled characteristics of necks and boundaries
among nanoparticles has a determining influence in the gas response [64, 65].
These uncontrolled contributions are circumvented, if individual nanowire-based
sensors are studied (Fig. 13.2b). In this scenario, Ebar is always orthogonal to Ebias

(Fig. 13.2a), and direct responses towards gases are monitored, because the ana-
lyte diffusion among nanograins/nanowires is eliminated. Thus, the sensing prin-
ciple of individual metal oxide nanowires can be theoretically described by pure
surface effects. Adsorption of molecules at the nanowire surface modulates the
width of a depleted region and the intensity of the associated electrical field Ebar

(Fig. 13.3) close to the external shell. This effect based on the capture and release
of electrical charges at the surface modifies the conduction channel through the
nanowire and as a consequence the electrical resistance RNW (Figs. 13.2 and 13.4),
providing direct and fundamental information of the electrical charge exchange
and the role of surface states nv in the sensing process. According to this model,
RNW under exposure to a target gas is given by:

RNW¼
qL

p r� kð Þ2
ð13:1Þ

where q is the nanowire resistivity, L the nanowire’s length, r the nanowire’s
radius and k the width of the depletion layer created by adsorbed molecules
(Fig. 13.4). Equation 13.1 establishes a direct connection between the nanowire’s
radius and the gas response: the thinner the nanowire is, the higher the resistance

Fig. 13.3 a Diagram illustrating different types of necks in polycrystalline metal oxide matrices
derived from the random nature of the layer. 1 and 2 Thick and thin necks between grains: the
thicker the neck, the easier the electron transfer. 3 and 4 Intergrain boundary without material
continuity: if the intergrain distances is short enough, electron transfer will take place by tunnel-
assisted mechanisms [63]. 5 Non homogeneous intergrain interface. In this scenario the electric
field that causes the band bending near the surface due to the gas interaction (Ebar) and the
electrical field externally applied to perform the conductometric measurements (Ebias) are not
necessarily orthogonal. b Diagram illustrating the gas interaction in individual nanowires: any
intergrain necks or boundaries are considered. Moreover, Ebar and Ebias fields are always
orthogonal and independent. Reproduced with permission from [53]
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modulation will be observed (Figs. 13.3b and 13.4). Thus, the highest responses
are always measured with ultrathin nanowires (radius below 40 nm) [7, 25].

It is noteworthy that the reduction of the sensing area of nanowire-based
devices does not mean a decrease of their responses towards gas, since the
modulation of the electrical resistance RNW is directly proportional to the number
of surface sites nv per unit area interacting with gas molecules, and is not a
function of the total effective surface. In other words, the same relative gas
response is monitored with a single nanowire prototype than that obtained with
multiple nanowire-based devices contacted in parallel, provided that the radii of
the nanowires’ are the same in both cases.

To guarantee the validity of the former assertion, gas concentration in air must
be high enough to ensure the interaction of gas molecules with most of the surface
sites (nv) in a time scale shorter than the typical response times towards gas
species. With regard to this point, it can be demonstrated that the interval collision
between molecules and nanowires (even for the thinnest ones; r = 20 nm) at
typical gas concentrations (from 0.1 ppm up to 1.000 ppm) is always orders of
magnitude shorter than the typical dynamic response of these sensors. Finally, it
should be highlighted that the absence of nooks and crannies in nanowire-based
devices facilitates direct adsorption/desorption of gas molecules, improving the
dynamic behaviour of these prototypes in comparison to those observed with
porous-film sensors, in which gas diffusion dominates their dynamic response [66–
71]. In this case, interactions between molecules and metal oxides nanowires
occurs in a simplified scenario, which facilitates an easier comparison between
experimental data and the results obtained in simulation results in which mostly
ideal metal oxide surfaces are taken into account [30, 72]. The good agreement
between the experiments and simulated systems found up to now paves the way to
gain a deeper comprehension of the fundamental sensing mechanisms ruling the
behaviour of metal oxides and heterostructures may become an extremely helpful
tool to engineer new and better devices in the future.

Fig. 13.4 Response of SnO2

nanowires to synthetic air/
nitrogen pulses as function of
their radii measured at
T * 300 8C. Higher
responses are clearly
observed with shrinking
dimensions in
correspondence with Eq.
(13.1) (solid line).
Reproduced with permission
from [53]
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13.2.2 Functional Characteristics of Nanomaterials

The synthesis of nanomaterials can be generally divided into liquid phase and gas
phase methods, both strategies involving the controlled decomposition of molec-
ular precursors like metal salts or metal–organic compounds to form the desired
nanostructured material in various dimensionalities (0D: spherical; 1D: aniso-
tropic; 2D: planar; 3D: networks and composites), morphologies (e.g., particles,
wires, rods, ribbons, tubes, layers, branched structures, etc.) and compositions, for
example metals, metal oxides, nitrides, sulfides, etc. [73, 74].

In the liquid phase processing a precursor solution undergoes a thermal treat-
ment to form the desired solid phase by decomposition of the precursor or during a
chemical reaction with additional chemicals the solid phase precipitates out of the
solution; additional capping agents (surfactants, stabilizers) are used for control-
ling the shape and size of the material formed [75]. Various synthetic methods
have been developed besides the simple convective heating of a precursor solution
like sol–gel processing [76], hydro- and solvothermal synthesis [77] hot-injection
methods, [78] microwave assisted synthesis [79], electro spinning [80] and the
combinations thereof, which enable the formation of simple particular shapes,
elongated and tubular structures up to complex branched morphologies through
sequential precursor decomposition.

In the same way gas phase synthesis enables the synthesis of all kinds of
different shapes and material combinations like liquid phase processing, starting
from volatile precursors or evaporating solid material using high vacuum and
temperature or sputtering techniques, respectively. Depending on the energy
source applied or physical properties of the process, one distinguishes between
physical vapor deposition (PVD) [43], chemical vapor deposition (CVD) [81],
plasma-enhanced chemical vapor deposition (PE-CVD) [82], atomic layer depo-
sition (ALD) [83], magnetron sputtering [84], laser ablation [85] and flame spray
pyrolysis [86]. As the gas sensing properties of each material depend on the
reactions taking place at the gas/solid interface, the same material produced in the
same macroscopic morphology via different methods or different precursors will
show varying responses to the same analytes, due to the different surface rough-
ness, variation in lattice defects and oxygen vacancies as well as different crys-
tallinity and stress/strain present in the material which influence drastically the
interactions (adsorption, desorption, diffusion, decomposition) of gas molecules
with the sensor material [87].

Synthesis methods for growing nanomaterials (nanowires, nanorods, nano
ribbon, quantum dots etc.) have made significant progress in the last years,
enabling the production of nanostructures with controlled size and excellent
crystalline quality [88]. Moreover, recent works are demonstrating the possibility
to obtain complex structural designs such as coaxial and lineal heterostructured-
nanostructures [89, 90]. All these steps forwards pave the way to develop multi-
functional applications and devices based on semiconductor nanowires, which
make use of their high anisotropy in morphology and excellent crystalline quality.
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These two intrinsic characteristics lead to new physical and electrical properties
distinguished from their bulk counterparts. Present efforts focus on experimentally
demonstrate these assertions; it was shown that nanostructures exhibit unique size-
dependent electrical transport properties, high optical efficiency [91], enhanced
thermoelectric properties compared to conventional Peltier elements [92], and
good mechanical [93, 94] and electromechanical behaviors [95]. In this section,
the most significant properties which encourage researchers to develop new pro-
totypes for sensing with nanowires are briefly reviewed.

13.3 Material Nano-architectures for Sensing Application

The demand for more efficient metal oxide gas sensors requires an enhanced
sensitivity, selectivity and stability, as well as reduced power consumption and
further miniaturisation of devices. Therefore, the fabrication of material nano-
architecture of various metal oxides is being strongly investigated in the last few
years in order to exploit the complementaryjunctionbehaviors (e.g., p- and n-type
semiconducting oxides) or different electronic properties (e.g., differential work
function), which result in interfacial phenomenon not known in individual phases.
The appropriate combination of material properties can produce heterostructures
and composite materials with enhanced charge transduction properties, catalytic
effects or modulated potential barriers at the grain boundaries, which are advan-
tageous for improved sensing applications. Various material heterostructures (in
the form of 0D, 1D and 2D and nano-composite architectures) with numerous
binary heterostructured oxide semiconductors such as ZnO-TiO2[96] MoO3-TiO2

[97–99], Fe2O3-SnO2 [100], Fe2O3–In2O3 [101] and mesoporous ZnO–SnO2 [102]
etc. have been studied for their chemical sensors activity underscore the unique
advantages of heterocontacts.

13.3.1 Quasi-Zero-Dimensional Metal Oxide

Spherical nanoparticles, so called zero dimensional (0D) nanostructures with a
particle diameter less than 100 nm cannot be used as single sensing devices as the
dimensions of the electrical contacts for the readout electronic are in the same
order of magnitude thus hindering the measurements of individual particles (in
contrast to 1D nanostructures). Therefore screen printed gas sensors on inter-
digitated electrodes based on thick-film technology using nanoparticle inks have
been established as an industrial standard. Nanoparticle derived heterostructures
can be produced as doped materials, core–shell structures, mixtures of different
metaloxides or as decorated particles using quantum dots.

Noble metals, such as Ag, Au, Pd and Pt are the most studied additives used in
gas sensing applications. These metal clusters sensitize the metal oxide as
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additional analyte-additive interactions change the overall surface chemistry and
therefore the sensor’s sensitivity and selectivity [103]. The evolution of XPS (X-
Ray Photoelectron Spectroscopy) spectra with varying calcination temperatures
(Fig. 13.5) proves that different chemical species are present on the surface of the
metal oxide after calcination. Whereas Au doped SnO2 showed no change in the
signals over a calcination temperature range (Fig. 13.5b), different species of Pt
and Pd on SnO2 are present ranging from the corresponding noble metal oxides in
the +2 and +4 oxidation states to metallic state (Fig. 13.5a, c).

Different chemical species present on the same metal oxide leads to an
enhanced selectivity towards certain target gases, as the interactions between the
gaseous analytes and the solid metal oxides differ significantly. Gaskaov et. al.
demonstrated the effect of various modifiers on the selectivity of SnO2 towards
reducing and oxidizing gases [105].Although both analytes shown in Fig. 13.6 are
reducing gases, thus giving an unspecific sensor response on pure SnO2, the for-
mation of hetero-contacts using different metal oxides and noble metals tune the
selectivity dramatically.

The modifications of SnO2 with Au (Fig. 13.6a) drastically enhance the
response towards CO whereas a modification of SnO2 with Fe2O3 or CuO
(Fig. 13.6b) enhances the response towards H2S. The enhanced response in the
latter case can be explained by the chemical affinity of iron and copper towards
sulfur, thus forming the corresponding sulfides, which are not stable under the
operating conditions of the sensor and are therefore reoxidized to the starting metal
oxide modifier. The effect of heterostructures on the sensitivity towards ethanol
was shown by mixing Fe2O3 and SnO2 nanoparticles in different stochiomteries
ranging from pure Fe2O3 (x = 1) to pure SnO2 particles (x = 0) resulting in the
following heterostructures (Fe2O3)x(SnO2)1 - x (Fig. 13.7).

Fig. 13.5 XPS spectra of SnO2 nanoparticles doped with 2 % noble metals after different
annealing temperatures showing the Pt4f (a), Au4f (b) and Pd3d (c) binding energies [104]
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It could be clearly shown that the pure metal oxides exhibit a poor to decent
sensor response of 5 (Fe2O3) and 13 (SnO2), whereas the heterostructure
(Fe2O3)0.015(SnO2)0.985 yielded a superior response of 20 at a similar working
temperature of 300 �C. In this case the major crystallographic phase was determined
to be SnO2 where Fe3+ substitutes partially the Sn4+ sites in the base tin oxide.

13.3.2 Quasi-One Dimensional Nanostructures and Anisotropic
Heterostructures

Quasi one-dimensional (1D) semiconductor structures such as inorganic nanowires
or nanotubes are interesting components for bottom-up fabrication of nanoscale

Fig. 13.6 Gas sensor response of different reducing gases towards modified SnO2 using a CO
and b H2S [105]

Fig. 13.7 Sensor response towards ethanol at different operating temperatures of
(Fe2O3)x(SnO2)1 - x heterostructures [106]
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devices, since electrical, optical and chemical behaviours in individual nano-
structures could be potentially tuned exploiting quantum confinement of conduc-
tion electrons in reduced dimensions. A number of applications ranging across
sensors, lasers, waveguides and bio-diagnostics have recently been demonstrated
for 1D nanostructures, which have triggered tremendous interest in the science and
technology of these tiny structures especially as functional elements in the future
nanodevices. The structural hybrids (e.g., core–shell, hyperbranched structures)
represent electronically coupled systems, in which the charge-transfer is defined
through spatially defined functional material units. Metal decorated semiconductor
nanowires have been demonstrated to promote charge separation and to exhibit
charge retention (in case of metal–semiconductor interface) [107]. In addition, the
nanoscale tailoring of heterostructures induce a number of size/shape-related
effects making the physic-chemical behaviour of the individual material compo-
nent domains strongly deviate from that of their bulk counterparts. Alterations in
electronic state densities, band gap width, plasmon resonance conditions, inter-
facial band bending, dynamics of charge carrier recombination/delocalization, as
well as modulation in reactivity arising from enhanced surface area and facet-
dependent reactant adsorption and/or electron transfer capabilities offer further
parameters for optimizing gas sensing capabilities of hetero-junctioned nanoma-
terials [108]. Therefore, the basic materials engineering platforms use anisotropic
architectures, such as rod-like, wire-like, and branched morphologies and free-
standing colloidal suspension on one side, and of substrate-supported nanostruc-
tures with controlled spatial organization on the other to optimize the sensing
properties (Fig. 13.8). One challenge in the production of anisotropic nano-het-
erostructures is the diversity and complexity of the types of materials available. On
the other hand inorganic nanowires-based heterostructures exhibit unique multi-
functionality and can be rationally designed both axially and radially for inte-
grating materials of different chemical compositions, sizes/shapes, morphologies
and phases. This allows tuning the band offsets for photocatalytic applications.

Anisotropic nanocrystals encompass a rather broad range of fiber-like struc-
tures, which can be rationally and predictably synthesized, subject to the synthesis
technique, in single or poly-crystalline forms with controllable chemical compo-
sition, diameter, length, and doping levels [114]. The synthesis of nano-hetero-
structures has been successfully achieved following several methodologies
(Table 13.1). For instance, novel hierarchical heterostructures of TiO2 nanofibers
decorated with hematite (a-Fe2O3) or magnetite (Fe3O4) were prepared by com-
bining the electro-spinning technique and the hydrothermal method [115]. The
resulting hierarchical heterostructures revealed that the secondary a-Fe2O3 or
Fe3O4 nanostructures successfully grew on the surface of the primary TiO2

nanofibers substrates, thus integrating the magnetic and photocatalytic properties
into the a-Fe2O3/TiO2 and Fe3O4/TiO2 heterostructures (Fig. 13.9). Nevertheless,
the electronic interactions between the semiconductors phases were found to be
unfavorable for the photoactivity, which was reduced due to the lower band gap of
iron oxides (Fe2O3: 2.2 and Fe3O4: 0.1 eV) against that of TiO2 (3.2 eV) mainly
due to faster electron–hole recombination facilitated by the heterojunction [116].

410 T. Fischer et al.



Recent reports demonstrate that appropriate alignment of the work functions
between metal oxides and smaller band gap semiconductors (e.g., metal chalc-
ogenides) significantly extend their absorption cross-section and consequently
enhances photocurrent efficiencies through charge injection from visible light
harvester unit to the broad-band semiconductors, which can be used to generate
multiple excitons with a single photon leading to high absorption cross section,
and high extinction coefficient, which increases the overall efficiency of photo-
electrical devices [117]. Arrays of metal oxides (MOx) nanowires such as ZnO and
TiO2, decorated with quantum dots (QDs) have been fabricated on various con-
ductive substrates, however they suffer from poor photo-conversion efficiency due
to limited chemical stability and scattering of charge carriers due to grain
boundaries. Lately the groups of Grimes [118], Aydil [119] have found a simple
hydrothermal route to grow single crystalline TiO2nanorods on FTO substrates.
Kamat [120] and Guo’s groups [121] have coated CdS QD’s on such type of
materials and investigated their photoelectrochemical properties to demonstrate
higher photocurrent in such nanocomposite when compared to simple metal
oxides.

Compared to single-phase materials, the hierarchical structures or integrated
multisemiconductor systems possess significant advantages, such as promoting the
separation of excess carriers and improving the optoelectronic properties of the
host material. The modification of CdS nanowires by attachment of ZnO nano-
spheres on the surface of nanowires produced a visible light activated sensor with

Fig. 13.8 Overview of different 1D derived morphologies consisting of a OD@1D (CdS@TiO2)
[109], b 2D@1D (Fe2O3@SnO2) [110] or c core shell structures (TiO2@MoO3) [111] and
d 1D@1D heterostructures (Fe2O3@SnO2) [112] Also pseudo-1D structures e like SnO2–ZnO
hollow nanofibers consisting of individual 0D nanoparticles belong to this structural family of
heterojunctions [113]
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room temperature sensing properties substantiated by the photoinduced electron
transfer between the ZnO nanospheres and the CdS NWs, which enhanced one
order of magnitude in response to formaldehyde compared with that of CdS NWs
(Fig. 13.10) [122].

The gas sensing performance of nanostructures can be further improved either
by surface modification, for instance, by chemical treatments leading to surface
etching, coarsening and creation of surface defects. Alternatively, the surface
properties can be modified by anchoring catalytically active metal nanocrystals
(e.g., Au, Ni, Pd, Pt) onto nanostructures, which modulate the surface energy band
structure as well as transport and recombination dynamics of charge carriers and
can improve the photoelectronic and sensing properties of metal oxidenano-het-
erostructures. For example, TiO2 nanobelts prepared by a hydrothermal synthesis
and coarsened by an acid treatment were shown to exhibit better sensing properties

Fig. 13.9 SEM images of a-Fe2O3/TiO2 (a–d, left) and Fe3O4/TiO2 (a–d, right) hierarchical
heterostructures

Fig. 13.10 a Photocurrent versus time plots of CdS nanowires and ZnO@CdS heterostructures
b Response of CdS nanowires and ZnO@CdS heterostructures as a function of the detected
analyte, formaldehyde (under visible light irradiation)
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than as-synthesized nanobelts [123]. Similarly, the sensing properties of Ag-TiO2

nanostructures, formed by depositing Ag nanocrystals on the surface of nanobelts,
were better than the heterostructures formed by depositing Ag nanocrystals on the
surface of coarsened nanobelts (Fig. 13.11). It was demonstrated that the sensor
performance increases in the order of TiO2 nanobelts \ Ag-TiO2nano-
belts & surface-coarsened TiO2nanobelts \ surface-coarsened Ag-TiO2 nano-
belts suggesting the impacts of surface coarsening and formation of metal-TiO2

heterostructures on the sensor conductanceand detection performance (Fig. 13.11).
A number of heterostructures based on metal oxide nanostructures (Table 13.1)

have been tested for gas sensing applications, whereby the general motivation is an
expected enhancement of sensor response due to the absorption of target gas
molecules at the hetero-contact, which induces charge transfer processes and
modulates the barrier height to produce the conductometric change.

Detection of small- and large-sized volatile organic compounds (VOCs) has
attracted considerable attention for indoor air quality and human breath analysis,
respectively and demands development of new materials. Au-loaded TiO2 nano-
tubes were developed by photochemical deposition of Au nanoparticles (10 to
20 nm) on titania nanotubes for the detection of large-sized VOCs [124]. Among
larger VOCs, propofol that is used as an intravenous hypnotic agent, is an
important analyte because the determination of propofol (2,6-diisopropylphenol,
C12H18O) concentrations in exhaled breath makes itpossible to monitor the depth
of anesthesia [125]. The loading of Au nanoparticles and formation of Au-TiO2

heterocontacts (Fig. 13.12) were verified by an increase in the electrical resistance
of the Au-TiO2 structures, when compared to neat TiO2 nanotubes. At Au-TiO2

heterocontacts, the Fermi level of TiO2 shifts to correspond to the work function of
Au, whereby Au attracts electrons from TiO2 to produce enhanced electron
depletion on the surface of the nanotubes increasing the electrical resistance of the
composite. Upon introduction of propofol, the resistance of the devices decreased

Fig. 13.11 Representative a TEM and b SEM micrographs (left) of TiO2nanobelts,
c Ag-TiO2nanobelts, and (HR)TEM micrographs of d Ag-TiO2 nanobelts Sensitivity profiles
(right) of ethanol vapor sensors based on TiO2 nanobelts, Ag-TiO2 nanobelts, surface-coarsened
TiO2 nanobelts, and surface-coarsened Ag-TiO2 nanobelts upon exposure to different concen-
trations of ethanol vapor at 200 �C
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rapidly due to the reaction of surface-adsorbed oxygen with propofol thus
revealing a typicalbehavior of resistive sensors based on n-type semiconductors
(Fig. 13.12).

In addition to the alteration of electrical properties, hyperbranched hetero-
structures can be used to modify the adsorption and wetting behaviors of the
sensing materials. For instance, sequential chemical vapor deposition (CVD) of
SnO2 and SiOx allowed fabricating brush-type SnO2@SnO2 and SnO2@SnO2@-
SiOx architectures, which exhibited hydrophobic and super-hydrophobic behav-
iors, respectively. Interestingly, unbranched SnO2 nanowires were found to be
super hydrophilic due to intrinsic porosity of nanowire mesh, whereas the
decreasing contact area and hyper-branched architectures rendered the doubly- and
triply-branched structures hydrophobic.

The randomly grown SnO2 nanowires exhibited a contact angle of 3o attributed
to the super hydrophilicity of the surface, the contact angle in SnO2@SnO2 het-
erostructures synthesized by a two-step CVD process increased up to 133o. The
corresponding contact angle of SnO2@SnO2@SiOx heterostructures was further
enhanced to 155.8o by a hydrophobic SiOx coating (Fig. 13.13). Besides

Fig. 13.12 Top TEM images of pure (a) and Au-loaded TiO2 nanotubes b Below Dependence of
sensor responses on propofol concentration (30, 55, 70, and 95 ppm) in nanotubes, b loaded with
Au at 0.25 wt %, c 0.42 wt %, and d 0.92 wt %
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enhancing the overall surface area, this concept of materials engineering allows to
circumvent the well-known challenge of cross-sensitivity of metal oxide sensors
against atmospheric moisture.

The controlled fabrication of arrays and composite architectures based on
nanowires and nanotubes offers a unique platform to design and synthesize new
materials based on fundamentally new effects originating from the site-selective
variation of junction properties and electronic effects. For example, the photo-
conductance of the SnO2/V2O5 hierarchical heterostructures (Fig. 13.14), prepared
by growing vanadium oxide nanorods on SnO2 nanowire arrays, exhibited a red
shift when compared to the photoresponse of the pure SnO2 NWs [134].

The sensitivity and specificity of a sensor response can be further tuned by the
addition of dopants as shown for a non-equilibrium TiO2-SnO2solid-solution
prepared by the sol–gel processing method. The incorporation of cadmium ions as
dopants in the TiO2-SnO2 composite reportedly exhibits exclusive selectivity as
well as high sensitivity (Fig. 13.15) towards formaldehyde [135].

13.3.3 Quasi-Two-Dimensional Metal Oxide Heterostructures

The thin film technology offers the possibility of reducing the amount of active
material needed and therefore reducing the power consumption. Furthermore, in
contrast to thick film metal oxide sensors, where the grain size of screen printed
sensing layers is controlled by the synthetic procedure and thermal treatment of the
raw materialand not the film thickness, the grain size of thin film devices directly
correlates with the thickness of the film produce [47]. This enables a more precise
control over the sensing capabilities of the applied material, as the grain size is one
crucial factor in determining the physical response towards adsorbed analyte on

Fig. 13.13 Modification of the surface properties in tin oxide nanostructures by intentional
branching (SnO2@SnO2 heterostructures) and surface coating (SnO2@SnO2@SiOx

heterostructures)
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semiconductor surfaces. The grain size influence on the gas sensing properties of
metal oxide films is discussed in depth in various publications [136–138]. It is
widely accepted that the electro-physical properties of polycrystalline metal-oxi-
des are strongly dependent on their microstructure, which can be described either
by a ‘‘grain’’ or ‘‘neck’’ approach, where (depending on the synthetic route of
producing the active material) the size of grains or width of necks are the pre-
dominant parameters in describing the gas-sensing properties of the films. Thin
film devices are produced via different methods like spray pyrolysis [139], sput-
tering [140], chemical vapour deposition [141] or sol–gel methods [142], which
yield homogeneous films with low or little porosity (see Sect. 13.2). As dense
sensing layers hinder the diffusion of analytes and reduce the interface between
active sensing material and target gas and hence reduce the sensitivity of the as
produced device, nanostructured and/or porous thin films are needed to overcome
these limitations.

Fig. 13.14 SEM image of SnO2/V2O5 hierarchical heterostructures (left) and the photoresponse
of pure SnO2 and SnO2/V2O5 composite material (right)

Fig. 13.15 Response-
recovery property of as-
synthesized (undoped) and
Cd-doped TiO2-SnO2

nanocomposite materials
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The use of oxide–oxide heterostructures in thin film technology for sensor
follows different motivations:

1. New physico-chemical effects arise when combining different materials and
2. One metal-oxide acts as a template for structuring the active material which is

deposited on top.

One example how porous oxide–oxide junctions enhance the sensing abilities
was shown in ceramic humidity sensors, where porous Ta2O5/Al2O3 layers acted
as active material [143]. Despite other sensing mechanisms used in humidity
detection porous ceramics, like Al2O3, offer high stability especially in harsh
environments and can react on adsorbed water by changing their resistance,
conductance or capacitance, which is used as sensor readout. In a n-channel
MOSFET (metal oxide semiconductor field effect transistor) device setup a gate
electrode consisting of a Ta and Al layer is oxidised to yield a porous Ta/Ta2O5/
Al2O3 sandwich structure which is far more sensitive and shows a much faster
response, especially towards low relative humidity levels, compared to devices
using pure Al2O3 gate materials. The origin of the observed superior performance
of this heterostructure compared to pure sensing material still remains unclear, but
it demonstrated that heterocontacts enhance crucial device parameters such as
sensitivity, response and recovery time. Another planar thin film p-n heterojunc-
tion, consisting of CuO decorated ZnO, sensitive towards hydrogen is shown in
Fig. 13.16a. The hetero-contact formed by two individual metal oxides (p-type
CuO and n-type ZnO, XRD pattern in Fig. 13.16a) exhibits and I–V characteristic
typical for p-n junctions, which is altered by adding reducing gases, like H2

(Fig. 13.16c)
Despite the physico-chemical impact of oxide–oxide heterostructures simple

structural features can be transferred from an oxidic substrate to the active sensing
material. Using anodized alumina (AAO) membranes coated with TiO2, efficient
H2 sensors can be produced, as the porosity of the material directly correlates with
its sensitivity. These TiO2@AAO heterostructures do not only transfer the porous
structure from the template (Al2O3) to the active material (TiO2), but stabilize the

Fig. 13.16 Planar 2D thin film CuO@ZnO heterocontact: a XRD-Pattern showing the
coexistence of pure metal oxides, b SEM micrograph of planar structure and c I–V characteristics
of resulting p–n junction in dry air and 4,000 ppm hydrogen [144]
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more sensitive anatase phase of TiO2. The state of the art metal-oxide H2 sensors
are based on TiO2 which tubular structure is produced via anodisation of Ti foils.
This method yields the metastable anatase crystal structure and limits the operating
or environment temperature to 400 �C, as a phase transformation to the thermo-
dynamically favored rutile phase takes place and dramatically reduces the sensi-
tivity of the device. While using a porous template of AAO, the more stable TiO2

phase rutile can be deposited as a stable porous thin film extending the temperature
regime for these sensor configurations above 600 �C. A reaction between Al2O3

and TiO2 is not observed at temperatures below 1300 �C, but higher temperatures
enable the formation of the mixed phase Al2TiO5, which is not a suitable sensing
material [145].

In another example, incorporation of transition metal oxide nanoparticles NiO
and Co3O4 in a porous silica glass matrix offered a high selectivity towards the
detection of hydrogen (H2) in a mixture of carbon monoxide (CO) and H2. Both
the NiO and Co3O4 doped films exhibited a conductometric p-type response, with
a resistance increase upon exposure to the reducing gas. SiO2-NiO films have
shown the highest response to H2 at 300 �C operating temperature and good
selectivity to H2 in the presence of CO as an interfering gas. Selectivity tests
(Fig. 13.17) comprised of three exposure cycles including 200 ppm H2 target gas
in dry air (first section), followed by 200 ppm H2 and to 200 ppm CO (second
section) and 200 ppm CO alone (third section). The lack of CO interfering effects
was explained in terms of a stronger affinity of the H2 molecules to adsorb on the
metal oxide surface (Gas sensing properties of nanocrystalline NiO and Co3O4 in
porous silica sol–gel films [146]. Similarly, a higher sensitivity towards H2 in a
mixture of CO and H2 was found at different operating temperatures (25–350 �C)
and gas concentrations (10–1,000 ppm) in SiO2-NiO and SiO2-SnO2 nanocom-
posite films based on p- and n-type oxides, respectively [147, 148].

The gas-sensitive properties of hetrostructures of complex structure based on
both c-Fe2O3 and a-Fe2O3 have been extensively studied by the Ivanovskaya et al.
[101]. They have investigation the gas-sensitive properties of thin film sensors
based on the double-layers Fe2O3/In2O3 and Fe2O3–In2O3/In2O3 towards gases of
different chemical nature (C2H5OH, CH4, CO, NH3, NO2, O3). Itwas found the c-
Fe2O3–In2O3 composite (Fe: In = 9:1, mol) is more sensitive to O3; on the con-
trary, the a-Fe2O3–In2O3 (9:1) system, possesses a higher sensitivity to NO2.
Figure 13.18a shows the dependence of the response values to NO2 on the oper-
ating temperature for sensors with differentcomposition of the sensitive layer. The
sensors based on heterostructure of Fe2O3–In2O3 have not only the greatestsignals,
but can also operate properly at relatively lowtemperatures. a-Fe2O3–In2O3/In2O3

and a-Fe2O3–In2O3 sensors possesspoor responses to low concentration of 50 ppm
CO (Fig. 13.18b) and almost insensitive for both CH4 and NH3. It was obtained
that double-layer sensors exhibited the much more sensitivity towards alcohol
(C2H5OH, CH3OH) vapors than single-layer In2O3 and Fe2O3 samples and the
maximum response was shown by the c-Fe2O3–In2O3 heterostructure.

However, the increased sensing response of 845 for 1,000 ppm of ethanolwas
obtained by the addition of a-Fe2O3 to SnO2 thick films as studied obtained by Tan
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et al. [100], Jiang et al. [149] also studied the nano-sized SnO2-a-Fe2O3-based
powders with the grain size down to 8 nm for gas sensing and found that Sn4+ ions
in a-Fe2O3 plays an important role in the gas sensitivity and the excellent sensi-
tivity due to the nano-sized particle grains which exhibit enormous oxygen dan-
gling bonds at their particle surfaces.

13.3.4 Nanocomposite Metal Oxides

Metal oxide based nanocomposite heterostructures are other promising directions
in the development of advanced materials for sensing application. These materials

Fig. 13.17 Cross sensitivity test at 300 �C operating temperature of the SiO2-NiO and the SiO2-
Co3O4 films to: (first section) 200 ppm H2 in dry air; (second section) 200 ppm H2 in dry air and
200 ppm CO; (third section) 200 ppm CO in dry air [146]

Fig. 13.18 Comparison of temperature-dependent sensitivity of In2O3 based double-layer
sensors of different metals oxide to a 1 ppm NO2 b 50 ppm CO
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have very specific properties like optical, electronic, catalytic, mechanical, and
chemical properties which can be obtained by advanced nanocomposites and
makes metal oxides nanocomposite very attractive material for gas sensing
devices, for example, TiO2 based mixed oxide nanocomposite films, including
TiO2-WO3, TiO2-MoO3, TiO2-NiOx, and TiO2-ZnO, have been characterized for
gas-sensing applications by Wisitsoraat et al. [150]. NiOx addition to TiO2 with
sufficiently high concentration has produced a p-type semiconducting thin film
while WO3, MoO3, and ZnO inclusions result in typical n-type metal oxide
semiconductors. The gas-sensing sensitivity, selectivity, and minimum detectable
concentration toward different gases including acetone, CO, and NO2 can be
effectively controlled by different dopants and doping concentrations. The p-type
NiOx doped TiO2 showed high sensitivity towards ethanol and acetone with
distinct behaviors compared to other n-type TiO2 thin films. The ZnO-TiO2

nanocomposites have also received considerable interest, due to the synergistic
combination of the peculiar component characteristics, such as the high reactivity
of TiO2 and the large exciton binding energy of ZnO (60 meV) [151, 152]. The
drawbacks with ZnO systems solid-state gas sensors are relatively low selectivity
and high operating temperatures [153, 154]. Such disadvantages can be overcome
by the introduction of TiO2 in ZnO matrices, resulting in improved sensor
sensitivity and selectivity, as the titanium dioxide behaves as a catalytic promoter
of the involved chemical processes [155, 156]. By adequateing the different choice
of synthesis technique and processing parameters, properties of ZnO-TiO2com-
posite can be control. Barreca et al. [96] have also synthesized TiO2 based ZnO
nanocomposites by thermal CVD technique to improved functional performances
in sensing devices for volatile organic compounds (VOCs). In this study the main
attention was to develop the porous ZnO nanoplatelets (NPTs) which can be act as
host matrices for the subsequent dispersion of TiO2 nanoparticles, resulting in a
suitable morphology for the development of efficient sensing devices.
The obtained device as a function of the synthesis conditions, their gas sensing
properties have been tested in the detection of VOCs, in particular, CH3COCH3,
CH3CH2OH, and CO.

The dynamic response of ZnO-TiO2 nanocomposite with pure ZnO NPTsfor
CH3COCH3 detection has been shown in Fig. 13.19. In the case of ZnO-TiO2

nanocomposites, the occurrence of reversible interactions between the analytes
and the sensor elements has been obtained and the composite systems displayed
both response and recovery times which is lower than pure ZnO NPTs. In the
composite system, the observed current variations were systematically higher as
compare to the pristine ZnO matrices with the higher TiO2 amount, indicating a
significant beneficial effect of titania addiction on the sensor performances [154,
155]. In TiO2-ZnO composites, the higher oxygen defect concentration was cre-
ated by titania dispersion, which are capable of adsorbing oxygen more efficiently
than pure ZnO systems [155], providing superior functional performances. In
addition, ZnO-TiO2 coupling minimizes electron–hole recombination phenomena,
thus resulting in a higher carrier concentration [156]. It was also observed that
TiO2 doping in ZnO matrices acts itself as a catalytic promoter, favoring surface
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reactions between the target gases and the oxygen species adsorbed on the sensor
surface [155, 156]. The reversibility and repeatability of these sensors were also
satisfactory, as observed by repeating the tests many times without detecting any
significant variation in the functional response.

Some reports are also available on the effect of Fe2O3 additives on the prop-
erties of In2O3 based sensors; like sputtering of Fe2O3 on In2O3 thin film increases
its sensitivity to O3 and reduces the optimal operating temperature [157]. O3

sensitivity was considerably improved by the doping of c-Fe2O3 in In2O3 thin film
sensors as reported by Gutman et al. [158]. The high activity of c-Fe2O3–In2O3

composite for O3 detection is due to the specific features of c-Fe2O3 structure, like
the metal cation vacancies are create within the crystal lattice and the readiness of
Fe2+ to Fe3+ transformation under exposure by gaseous species. As it is known, c-
Fe2O3 is characterized by a comparatively low thermal stability and the trans-
formation of c-Fe2O3 to a-Fe2O3 phase normally occurred at 485 �C. This pecu-
liarity of c-Fe2O3 limits its use as long-term stable gas-sensitive material.

Molybdenum trioxide (MoO3) is also a promising candidate for application as a
catalyst in oxidation of hydrocarbons and reduction of NO2 gas [159]. It has
physical and chemical properties similar to those of WO3 [160]. MoO3–SnO2

nanocomposite is gas sensitive materials which can be incorporated as thick film,
thin film and compressed powders depending on the deposition technique and the
parameters used, which in turn are responsible for sensing properties towards a
particular gas. MoO3 doped SnO2 mixed metal oxide (MoO3–SnO2) thin films
have been prepared for chemical sensor by Galatsis et al. [161]. and Ansari et al.
[162]. towards NO2 and H2 sensing. The addition of MoO3 reduces the electrical
conductivity of SnO2 by two orders of magnitude in air, which may be due to the
transfer of electrons trapped at oxygen vacancy sites to Mo6+ [163]. Kaur et al.
[164]. studied the sensing behavior of MoO3-doped SnO2 thin film prepared by
sol–gel spin coating. The gas selectivity study showed that 10 wt % MoO3 added
SnO2 films because of its high sensitivity at low operating temperature. This high
sensitivity is due to the smaller particle size and increase in the acidic nature of the
films by the presence of MoO3. Selectivity with CO2, SO2, C2H5OH, NH3 and NO2

Fig. 13.19 Dynamic
response of selected ZnO-
TiO2 nanocomposites upon
exposure to concentration
square pulses of acetone at a
working temperature of
400 �C. The curve pertaining
to a pure ZnO nanosystem is
displayed for comparison
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as shown in Fig. 13.20 indicated that that 10 wt % MoO3-doped SnO2 films show
increased selectivity for NO2 gas at a working temperature of 170 �C as compared
to all other tested gases.

13.4 Device Integration of Sensor Materials

An easy, scalable and over all reproducible integration of sensor materials into
commercial devices is the key step in the transfer of promising novel sensor
materials to real life applications. Screen printing of metal oxide particles was and
still is the most successful integration technique used commercially in large scale.
But today’s application demand more selective, sensitive and energy efficient
devices, this cannot be met using simple thick film technology. By reducing the
feature size using lithographically patterned substrates and more sophisticated thin
film techniques, like sputtering, spray pyrolysis, sol–gel coating or chemical vapor
deposition, multifunctional sensors integrating several individual sensors, can be
realized on the same footprint used by thick-film-devices. In recent years aniso-
tropic nanomaterials (nanowires, nanoubes, nanorods, etc.) and heterostructures
thereof ((hyper-)branched, core–shell, etc.) exhibit superior material properties
suitable for well-advanced sensing devices, but existing technology lacks
sophisticated integration methods suitable for large scale applications, which
preserve the unique properties of anisotropic morphologies.

Especially in the field of chemical sensors based on metal oxide nanowires,
most of these fundamental studies make use of expensive and large lab instruments
for characterization and operation tasks, and thus, the effective transfer of this
nanotechnology to our everyday life remains as an unfeasible goal. For this reason,
there is an increasing interest in demonstrating that low-cost portable devices with
integrated nanowires can be developed to operate as sensing elements [61, 165].

In some of those preliminary works, both bottom-up and top-down fabrication
techniques have been successfully combined. Nanowires are electrically contacted

Fig. 13.20 Sensor response
to 500 ppm of NO2, SO2,
NH3, C2H5OH and CO2

measured at 170 �C of 10
wt % MoO3-doped SnO2 thin
films
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to a micro-hotplate with an integrated heater (Fig. 13.21), which allows modu-
lating their effective temperature as function of the dissipated power. This process
is fast and completely reproducible (Fig. 13.22).

It is well-known that metal oxide materials need to be heated at a specific
temperature to maximize their response to a specific target analyte [17]. Therefore,
the use of this heater becomes an extremely useful tool to modulate the final
performances of these prototypes as chemical sensors (Fig. 13.23), and integrate
them in standard electronics.

Fig. 13.22 Sensitivity of a single SnO2 nanowire to increasing dissipated power by the heater.
This experiment was performed in synthetic air. Power (0–90 mW), directly related to
temperature, leads to decreasing nanowire resistance, demonstrating semiconductor character-
istics. At the highest value, a nominal temperature of T = 210 8C is obtained in the centre of the
micro-membrane. [Reprinted with permission from [181], Copyright @ IOP—Institute of Physics
(2007)]

Fig. 13.21 (Left) Micro-hot-plate with integrated heater where the nanowire is contacted to pre-
patterned microelectrodes. (Right) SnO2 nanowire electrically contacted to the microelectrodes.
Dimensions: L = 2.1 lm (length) and R = 35 ± 5 nm (radius)
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The second major issue of working with metal oxide sensors from a perspective
of real devices is the lack of selectivity towards analyte blends. For this reason,
brand-new studies are attempting to develop electronic nose (e-nose) systems
based on arrays of different metal oxide nanowires [166]. According to this
approach, their responses to gases are monitored in parallel, and the specific
sensing characteristics of each one are determined and electronically recorded
(Fig. 13.24). Later, this knowledge is applied to perform a pattern recognition
analysis of the experimental data obtained when the same nanowires are exposed
to a mixture of gases, enabling to determine its composition (Fig. 13.25) [167].
Although these studies are still ongoing, they are the most promising solution to
overcome the lack of selectivity, which is characteristic of metal oxide nanowires.

Finally, the need to obtain good electrical contacts in a controlled and repro-
ducible process has forced to look for innovative nanofabrication approaches.

Fig. 13.23 Response of a
SnO2 nanowire to different
CO concentrations (50 and
100 ppm), when the
membrane heater is switched
on (P = 56 mW,
T = 120 8C). Dashed lines
indicates the CO pulses.
[Reprinted with permission
from [181], Copyright @
IOP—Institute of Physics
(2007)]

Fig. 13.24 The response of
the array of metal oxide
nanowires to three
consecutive hydrogen pulses
with partial pressure of
6.4 9 10-2 Pa. The
background conductance is
measured under the constant
oxygen pressure of
1.3 9 10-2 Pa. [Reprinted
with permission from [166],
Copyright @ American
Chemical Society (2006)]
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Nowadays, metal stripes with well-defined shapes in the nanometer range and high
electrical quality are easily fabricated with different techniques such as Focused
Ion Beam (FIB-), e-beam-[168] or UV- and shadow-mask-lithography [169],
enabling the fast engineering of advanced proof-of-concept devices. Nevertheless,
most of these techniques and particularly the nanofabrication protocols based on
them evaluated so far are only suitable for research prototyping, since they are not
scalable, and therefore do not fulfil the requirements to take a leap in industry.

For this reason, new solutions to solve the problem of scalability of nanowire-
based devices and to edit the first complex circuit with them are currently under
evaluation, such as self-assembly approaches [170, 171], and the use of other
techniques like electro-spinning and microcontact/ink-jet printing [172–176]. In
the former approach, metal oxide nanowires are directly deposited by a high-
voltage-driven injection nozzle onto the electrodes. In the latter one, the metal
electrodes are precisely printed on top of the nanowires. It should be pointed out
that other alternatives such as the roll-transfer printing of devices, a method with
the potential to fabricate large-area nanowire sensors and compatible with the roll-
to-roll (R2R) process have been successfully evaluated to align nanowires with a
good potential for the high-speed fabrication of nano-devices [177].

On the other hand and regarding the so-called self-powered sensors, Kolmakov
et al. demonstrated that self-heating effect in individual metal-oxide nanowires
produced by bias current was enough to activate their surface reactivity and thus,
operate them as chemical sensors. This concept was further explored by Prades,
validating that the probing current (Im) applied to individual metal oxide nano-
wires in conductometric operation dissipates enough electrical power to self-heat
their tiny mass and thus, to reach the optimum working conditions for the detection
of chemicals. This experimental approach overcomes the need of external heaters
and entails a dramatic reduction of the total heating volume, and as a result, the

Fig. 13.25 The response of a
three-chemiresistor array to
H2 (top) and CO (bottom)
inputs, normalized by
maximum value. [Reprinted
with permission from [166],
Copyright @ American
Chemical Society (2006)]
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power requirements. According to preliminary measurements, metal oxide gas
sensors based on individual nanowires can operate with less than 30 lW to both
bias and heat them. This power value is more than three orders of magnitude lower
than the typical power consumption of microheater-based devices, and envisages
the development of self-powered chemical sensor systems capable to be integrated
in energy scavenging and harvesting technologies.

Therefore, the possibility to use state-of-the-art energy harvesting technologies
to power metal oxide gas sensors based on self-heated individual nanowires. A
proof-of-concept sensor system that comes into operation harvesting energy from
the ambient with a thermoelectric power unit was presented by Prades, and its
response towards small concentrations of gases of interesting air quality applica-
tions, such as CO and NO2, was shown.

Integrating an energy harvesting into a sensing device or better producing an
energy generating sensing material, which can power the readout electronics will
be a huge step towards autonomous devices as no separate generator would be
needed anymore. Recent studies suggest that appropriate alignment of the work
functions between metal oxides and smaller band gap semiconductors (e.g., metal
chalcogenides) significantly extend their absorption cross-section and conse-
quently enhance photocurrent efficiencies through charge injection from visible
light harvesting unit for the broad-band semiconductors. Semiconducting metal
chalcogenide nanoparticles are interesting absorbers due to their size-dependent
(tunable) band gap, possibility to generate multiple excitons with a single photon,
high absorption cross section, and high extinction coefficient, which knowingly
reduces the dark current thereby increasing the overall efficiency of photoelectrical
devices. Controlled synthesis of solar-sensitized photoelectrical material archi-
tectures and the understanding of associated photo-physical and photo-chemical
processes are opening new avenues for novel sensing concepts, which are based on
combination of material units offering both ‘‘powering’’ and ‘‘sensing’’ unit in one
single device architecture (Fig. 13.26).

Fig. 13.26 a Image of the gas sensor system (Reproduced with permission from [178]) b The
prototype of an integrated self-powered system by using a nanogenerator as the energy harvester
(Reproduced with permission from [179]). The thermoelectric generator supplies regulated power
to the sensor control, conditioning and output electronics. The signal conditioning circuit
interfaces with the nanowires-base sensor applying a bias current (Im) to produce self-heating
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13.5 Conclusions and Perspectives

The recent developments in the field of nanomaterials synthesis and engineering
have opened up new avenues for next generation sensors based on new materials
and combinations thereof as well as radically new concepts towards sensing
principles and energy autonomy. A major advance in the direction of selectivity
could be made by employing an innovative surface ionization (SI) readout, which
is based on the selective thermal ionization of analytes (Fig. 13.27) [180]. It was
demonstrated that a single SnO2 nanowire which acts as an unspecific conducto-
metric gas sensor can be converted into a surface ionization sensor by adding a Pt
counter electrode, which detects the ions generated by the metal oxide upon
heating. As the surface ionization phenomena is directly related to the work
function of the metal oxide and the analyte gas, a second more specific sensing
mechanism is integrated orthogonally to the conductometic sensing pathway.

By using single nanowires the temperature and power needed to generate
surface ions can be reduced by many orders of magnitude compared to macro-
scopic surface ionization devices. This example shows that a deep integration of
different sensing principles is possible on single nanostructures which can be
significantly improved by using heterostructures and junctions, in order to tune the
surface ionization and conductometric response much further.

Fig. 13.27 Single nanowire surface ionization sensor setup: a Schematic view, b SEM
micrograph of working prototype and c gas sensor response towards ethane

Fig. 13.28 Sensor grid consisting of several individual sensor nodes, interacting via wireless
data links. Such sensor grids can provide real-time images of the air contamination inside
buildings, air cabins and/or heavily populated city environments
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As size of sensing devices, readout electronics and power consumption is
reduced using multifunctional nanostructured materials, autonomous, self sus-
taining sensor networks will be created, which can monitor large areas, for
example detailed air quality measurements in rural areas, with a high spatial
resolution. Future deploy-and-forget devices will harvest energy from the envi-
ronment (photovoltaic, thermoelectric, ambient radiation, etc.) and distribute
measurements over self sustained sensor networks (Fig. 13.28). Moreover, ongo-
ing miniaturization will lead to sensor integration in most everyday products, for
example clothing or packaging material. On the road to ‘‘self-aware’’ and ‘‘smart-
products’’, the integration of new nanostructured materials into functional devices
is the main challenge in order to utilize the unique ‘‘nano-features’’ of these
architectures. Especially technologies for bridging the micro-nano gap have to be
standardized and brought from the lab-scale to production scale.

Although heterophased sensor materials demonstrate enormous potential for
chemical sensing applications, several technical challenges remain to be addressed
in particular reproducible synthesis of heterostructures and their integration into
devices. Subject to the materials preparation techniques, several intrinsic proper-
ties such as chemical composition, grain size and contacts as well as interfacial
properties can significantly differ, which demands synthetic protocols allowing
controlled and scaled-up production of nanocomposites. The same holds for novel
concepts towards direct and post-synthesis integration of nanomaterials in sensing
devices. Nevertheless, the increasing interests and intensive research efforts in the
integration of different functional material units in a single architecture is expected
to have a promising future for hetero-junction materials.
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Chapter 14
Evaluation of Metal Oxide Nanowire
Materials With Temperature-Controlled
Microsensor Substrates

Kurt D. Benkstein, Baranidharan Raman, David L. Lahr
and Steven Semancik

Abstract Nanomaterials are becoming increasingly important for next-generation
chemical sensing devices. In particular, quasi-one-dimensional materials, such as
nanowires, are attracting a great deal of interest. While early examples have
demonstrated the promise offered by these nanoscale materials, challenges still
remain for integration, systematic characterization and evaluation of such mate-
rials in operational devices. Here, a means to assess the performance of nanowire-
based materials as chemical microsensors is illustrated with two examples. Poly-
crystalline nanowire sensing materials are integrated with microsensor substrates
that feature an embedded heater, facilitating the use of temperature to interrogate
the response characteristics of sensing materials. By changing the operating
temperature, different effects are observed as a function of nanowire loading
density (aligned tin oxide nanowires) or overall material morphology (tungsten
oxide materials, including a thin film). Further, by using conventional signal
processing and data analysis approaches, the sensitivity and selectivity of these
materials as a function of material scale and morphology are characterized.

14.1 Introduction

Nanomaterials are of significant interest for use as the active material in chemical
sensors, because they are expected to provide benefits with respect to sensor
performance versus their more macro-scaled counterparts. Nanowires in particular
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are attracting a great deal of attention, and may be incorporated into numerous
sensing device architectures, from chemiresistors to chemically sensitive field-
effect transistors (chemFETs) to AC impedance devices [1–3]. While there have
been demonstrations of enhanced performance from nano-structured materials,
questions still remain regarding the overall effectiveness of nanomaterials for
chemical sensing applications [3–11]. In part, to take full advantage of the benefits
of these materials, methods to integrate nanomaterials into sensor devices are of
critical importance. Furthermore, it is necessary to develop approaches and metrics
to evaluate the performance of the nano-structured sensor materials to determine
whether they are, in fact, superior performers.

By integrating nanomaterials into a microscale platform featuring an array
format, the materials may be efficiently and directly evaluated and compared under
identical sensing conditions. Furthermore, the use of varied sensor operating
temperatures directly impacts the evaluation of the nanomaterials, as it induces
differences in sensor performance. The efficacy of the multiple elements and
varied temperatures has been demonstrated before for exploring materials prepa-
ration [12, 13], nanoparticle-based sensing materials [14–16] and, as illustrated in
this chapter, nanowire-based sensing materials [17–19].

14.2 Nanowire Preparation and Characterization

Quasi-one-dimensional metal oxide nanomaterials have been prepared in a variety
of ways, including etching, electrospinning, chemical vapor deposition (Vapor-
Liquid-Solid or Vapor-Solid) and template-directed deposition [2, 20–22]. For
the studies illustrated here, polycrystalline nanowires were prepared via template-
directed electrodeposition. Polycrystalline tungsten oxide nanowires were elec-
trodeposited in track-etched polycarbonate membranes [17]. To serve as a working
electrode, one side of a commercial polycarbonate filtration membrane was coated
with 200 nm of silver using a thermal evaporator. The tungsten oxide was
deposited in 15 min increments from a peroxytungstate solution in the pores at
constant potential, monitoring the current with a potentiostat (Fig. 14.1). The
solution was prepared by dissolving tungsten shot in 30 % hydrogen peroxide,
followed by dilution to 25 mmol/L (by tungsten) with water:2-propanol (volume
ratio of 7:3, respectively) [23]. The working electrode and template were removed
with nitric acid and chloroform, respectively, and after several washings in
chloroform and 2-propanol, the nanowires were ultimately dispersed in 2-propanol
using ultrasonic agitation. Sensing films of tungsten oxide were prepared from the
same peroxytungstate solution by thermal decomposition using the microhotplates
[24]. For characterization of thermally processed nanowires, a droplet of the
nanowire dispersion was deposited in a glass tube, followed by sintering in air in a
furnace at 480 �C for one hour. For transmission electron microscopy (TEM), the
nanowires (before and after themal processing) were dispersed in 2-propanol and
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deposited onto TEM grids. The WO3 materials were also characterized by optical
and scanning electron microscopy (SEM).

The analysis of as-deposited WO3 nanowires by TEM showed that the nano-
wires were largely amorphous with small (&10 nm) crystalline domains embed-
ded in the amorphous material (Fig. 14.2). After thermal processing at 480 �C in
air, the nanowires became poly-crystalline (Fig. 14.3), while retaining the nano-
crystalline scale of 10 nm to 15 nm, as estimated from TEM (Fig. 14.3c, d). The
nanowires were also examined by SEM after their deposition on an aluminum
substrate, which determined that the nanowire diameter was larger than the tem-
plate pore diameter. In the case of the 50 nm pores, the nanowires showed a
diameter of &100 nm at the middle of the nanowire and a diameter of &60 nm at
the ends. Similarly, the nanowires grown in the 100 nm pores showed diameters of
&175 nm in the middle and &125 nm at the ends. The change to discrete par-
ticles was also observed in SEM, albeit in a larger scale and longer timeframe
(Fig. 14.4).

Fig. 14.1 A representative
current versus time plot for
potentiostatic deposition of
tungsten oxide (-0.5 V
versus Ag/AgCl) in a
polycarbonate template with
dpore = 100 nm. The charge
is shown with the gray
dashed line (right axis)

Fig. 14.2 TEM micrographs
of tungsten oxide nanowires
as prepared (no calcination)
(a) Low magnification of
several nanowire segments.
The isolated nanocrystalline
domains are shown
embedded in the amorphous
wire (b) and at high
magnification (c). Reprinted
from [17], Copyright (2009)
with permission from
Elsevier
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The oxidation state of the tungsten oxide materials was probed using X-ray
Photoelectron Spectroscopy (XPS, Fig. 14.5). The XPS measurements were made
using a Kratos Axis Ultra DLD spectrometer [25] with a base pressure of
1 9 10-7 Pa. Monochromatic Al K-a radiation was used. For materials deposited
onto microhotplate substrates (see below), small spot spectroscopy using a 55 lm
aperture was employed for all spectra. For the other samples, materials were

Fig. 14.3 TEM micrographs
of tungsten oxide nanowires
after calcination in air at
480 �C for one hour. The
high-magnification
micrographs (c, d) shows the
crystalline structure and
corrospond with the boxes in
( a) and ( b), respectively.
Reprinted from [17],
Copyright (2009), with
permission from Elsevier
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deposited on an aluminum substrate, and large-area spectroscopy was employed.
A Shirley background was applied to the W 4f spectra, which were then fit using
Voigt profiles. The spectra were referenced to the surface oxide of the aluminum
substrate at 74.4 eV (Al 2p). Also mounted on the spectrometer is a Mini-Nova IV
sputter gun [25], used for depth profiling experiments. Ar gas was used to sputter
the sample. With the extractor current set to 50 lA, a 4 kV beam of Ar ions was
allowed to impinge on the sample, producing 1–2 lA of current at the sample. As
seen in the spectrum, tungsten peaks (4s, 4p 1/2, 4p 3/2, 4d 5/2, 4f 7/2 peaks at
596.4, 493.9, 425.4, 244.5, 35.4 eV, respectively) are observed from probing of the

Fig. 14.4 Scanning electron micrographs of WO3 nanowires (dpore = 100 nm). a Several
nanowires after 1 h of calcination at 480 �C, and b a single nanowire after 20 h of aging at
480 �C. The calcination and aging were done in a furnace in laboratory air, with the nanowires
deposited upon an aluminum substrate

Fig. 14.5 XPS analyses of
the tungsten oxide materials.
The main plot is a survey
scan acquired from tungsten
oxide nanowires dispersed on
an aluminum substrate. Inset:
spectral component analysis
of the W 4f peaks from
nanowires (bottom) and from
a film (top). The dotted lines
are Voigt fits of the data.
Reprinted from [17],
Copyright (2009), with
permission from Elsevier
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nanowire materials. The tungsten oxide film showed a similar pattern. Higher
resolution scans of the W 4f region (See Fig. 14.5 inset) were fit to Voigt profiles.
The peaks from each material were well fit, indicating that a single chemical
species is present. Furthermore, the peak position at 35.5 eV is in good agreement
with literature reports for tungsten(VI) oxide (WO3), indicating that both are fully
oxidized after processing and have similar surface stoichiometry [26].

Similarly, tin nanowires were prepared by template-directed electrodeposition,
as adapted from literature reports [27]. A gold contact was deposited by thermal
evaporation onto polycarbonate membranes (l & 6 lm, dpore & 50 nm). Tin
nanowires were electrodeposited in the membrane at constant potential -0.8 V
versus a tin wire from a SnSO4 solution with gelatin. In contrast to the relatively
slow growth of metal oxide nanowires, the tin metal nanowires grew quickly and
showed a generally monotonic increase in current as the nanowires grew closer to
the bulk solution (Fig. 14.6). Rather than removing the growth electrode, it was
found that the nanowires were easily separated from the gold electrode after
dissolving the template by gentle rinsing with water. They were subsequently
washed and finally dispersed in 2-propanol for deposition. The nanowires were
characterized with SEM, XPS and electrical measurements.

A single tin nanowire is shown in the SEM image in Fig. 14.7. The as-grown
nanowires are 150–190 nm in diameter and are up to 5 lm in length. The one
shown in Fig. 14.7a is &4.5 lm long with a diameter of &150 nm. The associ-
ated Energy Dispersive X-ray Spectrscopy (EDS) micrograph (Fig. 14.7c) con-
firms the tin content of the nanowire under examination.

The chemical states of the tin nanowires were further examined using XPS. Of
particular interest was the conversion of the as-deposited tin metal nanowires to
tin(II) oxide and finally tin(IV) oxide nanowires by thermal processing in air
[28, 29]. The conversion was first studied on an aluminum substrate, but XPS was
also used to follow the oxidation of tin on the microsensor substrates, using the
embedded microheater. Figure 14.8 shows the spectra from the nanowires during
the course of the thermal processing on an aluminum substrate (Because the
spectra were referenced to the energy of the aluminum oxide 2p peak, there is

Fig. 14.6 A representative
current versus time plot for
potentiostatic deposition of
tin (-0.8 V versus tin wire)
in a polycarbonate template
with dpore = 100 nm. The
charge is shown with the gray
dashed line (right axis)
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some variability in the energies for the tin 3d5/2 peaks). In order to maintain the
structure of the nanowires, a two-step processing sequence was used. Figure 14.8a
shows the tin 3d 5/2 peak at &485 eV for the as-prepared tin metal nanowires.
The first step of the oxidation process used a hold temperature of 200 �C for one

Fig. 14.7 Scanning electron micrographs of a single tin nanowire (a, b). The box in
a corresponds roughly to the area shown in b. The EDS map is shown in c for aluminum
(upper right) and tin (lower left). The upper left image is an SEM micrograph for reference

Fig. 14.8 XPS analyses in
the Sn 3d5/2 region of the
conversion the nanowires
from tin to tin oxide. a Shows
the region for nanowires as
prepared, b shows the region
after the first thermal
processing step at 200 �C for
1 h in air, and c shows the
region after the second
thermal processing at 480 �C
for 1 h in air
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hour to form an initial oxide shell around the nanowires, which prevented the
melting of the nanowires at &232 �C. The spectrum for the nanowires after that
step (Fig. 14.8b) shows two distinct tin 3d5/2 peaks with a separation of &1.8 eV.
The separation indicates that the two forms are tin metal at lower energy and tin(II)
oxide at higher energy [29, 30] The nanowires were further processed at 480 �C at
one hour to complete the oxidation. The spectrum for the resultant nanowires is
shown in Fig. 14.8c, after the nanowires have been sputtered to provide spectro-
scopic access to the interior material. As shown, there is one distinct peak,
although it features some asymmetry, which indicates the presence of more than
one chemical species. Fitting the spectrum with two Voigt peaks yields the fit
shown, with a peak separation of &0.6 eV. The separation distance suggests that
the two species are tin(II) oxide at lower energy and tin(IV) oxide at higher energy
[29, 30]. It should be noted that ion sputtering can alter the oxygen-to-metal ratio
of a material by preferentially removing the oxygen [31–34]. This may contribute
to the presence of tin(II) oxide in the sample exposed to air at 480 �C. The lack of
a third peak at lower energy corresponding to tin metal indicates that the nano-
wires have been converted to the oxide using this two-step thermal processing
approach.

14.3 The Microsensor and Nanowire Integration

The microsensor device technology used in these studies has been developed and
refined at the National Institute of Standards and Technology (NIST) over the
course of the last two decades [32–34]. The current generation of platforms,
manufactured in wafer runs at MIT Lincoln Laboratories [25] and micromachined
at NIST, features a 100 9 100 lm silica structure suspended over a pit etched into
the silicon beneath by tetramethyl ammonium hydroxide (Fig. 14.9a). A poly-
silicon resistive heater with an initial resistance of &2.5 kX is embedded in the
elements. The resultant elements have a mass of &200 ng, which enables tem-
perature control from ambient to &500 �C with millisecond time constants [16].
To power a heater to 500 �C typically takes less that 25 mW under ambient
conditions. On the surface of the microhotplate elements are platinum electrical
contacts of varying geometries. For the studies described in this chapter, two
electrode geometries were used: (1) interdigitated electrodes with nominal width
and spacing of 2 lm, covering 78 9 78 lm (Fig. 14.9b), and (2) in-line rectan-
gular electrodes, 20 9 5.5 lm, with spacing between the long sides of the elec-
trodes of 5 or 10 lm (Fig. 14.9c). Before deposition of sensing materials, the
etched array devices were mounted into ceramic, 40-pin dual-in-line packages,
surface cleaned by low-power ion-beam milling, and wire bonded. The milling
utilized an argon ion beam at 300 V with a working distance of 10 cm and a total
sputter time of &1.5 min [16].

Tungsten oxide nanowires were randomly deposited onto microhotplate plat-
forms that featured interdigitated platinum electrodes. Before deposition, the
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nanowires were dispersed in 2-propanol via sonication. To achieve localized
deposition onto selected microhotplates, droplets were ejected from a microcap-
illary pipette (polycarbonate, capillary inner diameter, idcap = 75 lm). For com-
parison with film-based sensors, a tungsten oxide film was prepared from a
peroxytungstate solution: a droplet of the solution was placed on a microhotplate
platform, allowed to dry, and was then thermally converted to tungsten oxide using
the embedded heater. As noted in the previous section, this process yields a
tungsten oxide film with similar surface stoichiometry as the thermally processed
tungsten oxide nanowires. Examples of the resultant materials on the microsensor
elements are shown in Fig. 14.10. While we have seen that the nanowires are
composed of discreet nanocrystals by TEM, SEM analysis of the tungsten oxide
film shows that it, too, has nanostructured particles, suggesting that it has a viable
form for comparison with the nanowire materials.

The microhotplates are also amenable to directed alignment/deposition of
nanowires, particularly so for the platform shown in Fig. 14.9c. For directed

50 μm 

(a) (b) (c)

Fig. 14.9 Optical micrograph images showing a full microhotplate (a) and the two electrode
configurations used in the example nanowire studies. b Shows an interdigitated platinum array
with nominal spacing of 2 lm between the 2 lm wide fingers. c Shows a 4-point configuration
with two 5 lm gaps and one 10 lm gap between electrodes

Fig. 14.10 Scanning electrode micrographs of a a cluster of tungsten oxide nanowires grown in
a 50 nm pore diameter template, b a single tungsten oxide nanowire grown in a 100 nm pore
diameter template, and c a nanostructure film of tungsten oxide prepared by the thermal
decomposition of the peroxytungstate solution. All images were taken on microsensor array
elements with a configuration identical to that shown in Fig. 14.9a
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deposition, tin nanowires were integrated with the microsensor platform using
micro-scale dielectrophoresis [8, 35, 36] by applying a 20 V peak-to-peak
potential at 1 kHz. A capillary micropipette containing the tin metal nanowire
dispersion in 2-propanol was brought in close proximity to the microhotplate
substrate. The AC electric field was applied between the electrodes of the sub-
strate, and a small droplet was extruded from the microcapillary pipette. The
microcapillary was kept in contact with the substrate to minimize solvent evap-
oration and to provide a reservoir to compensate for any evaporation that did
occur. Nanowire loading between the electrodes was controlled by the relative
concentration of the nanowire dispersion (Fig. 14.11).

The tin nanowires were thermally converted to the oxide in air using the mi-
crohotplate. A stepwise temperature ramp to 200 �C, followed by an anneal at this
temperature for 60 min was used to convert the nanowires to oxide before ramping
past the tin metal melting point (&232 �C) to 480 �C. The conversion to the oxide
was confirmed by small-spot and scanning XPS.

14.4 Nanowires on Microhotplate Substrates
for Chemical Sensors

The first challenge in using nanowires as sensor materials is to integrate the
materials with a sensing platform. As a first approach, dispersing the nanowires in
a liquid medium, followed by drop-casting onto a substrate with pre-patterned
electrical contacts has been shown to be effective [19, 20, 37–39] and other sensor
preparation methods yield similar structures [18, 40]. This method was used to
deposit tungsten oxide nanowires onto microhotplates with interdigitated elec-
trodes. Processing of the nanowires was achieved using the embedded heater of the
microhotplate to convert the amorphous nanowires at 480 �C to polycrystalline
forms with a nanocrystalline particle size of 10–15 nm. To produce chemical
microsensors based upon the tin nanowires, however, a dielectrophoretic approach
was used to align and deposit nanowires between the electrodes of platforms
shown in Fig. 14.9c. Again, the embedded heater was employed to convert the tin
metal nanowires to tin oxide for chemical sensor evaluations.

A second challenge for developing nanowires as sensing materials is assessing
their performance, particularly in reference to established film materials. For this
challenge, the capability to easily change the sensor operating temperature can
greatly enhance the information obtained from the microsensors, facilitating
evaluations of materials. Several approaches may be considered, from empirical
analysis of sensor performance to modeling of the nanowire sensor-analyte
interactions, as shown in a recent paper, for example [18]. The modeling of the tin
oxide nanowires as a sensor (as schematically shown in Fig. 14.12) can provide
useful insights into the system, predicting the responses of the sensor to changes in
analyte concentration and operating temperature. In this case, the conductive
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pathway is modeled as a series of junctions, in addition to the nanowire itself. The
resistances of the individual nanowires are designated RNW, the resistance for the
nanowire to electrode junction is RC and the resistance at the junctions between
nanowires is RNWC. Sensor array-based approaches with an integrated means for
varying temperature offer an efficient means for making the evaluation, as multiple
materials and morphologies may be studied in parallel, largely eliminating run-to-
run variability in the sensing experiments (owing to, for example, analyte delivery
and dilution uncertainties, changes in ambient pressure and temperature, back-
ground differences, etc.). Due to their beneficial thermal properties, microsensor
arrays employed in these studies also allow for dynamic control of the sensor
operating temperature. This is a critical sensing design parameter as the sensor
operating temperature influences the interaction of the sensing material with an
analyte of interest, potentially providing unique information across a range
of temperatures as the analyte adsorbs to the surface, breaks down and reacts
[34, 41–45]. Alternative strategies for inducing analytical orthogonality into
sensing materials using temperature is demonstrated using a temperature-gradient
approach (Fig. 14.13) [19]. In this case, a mat of nanowires was deposited onto a
substrate, so that there were both bridging nanowires and a percolating network
between electrodes (Fig. 14.13c). The density of the nanowires was varied across
the device. Back-side platinum heaters were used to generate the thermal gradient
along the device (Fig. 14.13b). The authors found that the combination of the
thermal gradient and the varied nanowire densities yield sufficient analytical power
to detect and discriminate between several organic compounds.

Fig. 14.11 Scanning electrode micrographs of a tin nanowires deposited and aligned from a
high-concentration dispersion, and b tin nanowires deposited and aligned from a low-
concentration dispersion. All images were taken on microsensor array elements with a
configuration identical to that shown in Fig. 14.9b

Fig. 14.12 A model used to
illustrate the resistance
contributions in the case of a
non-depleted nanowire
bundle. Reprinted from [18],
Copyright (2010), with
permission from Elsevier
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One approach employing operating temperature is illustrated using the tin oxide
nanowire sensing devices similar to those depicted in Fig. 14.11. Via an operating
mode termed Fixed-Temperature Sensing (FTS), the temperature of the sensors
was ‘‘fixed’’ at select values to establish isothermal responses of the sensors to
analytes. Temperature changes were effected on timescales of minutes or hours,
using custom-built electronics to control the operating temperature and to record
the resistance or conductance of the sensing materials. The conductance of the
sensing films was monitored, with changes in conductance indicating a response to
a change in analyte or a change in the sensor operating temperature. The mag-
nitude of the change in conductance can be an indication of the degree of per-
turbation to the equilibrium sensor state. That is, a high concentration of analyte or
a bigger change in sensor temperature would result in a bigger change in con-
ductance than smaller concentrations/changes. In addition to the computer-con-
trolled sensing, the experiments were performed with an automated gas-delivery
system, which facilitated the matching of timing between the sensor operating
temperature changes and the analyte cycles. For the experiments discussed here,
the background was zero-grade dry air, generated on-site. The analyte being
studied, methanol, was delivered from a gas cylinder with certified dilution in dry
air. Analytes were delivered to the microsensors at concentrations less than
200 lmol/mol (moles of analyte per mole of air).

Fig. 14.13 A nanowire
bundle sensor based upon tin
oxide nanowires (a) The
KAMINA microarray chip.
(b) The temperature gradient
across the sensing elements is
shown in the IR image: 247
�C (green, bottom half) to
327 �C (red, top area).
(c) The SEM micrograph
shows tin oxide nanowires
between Pt electrodes on the
chip. Reprinted from [19],
Copyright 2009 American
chemical Society
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Figure 14.14 presents the responses of the two tin oxide microsensors
(micrographs shown in Fig. 14.11) to varied operating temperature and methanol
concentrations. One parameter that can be explored by the experiment is the role of
nanowire density, or loading on the sensor platform, in affecting the sensor per-
formance. As would be expected based on the number of conductive pathways, the
high-density nanowire sensor (Fig. 14.11a) shows a higher baseline conductance at
all sensor operating temperatures than the moderate density nanowire sensor
(Fig. 14.11b). To determine response strength (S) for each analyte introduction, a
baseline conductance was calculated by averaging 100 conductance measurements
from the immediately preceding baseline (G0) and the response was calculated by
averaging 100 points from the end of the response plateau (G). The sensor
response strength is then defined as S = (G - G0)/G0. The response strengths are
summarized in Table 14.1. Here we see the importance of sensor operating tem-
perature in examining the performance of the nanowire sensors. In looking at the
response-strength ratio (SHD/SMD) between the two sensors (HD : High Density,
MD : Moderate Density), the ratio decreases as the temperature increases. That
is, the moderate-density sensor is becoming more sensitive relative to the high-
density sensor as the operating temperature increases. Also of interest is that the
concentration of the analyte has an impact on the change in response-strength
ratios. While the high-density sensor maintains its advantage in S for the 40 lmol/
mol exposures to methanol, at the lower concentrations (3 and 12 lmol/mol), the
moderate-density sensor shows a larger S at the highest operating temperature
(450 �C) studied for this example. This may be attributed to changes in reaction
rates as the temperature increases combined with the exposed surface area of the
sensor. While the moderate-density sensor shows discrete nanowires with little
overlap, the high-density sensor has clustering and stacking of nanowires. At
higher temperatures, as the methanol reacts at the surface of the sensor, the high-
density sensor apparently loses its advantage, owing to the inaccessible interior
surfaces of nanowires.

The use of temperature to evaluate nanomaterials may be taken even further, as
demonstrated through an example with tungsten oxide nanowires[17]. For this

Fig. 14.14 Conductometric
plots of the two tin oxide
nanowire sensors with
responses to temperature and
exposure to varied
concentrations of methanol
(gray bars corresponding to
the right axis)
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illustration, three materials are considered: a tungsten oxide film as might be
typically used in a microsensor array (film), randomly dispersed clusters of
tungsten oxide nanowires grown in a template with a nominal pore diameter of
50 nm (nw50), and randomly dispersed clusters of tungsten oxide nanowires
grown in a template with a nominal pore diameter of 100 nm (nw100). The sensors
under consideration are three elements in an array, based upon microsensor ele-
ments such as the one shown in Fig. 14.9b. Again, the comparison between the
materials starts with FTS studies, if only to establish the viability of the randomly
dispersed nanowires as chemical microsensors. A plot of the conductometric
responses of the three tungsten oxide sensor materials to varied concentrations of
methanol (similar tests were also performed to examine the responses of the
sensors to carbon monoxide and nitrogen dioxide) is shown in Fig. 14.15. After an
initial drift down in conductance, the sensors are generally stable, demonstrating
their viability. While numerical analyses of these data are difficult owing to the
slow response times of the film-based sensor and the high noise level of the
nw100-based sensor, some qualitative conclusions may be drawn: the nanowire
sensors show faster responses to analyte introduction/removal as compared to the
film-based sensor, and the response strengths and signal-to-noise ratios are gen-
erally comparable to the film-based sensor.

While the first evaluations for novel sensing materials generally determine the
raw sensing parameters (sensitivity, speed, stability and selectivity), an additional
question that arises concerns the information content of the sensing responses of
these materials as their scale is systematically changed. One approach to elucidate
whether different sensors provide orthogonal analytical information is to perturb
the sensor by changing the operating temperature over a wide range. This
approach, called Temperature-Programmed Sensing (TPS) is illustrated using the
three tungsten oxide sensing materials [17].

To cover a wide range of sensor-analyte interactions, a temperature ramp
program (Fig. 14.16) was generated that pulsed the sensors from 60 �C to 480 �C

Table 14.1 Summary of responses of tin oxide nanowire sensors to methanol

Sensor operating
temperature (�C)

[MeOH]
(lmol/mol)

S (DG/G0) Moderate
density nanowires

S (DG/G0) High-
density nanowires

Response ratio
(SHD/SMD)

300 3 SNR \ 3 0.09 NA
12 0.03 0.21 6.8
40 0.07 0.39 5.5

350 3 0.08 0.30 3.9
12 0.14 0.37 2.6
40 0.23 0.47 2.0

400 3 0.21 0.24 1.1
12 0.31 0.35 1.1
40 0.40 0.49 1.2

450 3 0.32 0.30 0.93
12 0.45 0.41 0.91
40 0.54 0.57 1.1
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with 30 �C steps [17]. A baseline temperature was established at 140 �C to provide
a base state for the sensors to equilibrate to before being pulsed to the next
temperature in the ramp. The dwell time for each temperature, both ramp and base,
was 250 ms. This fast temperature cycling is possible owing to the small thermal
mass of the microhotplates (Fig. 14.9a). Conductance measurements are made at
each temperature step to provide 30 data points per cycle for each sensor. A full
sweep through the temperature cycle lasts 7.5 s. A second ramp program was
generated for follow-up studies on the influence of thermal history that used a 1 �C
increment between ramp temperatures, while maintaining a base temperature

film

nw50

nw100

Fig. 14.15 Conductometric plots of the three tungsten oxide sensors operating at 425 �C with
responses to exposure to varied concentrations of methanol (gray bars corresponding to the right
axis)

Fig. 14.16 A temperature
program used to operate the
tungsten oxide sensors.
Conductance measurements
were made at each ramp
(circle) and base (diamond)
step
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of 140 �C. For the subsequent analyses, only the subset of data corresponding to
the 15 ramp-temperature steps of the 30 �C-increment program were used, for
better comparability. The use of the second program was limited owing to the long
cycle time with the additional ramp steps (&3.5 min per cycle). An example of the
data generated using the temperature program shown in Fig. 14.16 is seen in
Fig. 14.17 (conductance measurements from the ramp temperatures only). Note
that the conductance data no longer reflect equilibrium interactions between the
sensor and analyte as shown in Fig. 14.15; rather it is a dynamic interaction
dependent upon the current sensor operating temperature as well as the thermal
history of that sensor. In Fig. 14.17a, b, a small segment of the TPS data are shown
for the responses of a tungsten oxide nanowire sensor to methanol. In comparison
with the FTS data, the data density per unit time is appreciably higher for the TPS
data (Fig. 14.17), but the overall trends are the same. That is, the conductance
increases when the sensor is exposed to methanol vapor in lmol/mol concentra-
tions (Fig. 14.17a). Figure 14.17c shows a similar segment of the raw data upon
exposure to nitrogen dioxide. The general shapes of the patterns are similar for the
two analytes, but there appear to be subtle differences in the overall pattern as a
function of sensor operating temperature (gray steps, right axes).

Fig. 14.17 The TPS response patterns of a tungsten oxide nanowire sensor (nw50) to
presentations of (a, b) methanol, and c nitrogen dioxide in a dry air background. a Shows the
change in sensor TPS response from air to methanol (gray bar, right axis). The methanol
concentration is 12 lmol/mol and the nitrogen dioxide concentration is 0.3 lmol/mol. Note the
pattern shapes for the two analytes as a function of temperature (gray line, right axis)
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To better visualize the data obtained from the TPS measurements and to tease
out the differences in responses between the sensors, principal component analysis,
a linear dimensionality reduction technique [46], was employed. The six-dimen-
sional array responses (three sensors considering 1 ramp and 1 base temperature
each) were projected onto the first three dimensions for the 30 �C step experiments
and onto the first two dimensions for the 1 �C step experiments, as defined by the
eigenvectors with the largest eigenvalues of the response covariance matrix that
captures the most variance in the dataset. The averaged ramp data collected from
the 30 �C-step TPS experiments for three analytes are shown in Fig. 14.18a.
Similar plots in Fig. 14.18b show the averaged data collected from the 1 �C-step

Fig. 14.18 The average conductometric measurements are shown here for the ramp measure-
ments using 30 �C steps (a) and 1 �C steps (b). The error bars show the standard deviation. The
three analytes in (a) are methanol (top), carbon monoxide (middle) and nitrogen dioxide (bottom).
For (b), the two analytes are methanol (top) and carbon monoxide (bottom). The 6-dimensional
sensor response (c), now including the base measurements, for the data shown in Fig. 14.18a is
projected along the first three principal components (variance captured = 97.12%). The three
analytes show distinct clusters, and the effect of increasing ramp temperatures is shown by the
arrows. A similar projection along the first two principal components (variance captured =
93.64%) is shown in (d) for the data in Fig. 14.18b, now including the base-temperature
measurements. Again, the arrow shows the trend with increasing ramp temperature. Reprinted
from [17], Copyright (2009), with permission from Elsevier
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TPS experiments for two analytes (nitrogen dioxide was excluded from this study
owing to the difficulty in measuring the low conductances that result from expo-
sure of the nanowire sensors to the gas). For clarity, only the data that correspond
to the 30 �C steps are shown. Each plot shows the averaged conductance patterns
for the three sensors exposed to the analytes at the specified concentrations. For the
30 �C-step experiment, the sensors were exposed to varied concentrations of
analytes, but only for methanol was it possible to distinguish visually a difference
in response from the raw data. The thermal history does affect the overall raw data
TPS pattern, as a different pattern is seen for each material between Fig. 14.18a
and b.

Figure 14.18c shows the six-dimensional sensor responses (including the base
data, which were not shown in Fig. 14.18a) after linear projection along the first
three principal components, which account for 97.41 % of the variance in the data.
Figure 14.18d shows similar plots for the six-dimensional sensor responses from
the 421 ramp data points obtained from the 1 �C-step experiment (Fig. 14.18b),
albeit along the first two principal components, accounting for 93.64 % of the
variance. Several noteworthy trends are observed from the PCA plot in
Fig. 14.18c: (1) The identity of the analyte (labeled in the plot) introduces variance
along the axis. (2) The concentration of the analyte causes variance within the
analyte cluster, even for the two analytes that showed minimal separation upon
visual inspection of the raw data. (3) The sensor operating temperature induces
variance along a different direction, as indicated by the arrows showing the sensor
ramp temperature increasing from 60 �C to 480 �C. Similar trends are observed in
the 2-dimensional plot of Fig. 14.18d, excluding the analyte concentration trends.
A final point to be noted is that the separability between the analytes is influenced
by the sensor operating temperature, indicating the importance of the operating
temperature and the thermal history of the sensor in the sensing responses. This
observation illustrates that the selection of a temperature program may accentuate
the differences between sensing materials, leading to a more thorough under-
standing of how the sensors perform differently.

To quantify the analytical orthogonality of the sensors as a function of oper-
ating temperature and of the sensing material, a measure based upon the corre-
lation coefficients was used to compare the information content of the sensors’
conductometric patterns. Suppose x is a one-dimensional vector of conductance
measurements made at each of the different training conditions using a material
M1 at temperature T1, and y is a one-dimensional vector of conductance mea-
surements made using sensing material M2 at temperature T2, then the correlation
between responses of M1 at T1 and M2 at T2 is calculated as

Corrðx; yÞ ¼ Covðx; yÞ
rx � ry

where Cov(x,y) is the covariance of x and y, rx and ry are their respective standard
deviations. The greater the correlation, the greater the relation or redundancy
between the selected measurements (as a function of materials and temperatures),
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and, conversely, a low correlation typically indicates that non-redundant (analyt-
ically orthogonal) information is generated from the sensor material/temperature
pair under consideration. To better visualize the correlation coefficients, the cal-
culated correlation numbers are plotted in Fig. 14.19. Each pixel shows the
absolute value of significant correlation (significant as defined by the p value,
p \ 0.05; computed by transforming the correlation to create a t-statistic having
n - 2 degrees of freedom:

t ¼ Corrðx; yÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n� 2

1� Corrðx; yÞ2

s

where n is the number of measurements) between responses of a tungsten oxide
morphology at one temperature, T1, to the background condition, dry air, versus its
response at a second temperature, T2. The darker pixels indicate higher correla-
tions and the lighter pixels indicate lower correlations. The diagonal blocks pro-
vide self-correlation patterns and the off-diagonal patterns provide cross-
correlation between tungsten oxide morphologies. This simplified figure considers
only the ramp temperatures in the upper left quadrant, which is 45 9 45 pixels:
three blocks of 15 9 15 pixels (one pixel for each ramp temperature conductance
measurement) for each of the three materials under examinations. As expected, the
diagonal blocks show large amounts of dark pixels, indicating good self-correla-
tion. Note, however, that the correlation is somewhat lower along the edges of the
diagonal blocks, indicating lower correlation between the high- and low-temper-
ature conductance measurements. The correlation between materials is also lower
than the self-correlation, especially between the film and the two nanowires
materials.

The correlation analyses are expanded in Fig. 14.20, using the three analytes
with the correlations from the base-temperature conductance measurements. The
bands between high- and low-temperature measurements seen in Fig. 14.19 are

Fig. 14.19 The results from
the statistical analysis of the
sensor measurements made
using temperature programs
(60 �C to 480 �C) with 30 �C
increments are shown as
correlation plots. The
correlation coefficients (p \
0.05) between the three
tungsten oxide sensors at the
15 ramp- and-temperature
measurements (Fig. 14.16)
for air (background) are
shown. Reprinted from [17],
Copyright (2009), with
permission from Elsevier
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preserved in the expanded correlation maps for air, which now includes the ramp
and base-temperature measurements for all conditions. The high correlation and
preservation of patterns between the ramp-temperature and base-temperature
measurements follows through to the three analytes as well, which suggests, again,
that the thermal history of the sensor plays an important role in its performance.
Overall, between the four conditions (the three analytes in Fig. 14.20a and the
background in Fig. 14.20b), the difference in correlation patterns is striking.
Examining each condition in detail, it is seen that in the presence of air, there is
moderate correlation between the materials and, as noted above for Fig. 14.19,
only moderate correlation between the lowest temperatures and the mid- and high-
range temperatures. For methanol, the case is different as there is generally high
correlation, not only within the temperature program for a select material, but also
between all of the materials. Upon exposure to nitrogen dioxide, the pattern
changes again to high correlation between the nanowire materials that, in turn,
show low correlation with the measurements from the film. Temperature, for the
case of nitrogen dioxide, does not greatly lower the correlation between mea-
surements of a material. Finally, for carbon monoxide, there is little correlation

Fig. 14.20 The correlation coefficients (p \ 0.05) are shown here for the ramp and base
conductance measurements using 30 �C step sizes. (a) The three tungsten oxide sensors are
compared for the three analytes studied. (b) Correlation plots from background exposures as a
function of the analyte. Reprinted from [17], Copyright (2009), with permission from Elsevier
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between the materials, even for the nanowires, and distinct banding is observed for
the self-correlation plots of the nanowires as a function of temperature. Thus, the
three sensors provide only redundant information regarding the presence of
methanol vapor, the nanowire sensors provide non-redundant information with
respect to the film sensor regarding the presence of nitrogen dioxide, and each
sensor provides unique information regarding carbon monoxide. Furthermore, by
cycling through the range of temperatures, dissimilar information is generated for
certain chemical species.

To confirm that changes in patterns for each of the analytes were not due to
changes in the sensors themselves over the course of the three experiments, the
correlation analysis for the background was broken down into the three separate
backgrounds for each analyte experiment, as shown in Fig. 14.20b. While there are
some changes in the magnitude of the correlation coefficients from experiment to
experiment, overall each of the air backgrounds in Fig. 14.20b most resembles the
correlation patterns seen in the air plot of Fig. 14.19. That is, each one shows high
self-correlation with moderate correlation between temperature bands, and mod-
erate correlation between materials. These results indicate that the additional
particle growth seen in Fig. 14.4 after long times at high temperature are not
changing the response characteristics of the sensors over the course of the
experiments. Indeed, because the sensors are operated in a pulsed-temperature
mode, the materials are spending much more time at more moderate operating
temperatures than at the highest operating temperature of 480 �C (Fig. 14.16).

As noted above, the different temperatures do induce some analytical orthog-
onality in a single sensor and between sensors. The capability for rapid thermal
excursions from a base temperature enables efficient (with respect to time) elu-
cidation of those differences. This is most clearly seen in the banding patterns
between the materials for nitrogen dioxide in Fig. 14.20a. While self-correlation
blocks show little temperature dependence, the comparisons between materials
show several distinct, low-correlation bands. Because this banding in the corre-
lation plot is observed between the nanowire materials and the film material, it
indicates that the different temperature regimes are inducing analytical orthogo-
nality of varied degrees. This is in agreement with the expectation that different
physical and chemical phenomena dominate the sensor-analyte interactions as a
function of temperature. For example, one would expect adsorption and binding to
be dominant at low temperatures, and desorption and reaction to be dominant at
higher temperatures.

Returning to the raw TPS conductance data in Fig. 14.18a and b to expand upon
the role of the temperature and thermal history in sensor performance, it is seen
that the conductance does not change monotonically with increasing ramp tem-
perature. Rather, there is an inflection point that changes with a change in the
thermal history of the sensor (i.e., the size of the ramp steps). For the 30 �C step
experiments, the inflection point is at &210 �C, while for those using 1 �C steps,
the inflection point is at &100 �C. To determine whether different thermal his-
tories (i.e., temperature ramps) provide different information, a correlation analysis
was done between the sensor data obtained from experiments using 30 and 1 �C
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increments. These plots are shown in Fig. 14.21 for air, methanol and carbon
monoxide. The upper left quadrant for the analytes corresponds to the upper left
quadrant of the appropriate analyte in Fig. 14.20a, although scaling differences
may lead to somewhat different shading of the pixels. As expected from our
previous discussion above, there is little to only moderate correlation between the
information coming from the sensors using the two different temperature programs
to produce different thermal histories on the sensors. That is, the different thermal
histories for the sensors provide non-redundant information about the analytes, and

Fig. 14.21 The correlation coefficients (p \ 0.05) are shown here for the ramp conductance
measurements using both 30 �C and 1 �C step sizes. The 1 �C temperatures selected for
comparison match those from the 30 �C steps. The plots for (a) air (background) and for
(b) methanol and carbon monoxide are shown. (b) Reprinted from [17], Copyright (2009), with
permission from Elsevier
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even about the background air. It is of interest to note, as well, that the different
temperature increments yield different patterns in the correlation plots comparing
the three sensor morphologies at a specific temperature increment (upper left and
lower right quadrants). This is especially apparent for carbon monoxide, where the
correlation between materials generally increases with the smaller temperature
steps, indicating that the larger temperature steps yield less redundant information
between the different sensor morphologies.

Ultimately, the use of dynamic temperature programming enables the eluci-
dation and accentuation of differences between chemical microsensors. Changing
operating temperatures may be used to induce analytical orthogonality as seen
with the temperature gradient nanowire sensor and the correlation analyses here,
and they may be used as part of a model of the sensor to better understand the
performance characteristics of the device. Two examples of the use of sensor
temperature to accentuate differences between stoichiometrically similar but
morphologically distinct materials have been expanded here with two nanowire-
based microhotplate sensors: one featuring aligned tin oxide nanowires and one
featuring randomly dispersed tungsten oxide nanowires. In each case, important
comparisons were made. For the tin oxide sensors, the use of varied sensor
operating temperatures showed differences in sensor performance owing to dif-
ferences in the loading density of the nanowires between the electrodes. As the
sensor operating temperature increased, the differences in performance between
the sensors decreased, likely due to the increased reactivity between the sensor
surface and the analyte. In the example of the tungsten oxide nanowires, differ-
ences were seen in performance using advanced temperature programming and
data analysis methods. Here, it was demonstrated that non-redundant information
can be obtained from microsensors with identical surface stoichiometry but dif-
ferent morphologies, especially with respect to a thin film-based microsensor. This
capability was made possible by the changes in sensor performance over a range of
operating temperatures and thermal histories. Because of the dynamic nature of the
sensor-analyte interactions in TPS mode, the thermal history can have an influence
on the information obtained from a sensor. This has been exploited to optimize the
sensor performance, e.g., to identify regions of the program that are robust against
drift or particularly relevant to discriminating between varied target analytes
[47, 48].

14.5 Future Considerations

The use of temperature to probe the differences in microsensor performance has
been noted before, and is a generally applicable technique. Indeed, in an array
format, it makes for an efficient method for tuning the sensing materials of a
chemical sensor for specific applications that range from homeland security,
industrial process control, medical and health diagnostics, environmental moni-
toring and even space and planetary exploration. For nanowires and nanomaterials
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in general, which are expected to form the basis of next-generation chemical
sensors, methods to evaluate and compare the different materials and morphologies
are crucial. Because integration of nanowires into micro- (and eventually nano-)
electronic devices is a challenge, methods like those described here may be used to
not only assess the performance, but also the reproducibility from device to device.
Another interesting comparison that builds off of these illustrative studies here
would consider the differences in performance between poly-crystalline nanowires
and single-crystal nanowires, which are expected to offer benefits for stability and
reproducibility. Recent studies have shown that self-heating, single nanowire
chemical sensors are also feasible [49]. Analysis approaches as described here may
be useful for appreciating the role of the self-heating in the performance of the
sensors, and in the differences between sensors of nominally similar construction
(i.e., device reproducibility).
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Chapter 15
Multisensor Micro-Arrays Based
on Metal Oxide Nanowires
for Electronic Nose Applications

Victor V. Sysoev, Evgheni Strelcov
and Andrei Kolmakov

Abstract During the last decade, quasi-1D metal oxide nanostructures were proven
to be a promising material platform to design new gas sensing elements. This chapter
surveys the recent developments of the analytical devices based on multisensor
arrays made of metal oxide nanowires. We briefly discuss the advantages and
challenges of electronic noses and the major milestones of their development. We
show that evolution of the nanowire based electronic noses follows the same trends:
from fabrication of the devices based on discrete nanowires to creation of integrated
systems made of nanowire mats and finally realization of a monolithic sensor array
made from a single nanowire. The parameters and performance of such analytical
systems is reviewed and fabrication protocols are discussed.

15.1 Introduction

The development of applied sciences and technologies is driven by the need for a
variety of devices, which can be substituted for or used to enhance mammalian
capabilities. Currently, excellently performing electronic analogs for nearly all
basic human sense organs except for olfaction have become available. One of the
reasons for this shortage was that until recently deep understanding of mammalian
olfaction principles was lacking (see the 2004 Nobel Prize work by Axel and Buck
in ref [1]. and references therein). From a technological perspective, most of the
effort in gas analysis has been dedicated to the design of analytical instruments
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capable to sensitively detect and evaluate the molecular content of complex odors.
In spite of the sensitivity and precision, these instruments are rather costly, too
narrow in their functionality, and in many cases, are out-performed by the
mammalian nose, under complex gaseous environments (stimuli). Driven by
environmental and automotive needs in the mid-twentieth century, a variety of
relatively simple and inexpensive gas sensors have been developed which detect
the presence of one of the target gases and convert this information into electrical
or optical signals. Compared to common analytical devices such as mass spec-
trometers or chromatographs, a major drawback of these devices was their poor
selectivity. Despite the multiple attempts to enhance the selectivity of such sensors
via fine tuning the sensor chemical composition and/or its functionalization there
is not so far, a universal solution to discriminate analytes in complex gas mixtures
relying solely on the development of gas-specific materials.

Alternatively, by mimicking the operating principles of the mammalian
olfactory system, one may not need very selective sensing elements [2, 3]. As we
now know, the mammalian (as well as insectival) olfactory system is based on an
ensemble of a few hundred receptor types, each of which is not particularly
selective but responds a bit differently to the specific analyte [4–6]. The ensemble
of these receptors generates an odor specific set of signals while the brain extracts
information about the specific gas (or their mixture) by processing the distribution
of receptor signals over the receptor array [7, 8]. Following this analogy [9], the
first-generation ‘‘electronic nose’’ devices appeared in the mid-1980s, which
consisted of an array of not very selective separate gas sensors whose signals were
processed using pattern recognition algorithms. To enhance the diversity in the
sensor signals, the individual sensing elements were made of different materials
and/or based on dissimilar operation principles [10–13] (Fig. 15.1).

Fig. 15.1 Two of the first instrumental versions of e-nose systems based on sensor arrays
designed: by K. Persaud (left); and Argonne National Laboratory team (right picture); from left to
right are: Dr. S. Zaromb, Mel Findlay, Dr. W. R. Penrose and Dr. J. R. Stetter (*1982); Adapted
from the ‘‘Electrochemical Science and Technology Information Resource’’ (ESTIR) http://
electrochem.cwru.edu/estir http://electrochem.cwru.edu/encycl/art-n01-nose.htm

466 V. V. Sysoev et al.

http://electrochem.cwru.edu/estir
http://electrochem.cwru.edu/estir
http://electrochem.cwru.edu/encycl/art-n01-nose.htm


It is worth noting that the appearance of the ‘‘electronic nose’’ concept stim-
ulated the development of different kinds of gas sensors. According to data from
the ISI Web of Knowledge, the fraction of academic publications having ‘‘gas
sensor’’ as a keyword was approx. 5 % of the total number of publications with
‘‘sensor’’ as a keyword (Fig. 15.2a). Since 1992 this fraction has increased twofold
and currently fluctuates around 10 7 14 %.

The number of ‘‘e-nose’’ publications is increasing and now-a-days about 300
papers are published annually on this issue (Fig 15.2b). However, despite a suc-
cessful demonstration in gas recognition, first-generation electronic nose devices
have been found to have apparent limitations: (1) the cost of the serial device was
quite high and comparable to that of other conventional analytical instruments;
(2) signals of different type from different sensors required complicated electrical
or optical interfaces; (3) arrangement of individual sensor units and signal pro-
cessing circuit boards led to large dimensions and masses of the devices;
(4) sensors of different type have individual drift characteristics which requires
frequent and time consuming re-calibration of the instrument. All these reasons
hampered the development of the e-nose market, which called for a search of
alternative methods of multisensor array technology.

A technological breakthrough took place with the advances of CMOS tech-
nology and with the development of miniature field effect transistors (i.e. Chem-
FETs) as gas sensing elements, in particular in the beginning of the 1990s. The
integration of the ChemFET sensor array on a single wafer manifested the
appearance of second generation of e-noses [14]. Since then a significant body of
published papers have been dedicated to the fabrication and testing of different
kinds of sensor arrays mounted on a single chip (see, for instance, Ref. [15–17]).
One of the major advantages of the single-chip sensor arrays is that their pro-
duction cost is comparable to that of single sensors.

Fig. 15.2 Statistical data of the ISI web of knowledge database (http://www.isiknowledge.com)
on the number of publications indexing with, a ‘‘gas sensor’’ keyword; the right y axis indicate
the ratio of number of publications with ‘‘gas sensor’’ keyword to that with ‘‘sensor’’ as a
keyword; b « electronic nose and gas sensor array » keywords

15 Multisensor Micro-Arrays Based on Metal Oxide 467

http://www.isiknowledge.com


The common requirements for the assembly of multisensor arrays are the fol-
lowing [18]: (1) the transduction of the sensor’s signal must be carried out with the
minimal expenditure of time and energy; (2) sensor’s signal must be reversible and
reproducible; (3) sensor’s signal should have low drift; (4) sensors have to be
sensitive to a wide range of analytes and their concentrations; (5) the manufac-
turing protocols of the sensing elements have to be compatible with those of the
other electrical components; (6) the geometry sizes of the sensors must be small
enough so as to allow their assemblage (often of high densities) in quite small
chips; (7) sensors must tolerate many toxic environments; (8) it is desirable to have
linear sensor signal, or one that could be simply linearized using known mathe-
matical methods. The number of sensors in the array is chosen considering the
specific application, possibility and means of the signal processing as well as the
possible cost of such an array [18].

Currently, the development of multisensor arrays proceeds along two main
directions. The first one is the fabrication of so-called high-order devices, which
are based on the assembly of dissimilar sensors on a single chip using micro-
electronics technology [19]. These devices are probing the different (orthogonal)
but complementing features of the analyte. A typical example of such hybrid
multisensor micro-array is represented in a work of Balte’s group [16, 20–22]
(Fig. 15.3). The developed micro-array consists of microsensors of capacitive,
mass-sensitive and calorimetric type fabricated on a single chip. This approach
undoubtedly offers a high discrimination power and has reduced the mass and
array dimensions, and, to some extent, the cost of the final instrument, however, it
has not yet eliminated the physico-chemical complexity of sensors and their
related limitations as described earlier.

Fig. 15.3 A micrograph of a hybrid multisensor chip (7 9 7 mm2) consisting of several sensors
of different types. Reprinted with permission from [22] � Elsevier
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The second direction constitutes the development of so-called first-order
multisensor arrays made of similar sensors assembled on a single platform. In this
case, sensors produce the same kind of signal (i.e. resistance or color change),
whereas the gaining of the discrimination power is achieved via variation of prop-
erties and/or operating conditions along the sensor array. Being much simpler
compared to higher-order devices, these inexpensive sensors have a better cost-
effectiveness ratio for specific applications where the amount of possible analytes is
known in advance. As a result, many laboratories are currently developing first-order
multisensor arrays, where the sensing elements rely on the same receptor-trans-
duction principle [23, 24]. A few representative examples of such systems are briefly
described below.

An interesting multisensor array was proposed by Lundstrom and colleagues
[14]. In this study a large working area ChemFET with variable composition and
catalytic gate thickness, combined with a temperature gradient along its length was
used as a 2D sensing element (Fig. 15.4) [25]. The scanning light beam was
employed to generate a photo capacitive current whose local value depends on the
local gate potential and gas environment. By stabilizing the photo capacitive current
through adjustment of the gate potential a 2D topographic map of the surface
potential distribution can be generated. The chemical image of the particular analyte
can be obtained through the comparison of the surface potential distribution in a
reference atmosphere (e.g. air) and in the presence of the target gas.

Fig. 15.4 Generation scheme of a ‘‘chemical image’’ via reading a gate potential of a gas-
sensitive transistor. The substrate size is 4 9 6 mm2. Inset: dependence of photocurrent on
applied bias and the I–V curve shift in the presence of gas (adapted from [14])
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Another optical multisensor arrays based on optical fibers were proposed by the
Walt group [26–28]. To collect the multisensor signal, the authors employed bundles
of optical fibers with terminal parts covered with fluorescent polymeric dyes
(Fig. 15.5). Upon interaction with many gases these polymers change their structure
that leads to shifts in the wavelength of emitted light. Prior to deposition of polymeric
microspheres, the terminal part of the optical fiber is chemically etched until micro-
cellular structure with pore depth of several microns appears [29, 30]. This multis-
ensor array resembles mammalian olfactory system as it comprises of a multitude of
identical sensors, yet of several different types. Modulation of intensity and wave-
length of the emitted light in the presence of analytes acts as sensor signal. Currently,
this product is being commercialized [31].

An alternative approach of optical reading from the gas responsive multisensor
array was proposed by Suslick group employing metal-porphyrin dyes as gas
sensing elements [32–34]. These substances change their colors upon exposure to
reactive gases. Chelating different metal ions with porphyrin it is possible to
change response (color or peak of optical spectrum intensity) to the analyte. Dyes
with coordinated ions such as Sn4+, Co3+, Cr3+, Mn3+, Fe3+, Co2+, Cu2+, Ru2+,
Zn2+, Ag+ are deposited from their solution onto substrate in a form of pixel matrix
with subsequent vacuum drying. As a result, a colorimetric multisensor array was
designed where every pixel color could alter under the influence of gas ambient.
Subsequent processing of the matrix of the colorimetric signals is carried out using
a scanner read-out system: the color gamut is recorded both before and after
exposure to gas. Thus, it is possible to construct a map of color differences, which
is later digitized using optical signal processing techniques. Notably, humidity

Fig. 15.5 Fabrication scheme of the matrix of the gas-sensitive fluorescent polymer micro-
spheres at the end of an optical waveguide. Insets: micrographs of the ‘‘honeycomb’’ structure of
the butt-end surface of the waveguide before and after application of polymeric microspheres
Reprinted with permission from [26, 28] � American Chemical Society
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level does not affect the performance of the colorimetric matrix. The significant
difference between the gas sensing properties of the dyes is stipulated by chemical
interactions and allows one discriminating between chemically related gases at low
(ppm) concentrations level.

Among the most successful multisensor arrays based on piezoelectric SAW-
resonators the prototypes developed by Wohltjen group [35] and by Rapp et al.
[36, 37] could be noted. An example of such a device is shown in the Fig. 15.6.

The individual SAW-resonators of the multisensor array are coated with
polymers of selected composition and thickness. Exposure of such an array to test
gases leads to the sorption of the analyte at the active polymer coating, which
modulates the propagation parameters of the acoustic wave, frequency and
amplitude. The shift of the resonant frequency can be sensitively measured. The
sensitivity at the level of tens of ppm has been demonstrated, which is acceptable
for many applications.

Significantly more sensitive multisensor array based on micro-cantilevers
has been demonstrated by IBM lab [38, 39] (Fig. 15.7). Cantilever mechanical
oscillations (or deflections from initial position) can be read out from the individual
cantilever with independent lasers. The cantilever’s surfaces are coated by a thin
layer of gold topped with a homogeneous layer of sensing polymers of different
type. Notable advantages of the cantilever-based multisensor arrays include:

Fig. 15.6 Multisensor array based on SAW resonators: a photograph; b general scheme of the
device; size is 60 9 46 9 17 mm3. Reprinted with permission from [35] � Elsevier

Fig. 15.7 Left SEM image of the micro-cantilever array, each sensor is of 500 9 100 9 1 lm
size; right cantilever tips coated with different materials Reprinted with permission from [37] �
Elsevier
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(1) ability to work not only in gaseous but also in a liquid environment1; (2) ability
to operate without external heater, at least, in case of sensing polymer coatings
usage. The second feature allows one to analyze gas interaction with chemi-sen-
sitive proteins [39, 40].

In spite of significant progress in optical and electromechanical e-nose systems,
the multisensor arrays based on chemi-resistors are still popular due to their
simplicity and cost effectiveness. In 1995, Lewis group has proposed carbon black
filled polymer matrices as gas sensitive media for chemi-resistive arrays [41, 42]
(Fig. 15.8). Precursor solutions were deposited onto interdigitated electrodes of the
individual sensor of the array and got polymerized. All the sensors were mounted
at a single bus, and their resistance could be read sequentially as a function of the
gas exposure. The later modifications of this approach included the deposition of
the compound layer onto the micro-fabricated electrode arrays [43, 44]. The
simplicity and reliability of such multisensor array designed of carbon-polymer
gas swellable composite combined with its good sensitivity [45] encouraged
NASA to use them for air quality monitoring on board of the spacecraft.

Another single-chip multisensor array employing chemi-resistive metal oxide
layers deposited over micro-hotplate platforms has been proposed by Semancik
and colleagues at NIST [46–48]. This array is assembled of micro-sensor elements
of ca. 100 9 100 lm2 in size (Fig. 15.9a) each of which has individual heating
element.

The architecture of the individual micro-hotplate-based sensing element
is shown in the Fig. 15.9b. The heater, which also serves as a thermistor, is

Fig. 15.8 The multisensor
array of carbon-polymer
chemi-resistors: the original
design of the individual
sensor (top, adapted from
[41]); sensor array used in
JPL E-nose device (bottom,
adapted from [40])

1 in other words, to generate ‘‘electronic tongue’’ or biosensor matrices signal.
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insulated with a silica coating on both sides. The resistance of the metal oxide
sensing layer is measured with the help of four electrodes. The range of the
operating temperatures which can be achieved within 2–5 ms is 20–1,000 �C.
Notably, the power consumption of the device was only about 30 mW under
conventional operating conditions. The important advantage of this chip is that the
temperature of each sensor element in the array is individually controlled.
Moreover, the individual sensing elements of the array may contain catalytic
additives. All these advantages allow one, on one hand, achieving higher gas-
recognition capability of the e-nose instrument, and, on the other hand, decreasing
the cost of the chip fabrication down to that of hybrid chips.

One of the simplest and yet nicely performing multisensor arrays (based on
chemi-resistive oxide) was proposed by Goschnick group [49, 50]. The device is
known as KAMINA (Karlsruhe Micro NAse). The KAMINA chip is fabricated by
deposition of monolithic gas-sensing film over (or under) a set of strip-like
coplanar electrodes. Each segment of the film between pair of electrodes repre-
sents an individual sensing element of the array. A variation in sensing properties
of the segments is achieved by application of temperature gradient across the array
or by employing a gas-permeable coating of different thickness a top of the film.
Thus thin oxide film that could have operated as one sensor works as a whole
multi-sensor array. The sensor segment resistances are measured by a standard
multiplexer circuitry. The reading out the resistances of the whole array might be
performed at 1 Hz rate that gives an option to sample the odor evolution in a real
time. The advantages of the chip are its simplicity and low manufacture cost.

An alternative to the acquisition of vector signals (of the same nature) from
several sensors might be the monitoring of a set of different parameters2 of the
same sensor material [51–53]. Such structures are sometimes called as ‘‘smart’’
ones [54]. The segmentation of this single sensor is not physical or spatial, as in

2 for instance, resistance, capacitance and potential.

Fig. 15.9 a Multisensor array assembled of 48 chemiresistive metal oxide thin film elements
deposited over microhotplates; b the structure of a microhotplate sensing element. Reprinted with
permission from [46–48] � Elsevier

15 Multisensor Micro-Arrays Based on Metal Oxide 473



the case of KAMINA device, but rather parametrical or informational. It is the
information acquired from the sensor that is split up into orthogonal segments, not
the sensor itself. An example of this kind of system which, in addition can be read
remotely, was developed by Potyrailo group [55]. The device is a 13.56 MHz
RFID tag coated by a gas-sensitive film, for example, polyaniline (Fig. 15.10).
Upon exposure to analyte the film changes its resistance and a capacitance what
results in modulation of the tag impedance. Readout of the impedance is carried
out remotely and the sensor itself requires no power unit being a completely
passive device operable at room temperature. The gas recognition is performed via
the multi-variance analysis of four impedance parameters: the maximum frequency
and magnitude of the impedance real part, and resonant and anti-resonant fre-
quencies of the imaginary parts. These four parameters being orthogonal serve as
four sensor signals which generate a selective vector signal to gases.

Nearly all of the described designs of integral multisensor chips have been
commercialized under such brands as: Vapor Lab (Micro-sensors Systems, USA)
based on SAW sensors, Cyranose (Cyrano Sciences, USA) and JPL Enose (NASA,
USA) based on conductive polymer chemi-resistive sensors, Sam Detect (Daimler
Chrysler Aerospace, USA-Germany) based on SAW sensors, i-PEN (WMA Air-
sense Analysentechnik, Germany) and KAMINA/ArtiNose (Karlsruhe Institute of
Technology/SYSCA, Germany) based on semiconducting oxide chemi-resistors
[13, 44, 56–59]. More details could be found in recent comprehensive reviews in
the field (see, for instance Ref. [59]).

In parallel to the progress in the device architecture, new material platforms
employable in e-noses have also been recently developed. The major goal of the
materials science applied towards the development of active sensor elements for such
multisensor arrays is the search for sensitive materials with reproducible and stable
gas sensing properties, which could be controllably modified (for example via
doping) to gain the required diversity in selectivity. Since the interaction between
analyte and sensor material takes place at the surface of the sensing element, the use
of nanostructures and nanostructured materials, which inherently possess a high

Fig. 15.10 a The scheme of the RFID tag sensor made of gas-sensing film characterized by resistance
RF and capacitance CF; b the frequency spectra of real and imaginary parts of the film impedance
Z indicating four parameters utilized to selectively identify the gases being in contact with the film.
Inset: photo of the RFID sensor. Reprinted with permission from [51] � John Wiley & sons
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surface-to-volume ratio was inevitable. The rational selection and/or tuning of
chemical composition of sensing materials are often done via a combinatorial
approach, common in analytical chemistry, biotechnology and pharmaceutical
industry [60]. The multitude of chemically related materials with sequentially tuned
parameters responsible for sensing are called ‘‘combinatorial libraries’’ [61]. These
sets of materials with known sensitivities and selectivity toward target gases are often
used as sensing elements within sensing arrays. The progress also took place in the
fabrication technology of the sensing elements. In conventional microelectronics the
active elements of gas sensors are produced by ‘‘top-down’’ methods such as sput-
tering, deposition, lithography, etching etc. When the characteristic dimensions of
the sensing elements are on the order of microns, these technologies provide suffi-
cient control over functional properties of the fabricated devices. However, thin film
technology experiences challenges when reduction of the sensing elements to sub-
micron range is required because the size of the sensing element in the latter case
becomes comparable to the dimensions of individual grains in the sensing layer.
Therefore, the ‘‘bottom-up’’ approaches developed by nanotechnologies find a broad
interest in the development of sensor arrays.

There have been many reports during the last decade on bottom up fabrication
of new morphologies such as micro-nanospheres [62, 63], nanowalls [64, 65] and
nanowires [66–78] whose dimensions (at least, along one axis) are in the nano-
meter scale range. It is clear that these structures have a large potential to develop
a new generation of gas (nano) sensors and multisensor arrays [72–74, 76]. Among
the aforementioned nanostructures quasi-one-dimensional semiconducting metal
oxide nanowires (nanorods, nanobelts, nanobeams etc.) which combine small
transverse dimensions (in nanometer or submicron range) and macroscopically
large lengths (up to few millimeters) are particularly attractive as chemi-resistors.
The width of the adsorbate modulated depletion region (DR) in these nanostruc-
tures is comparable or exceeds the nanowire radii which results in an effective
transduction of the gas species interaction with the oxide surface (adsorption and/
or catalytic oxidation) into a measurable conductance change. The relatively large
longitudinal dimensions of the nanowires allow one to confidently manipulate it
and apply conventional micro fabrication techniques for contacting and func-
tionalization of the sensing element. As a result, they are considered as promising
structures for development of novel multisensor arrays with advanced character-
istics for applications in electronic noses [24, 72].

15.2 Discrete Multisensor Micro-Arrays Made of Separate
Nanowires

Until recently, few reports have been published on nanowire-based electronic
noses. The first of these [24] appeared in 2006 and described a rudimentary e-nose
made of three separate nanowires made of different metal oxides, analogous to the
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first-generation electronic noses based on separate gas sensors. In this design,
SnO2 and TiO2 nanowires were deposited on a 5 9 5 mm2 Si/SiO2 substrate in
several different places (areas A, B and C Fig. 15.11). Subsequently a set of Ti/Au
electrodes (40/300 nm thick) was deposited through a shadow mask on top of the
nanowires (Fig. 15.11). After the electrode deposition, the surface of selected
nanowires was functionalized, in situ, with Ni nanoparticles using metal thermal
evaporation through a 100 lm orifice placed above the nanowire of interest
[79, 80]. Nanowire functionalization was controlled via monitoring its conduc-
tance (Fig. 15.12a) to ensure the absence of percolating conductivity between the
catalytic nanoparticles. The nanowire conductance significantly decreased in the
presence of these surface nickel clusters (Fig. 15.34b). The latter was explained in
terms of the formation of p-NiO/n-SnO2 heterojunctions on the Ni/oxide interface
that leads to a localized depletion of nanowire free carriers3.

Figure 15.13 shows SEM images of three metal oxide nanowires: SnO2, SnO2/
Ni and TiO2 contacted by metal pads. The nanostructures had different mor-
phologies which along with the compositional difference, contributed to the gas-
sensing selectivity of the fabricated device.

To get a deeper insight into the operation principles of the nanowire based
e-nose shown in Fig. 15.13, the electrical characterization of the nanostructures
was carried out at an operating temperature of 350 �C in model environments:
(1) in vacuum; (2) under exposure to pure oxygen at 1.3 9 10-2 Pa; 3) under
addition of controlled amounts of H2 and CO in the oxygen background. Exposure
of nanowires to oxygen led to a resistance increase which was in accordance with
their n-type conductivity nature. The subsequent addition of hydrogen to the
oxygen background resulted in a reproducible increase in conductance in all of
the nanowires (Fig. 15.14). A similar response was also observed upon nanowire

Fig. 15.11 Device fabrication: deposition of contact electrodes onto substrate with pre-deposited
nanowires of different oxides (areas A, B, C). Inter-electrode distance is 12 lm

3 The influence of surface Ni doping is discussed later in the text.
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exposure to CO. Assuming coaxial ‘‘core-shell’’ geometry4 of the conducting
channel in the nanowire the changes in the conductance are due to an adsorbate
induced ‘‘shrinking’’ or enlargement of the conducting channel cross-section.
The observed differences in gas sensitivities of the nanowires were primarily due

4 The conducting channel forms a ‘‘core’’ while the near-surface DR represents a ‘‘shell’’ in the
nanostructure.

Fig. 15.12 SnO2 nanowire functionalization: a Ni deposition through an aperture (adapted from
[73]); b SnO2 nanowire I–V curves prior and after Ni deposition, T = 250 �C. Inset in b: scheme
of nanowire depletion by free carriers because of Ni cluster presence

Fig. 15.13 SEM image of the studied substrate carrying few nanowires; inset shows a scheme of
electrical measurements of nanowires with metal pads via press-on microprobes
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to the different efficiency of the increase/decrease of the depletion region (DR)
width during the redox reaction at the nanowire surface. To visualize the gas
selectivity, the normalized sensor signals obtained from the three nanowire sensor
elements were plotted on a radar chart as shown in Fig. 15.14b.

As can be seen, two different combustible gases can be readily distinguished.
Through a choice selection of array elements, it is likely that a finite increase in the
number of nanostructures within the multisensor array would lead to enhanced
selectivity characteristics.

Several other subsequent reports have elaborated and extended the aforemen-
tioned approach. In 2007 a multisensor array constructed of aligned Si nanowires
was reported [81]. The nanowire ensembles were prepared by super lattice
nanowire pattern transfer (SNAP) technique to form well-aligned arrays consisted
of 400 18 nm-wide nanowires with a high aspect ratio (Fig. 15.15). Multiple Ti
electrodes deposited over the nanowires sectioned the whole array into individual
sensor devices. The last ones were also equipped with a gate electrode that allowed
their use as a ChemFET device.

The fabricated sensors showed excellent sensitivity to NO2 diluted in nitrogen.
The reported detection limit to this gas was 20 ppb. Such a good performance was
attributed to the fact that free carriers in these Si nanowires mostly reside in the
near surface region which is strongly influenced by adsorbates. For e-nose
applications, the nanowire surfaces were additionally functionalized with alde-
hyde-, amino- and alkane-silanes in order to achieve a diversity of sensors required
to generate a more selective vector response. The resulting e-nose micro-array was
shown to exhibit discrimination ability towards acetone and hexane vapors, of
1,000 ppm concentration.

Fig. 15.14 a Response of chemiresistive oxide nanowires to three sequential pulses of hydrogen
at partial pressure of 6.4 9 10-2 Pa. The reference conductivity of nanowires is measured at a
constant oxygen pressure of 1.3 9 10-2 Pa; b Response of array of the three oxide nanowires to
H2 and CO. The magnitude of each of responses is normalized to the maximum value. Reprinted
with permission from [24] � American Chemical Society
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The Zhou group [82, 83] has combined micro-hotplate technology with metal
oxide nanowires and carbon nanotubes as sensing elements (Fig. 15.16). The
advantages of this multisensor chip are small dimensions, 10 9 10 mm2, and low
power consumption, 60 mW5, as well as the ensured possibility of independent
and precise temperature control of each of the sensor elements.

Again, the chemical, morphological and thermal differences between the gas
sensing elements (nanowires) resulted in the selectivity of chip response to gases.
It was shown that such a device was able to discriminate between NO2, hydrogen
and ethanol vapors in air (Fig. 15.17).

Another approach reported recently by the Moskovits group [84] utilized an
array of individual SnO2 nanowire sensors fabricated on the same chip, with some
of the nanowires decorated with Pd or Ag clusters. In addition to functionalization
with catalytically active clusters, a temperature gradient was applied to increase
the recognition power of the sensor array (Fig. 15.18a). To test its gas-sensing
properties three reducing gases: carbon monoxide, hydrogen and ethylene were
utilized in exposure experiments.

By processing the acquired gas-sensing data with linear discriminant analysis
(LDA) [85–88] the authors demonstrated abilities of this array to discriminate the
three gases of interest (Fig. 15.18b).

Thus, to-date several groups have successfully fabricated and tested e-noses
using quasi-1D nanostructures. Following the notation used in the film-based
e-noses, the nanowire-based prototypes correspond to first generation devices

Fig. 15.15 a SEM image of Si nanowire array fabricated by SNAP process; b scheme of one
FET segment and gas-sensing device fabricated from the Si nanowire array; c response
magnitudes of four sensors to acetone (purple) and hexane (grey) vapors. The nanowires were
functionalized with aldehyde- amino- and alkane-silanes. Reprinted with permission from [74]
� Nature Publishing Group

5 which are close to the parameters of the chip designed by Semancik group.
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Fig. 15.16 a A cut-away diagram of a micromachined hotplate element b an array of four
hotplates sensors constituting an e-nose chip. Zoomed-up areas show SEM images of indium,
zinc and tin oxide nanowires, as well as single-walled carbon nanotube used as gas-sensing
elements. Reprinted with permission from [75, 76] � American Institute of Physics and Institute
of Physics Publishing

Fig. 15.17 Principle component analysis score and loading plots for gas-sensing data of all four
sensors—metal oxide nanowires and carbon nanotubes to different concentrations of NO2,
hydrogen and ethanol at 25 and 200 �C. Reprinted with permission from [76] � Institute of
Physics Publishing
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whose sensor array is formed out of separate sensing elements. Promising as they
are, these designs still face the same challenges as traditional film-based electronic
noses and in particular: complexity, costs in fabrication and functionalization.

15.3 Integrated Multisensor Micro-arrays Based
on SnO2 Nanowire Mats

To resolve the aforementioned challenges one can follow a trend similar to that
taken for the fabrication of thin film based e-noses. Namely, instead of using
separate sensing elements one can use a film of nanowires and introduce spatial or
temporal variations of physico-chemical properties along the nanowire film to
induce specificity in the sensor segments. Hereafter, the properties of such mult-
isensor arrays fabricated on the basis of nanowire mats are discussed.

15.3.1 Fabrication and Gas-Sensing Properties
of SnO2 Nanowire Mats

Multisensor micro-arrays based on metal oxide nanowire monolayer (mats)
were fabricated using SiO2/Si/SiO2 substrates equipped with co-planar multiple
electrodes on the front side and with four meander-shaped heaters on the back
side [89].

The fabrication of the nanowire multisensor chip was performed in two ways
(Fig. 15.19): (1) the deposition of multiple Pt/Ti electrodes, thermo-resistors and

Fig. 15.18 The sensor array comprised of individual SnO2 nanowires, pristine and decorated
with Ag and Pd clusters, a the image of the array; the temperature gradient is applied
perpendicular to the ‘‘functionalization axis’’, b results of the LDA processing the array signals
yielding a confident discrimination between ethylene, carbon monoxide and hydrogen. Reprinted
with permission from [77] � American Chemical Society
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heaters, of 1 lm thick/100 lm width, through a shadow mask by sputtering over
Si/SiO2 substrate followed by placement of the nanowire mats atop the micro-
electrode array via mechanical pressing (Fig. 15.19a); (2) the placing of oxide
nanowire mats by mechanical pressing against the bare SiO2/Si/SiO2 wafer fol-
lowed by subsequent sputter deposition of the microelectrode array over the
nanowire layer (Fig. 15.19b). The number of electrodes in the micro-array was
chosen to be equal to 39 to subdivide the whole nanowire mat into 38 sensor
segments. This chip design is compatible with KAMINA e-nose electronics to
simplify reading and processing of the sensor signals (resistances).

Following the nanowire layer deposition, the multielectrode substrates were
wire bonded to 50-pin ceramic carriers (Siegert, Germany) via ultrasonic bonding
with Au wires. The photographs of the chip mounted within the KAMINA device
are shown in Fig. 15.19c, d, e.

In the course of preliminary studies, there was found that enhanced gas-sensing
properties could be obtained with nanowire mats of low density, where the indi-
vidual nanowires form a percolating network between adjacent electrodes. The
density of percolating chains, their length and number of joints (nodes) determined
the resistance of the individual sensor segment between the electrodes. Segments
with higher nanowire density possess, as a rule, lower resistance, whereas those of
low density, close to percolation threshold, have a higher resistance (Fig. 15.20).

By tuning the density of the nanowire network either purposefully or sto-
chastically, one can vary the resistance of the sensor segments along the array
(Fig. 15.21).

In order to investigate the discrimination ability of the multisensor chips, their
responses to analytes have been studied in two temperature regimes: (1) quasi-
homogeneous temperature distribution (isothermal) at 300 ± 10 �C; (2) upon

Fig. 15.19 Fabrication of the multisensor chip based on the oxide nanowire mats. a deposition of
nanowires atop co-planar parallel electrodes, b deposition of the electrode arrays atop nanowire
mats. The RAMINA device equipped with a 50-pin ceramic multisensor chip used in this study,
c general view, d ceramic chip, e ceramic chip enclosed in the metallic chamber equipped with
gas lines
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application of a thermal gradient in the range 250 7 320 �C along the substrate
chip. The typical responses of the sensor array to trace amounts of CO in air are
shown in the Fig. 15.22b. The obtained detection limits to CO were comparable to
or even exceeded the data reported previously for pristine SnO2 sensors [90, 91].
Defining the lower detectable limit of sensor signal as threefold excess of the noise
magnitude, one can conclude that nanowire mats are capable to detect CO in air at
the level of 150–200 ppb.

The response time of the nanowire mat sensor, determined by analysis of the
initial slope of the resistance change, was about 30 s (Fig. 15.23) and was mainly
determined by the time constant of the gas delivery system rather than the sensor
itself. Such response characteristics meet the requirements of most applications.

The contribution of the morphology of nanowire mats to the mechanism of
signal transduction is essential. From a fundamental knowledge, however, these
effects are also not well studied. The charge transport along the chains of nano-
wires has a percolation nature where the conductivity between two adjacent
electrodes depends on the presence of conduction ‘‘tracks’’ through the contacting
single-crystal nanowires (Fig. 15.24). The electron transport through such a
percolation chain has to be studied by numerical methods [92]. However, some
basic features characterizing the gas sensitivity of such mats can be explained

Fig. 15.20 Microphotographs of SnO2 nanowires deposited onto SiO2/Si/SiO2 substrate of the
multisensor chip between two Pt electrodes: a a strip of the surface of sensor segment 120 9 85
lm2 (SEM image) Reprinted with permission from [82] � American Chemical Society; b a patch
of the segment surface, 5 9 5 lm2, showing crossing nanowires (AFM image)

Fig. 15.21 Examples of sensor segments of different oxide nanowire mats density (optical
images, yellow strips are gold electrodes)
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qualitatively with the help of the nanowire depletion model (diagram of
Fig. 15.24). We can assume that the following mechanisms determine the trans-
duction function of sensors based on nanowire mats: (1) adsorbate-induced change
in the height of the potential barrier DVS at the junction points (nodes) between
nanowires effectively modulates the overall electron transport. According to
theoretical models developed to calculate such a transport through the inter
granular contacts [93, 94], the current is governed by the depletion zones at the
contacts between nanowires. The direct visualization of the electrostatic action of
the contact ‘‘node’’ is demonstrated in Ref. [95].

(2) Effect of adsorbate on the electron transport along the straight sections of
n-type SnO2 nanowires during exposure to gases may be described in terms of the
coaxial model (Sect. 15.2), in which the central part of the semiconductor nano-
wire (‘‘semiconducting core’’) is surrounded by a DR (‘‘shell’’) of thickness
W. The steady state DR depends on the Debye length kD of SnO2 nanowire and the
equilibrium coverage of ionosorbed acceptor groups (O2-, O-, OH-) from the

Fig. 15.22 a the circuitry for resistance measurements along the sensing array; b the change of
the median resistance of multisensor chip based on SnO2 nanowire mats during exposure to traces
of CO in air (concentration: 0.5, 2, 5 ppm). A constant temperature, T * 300 �C is maintained
along the entire array Reprinted with permission from [82] � American Chemical Society

Fig. 15.23 Kinetics of
resistance change of the
‘‘median’’ segment of
multisensor chip upon
exposure to 500 ppb of
2-propanol in air. Reprinted
with permission from [82]
� American Chemical
Society
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atmosphere at the given temperature. The latter is modulated by combustible
analytes.

The relative contributions of these two mechanisms into the total chemiresistive
response of the nanowire mats depends on the diameter of the nanowire and
density of the junctions in the percolating path (Fig. 15.24, bottom). In general,
unless limited by other factors (i.e. gas permeability), thinner nanowires with
higher nanowire mat densities results in a larger number of nodes involved in the
charge transport and likewise a higher sensitivity of the sensor can be achieved
[96]. This conclusion has important implications for the gas recognition function
of multisensor micro-arrays as discussed later.

The differentiation of gas-sensitive properties of similar sensor segments in the
multisensor chips of electronic noses based on thin metal oxide films is achieved,
for example, by applying a thermal gradient along the substrate [88, 97].
Figure 15.25a presents a response of the nanowire chip sensor segments to the
vapors of 2-propanol obtained under a thermal gradient yielding a 250–330 �C
temperature variation over the chip substrate.

As can be seen, at these operating temperatures the sensor segments had a
significant and reproducible response to 500 ppb of 2-propanol in air. With
decreasing the operating temperature the response of sensor segments to the
analyte declines on average. Similar results were obtained for exposures towards
carbon monoxide and ethanol vapor.

The vector response of the multisensor chip based on nanowire mats heated
homogeneously and non-homogeneously was processed with LDA to estimate the
effect of a thermal gradient on the gas recognition ability (Fig. 15.25b). Note that
all the clusters of sensor signals corresponding to various test gases are

Fig. 15.24 Receptor and
transduction function of the
percolating oxide nanowire
network. The effect of a
reducing gas in an oxidising
atmosphere leads to a
decrease in the potential
barriers height at the contacts
between nanowires and an
increase in the cross-section
of conducting channels in the
nanowire bulk. Increasing the
density of nanowire mats
enhances the relative
contribution of the nodes
(junctions) with respect to the
straight parts of the
percolation paths Reprinted
with permission from [82]
� American Chemical
Society
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significantly separated from each other allowing their confident recognition. Two
important features of the LDA results have to be highlighted: (1) The cluster
separation of the nanowire mats operated under isothermal heating is already
sufficient to identify the tested gases reliably (central shaded region in
Fig. 15.25b). It implies that, different from homogeneous thin films, the use of
nanowire mats as sensitive elements in multielectrode micro-arrays does not
necessarily require a temperature gradient. This is due to the morphology of the
percolating layer of a nanowire mat, where the density of junctions and straight
parts of nanowires varies stochastically from segment to segment. These variations
in nanowire mat density between the electrodes ensures the specificity of the
response of every single gas sensing element; (2) Upon application of an additional
thermal gradient, the gas recognition power of the micro-array increases sub-
stantially in agreement with the previously reported results. The average
Mahalanobis distance between clusters of data corresponding to the four reducing
sample gases, increased more than twofold when compared to the one observed at
isothermal measurements. This allows identification of the gases to be made with
more confidence. It must be noted that even chemically similar alcohols, ethanol
and 2-propanol, were easily discriminated.

An important consequence of the high gas recognition ability of nanowire mat
based multisensor chips is their use for recognition of odors or complex gas
mixtures composed of a large number of components present at low concentra-
tions. Examples of such mixtures are the aromas of fruits, drinks and other con-
sumables. To evaluate the possibility for identification of food aromas by SnO2

nanowire mat based multisensor chips they were exposed to two classes of aromas:

Fig. 15.25 a Change in the normalized resistance of the multisensor chip segments based on
SnO2 nanowire mats when exposed to vapors of 2-propanol at various concentrations in mixture
with air. The temperature variation of 70 �C (250–320 �C) is applied across the chip. b LDA
processing of the sensor array vector signals (resistances) when exposed to ethanol, 2-propanol,
and CO mixed with air (range of concentrations is 2710 ppm). The classification spheres
correspond to the normal distribution of data at the level of significance of 0.9999. The micro-
array has been operated under homogeneous spatial heating to T = 300 �C (const T- clusters,
enclosed by the shadow ellipse) and with the T gradient application (grad T clusters). Reprinted
with permission from [82] � American Chemical Society
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(1) fresh fruits (apple, banana, melon), and (2) alcohol beverages (vodka, cognac,
red wine, champagne). The spirit samples were diluted with distilled water to
ensure a constant alcohol concentration of 12.5 %. Given that the composition of
all tested liquors included water distilled water samples were also tested in the
course of these studies. A thermal gradient 250–310 �C along the nanowire mat
was maintained over the chip substrate. As seen from LDA results (Fig. 15.26),
aromas of fruit are confidently discriminated while the data clusters corresponding
to the alcohol beverages are distanced quite close to each other. If, though, the
results are analyzed without taking into account the signals of air and water, the
flavors are essentially ‘‘split’’ (see inset in Fig. 15.26b).

Thus, the multisensor array e-nose based on percolating nanowire mats mani-
fested a high gas discrimination ability to not only chemically various compounds,
but also to complicated multi-component mixtures.

15.3.2 The Long-Term Stability of the Gas-Sensing Properties
of SnO2 Nanowire Mats

To minimize frequent repetition of the time consuming e-nose training process,
one of the key requirements of these sensor elements is their long-term stability.
The aging/stability studies on nanowire mats have been carried out in parallel with
similar measurements of thin films consisting of SnO2 nanoparticles [98].
The latter have been chosen because of their very high gas sensitivity observed in
preliminary studies [99].

SnO2 nanoparticles were synthesized from the vapor-gas phase by decompo-
sition of tin-containing organic precursor. They had the crystalline structure of
cassiterite with an average diameter of about 4 nm and specific surface area of
about 123 m2/g.

Fig. 15.26 The processing of response of SnO2 nanowire mats based multisensor chip with
LDA: a recognition of the fruit aroma; b recognition of alcoholic beverages; inset: results of
processing the multisensor response to the alcoholic beverages only excluding the signals to air
and water vapor. Sampling is 30 signals to each gas, the confidence level is 0.999
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Figure 15.27a shows that SnO2 nanoparticles deposited over the substrate form
a mesoporous layer with most of the nanoparticles assembled in agglomerates. At
the same time, the studied samples of the SnO2 nanowires form a monolayer mat
(Fig. 15.27b) with surface density of about q � 1� 10�3 lm�2. The comparative
gas sensing measurements were performed as follows.

Multisensor chips of both types (nanowires and nanoparticles) were exposed to
a constant flow of synthetic air for 46 days. Dry synthetic air was applied to them
during the first 25 days and in the next 21 days synthetic air was humidified to 50
rel. percent. 2-propanol vapors were added to the flow of synthetic air throughout
the entire 46 days in the concentration range of 0.5–50 ppm. The operating tem-
perature of multisensor chip was maintained to be quasi-homogeneous at the same
level of ca 300 �C. The results are summarized in Fig. 15.28 for all segments of
the multisensor chips based on nanowire mats and thin layer of nanoparticles of
SnO2.

Fig. 15.27 SEM images of the surface morphology of gas-sensitive SnO2 layers made of
nanoparticles (a) and nanowires (b) Reprinted with permission from [98] � Elsevier
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During the long-term operation at approx. 300 �C the response of SnO2

nanoparticles dropped down up to 2 orders of magnitude from its initial value
observed in the as-prepared samples. At the same time, the response of nanowire
mats to the same analyte has remained virtually unchanged. When synthetic air
was humidified up to 50 rel. percent, the response of the SnO2 nanoparticles
towards 2-propanol dropped nearly another order of magnitude and then stabilized
at 16 ± 5 % level of its initial value. This latter value became close to the
response magnitude of the nanowire based sensor.

Both layers exhibited an immediate decrease in resistance when exposed to
water, and later—a restoration of resistance to its previous value (Fig. 15.29a).
This seems to confirm that the adsorbed water molecules and hydroxyl groups
substitute the pre-adsorbed oxygen [100] while the total coverage of the adsorbates
is defined by the concentration of surface adsorption sites and Weisz restrictions
[101]. As a result, the resistance in air in over the long term, as noticed in
Fig. 15.28b, for both layers is almost independent of the presence of moisture.

Since the studied nanostructured layers were made of the same material, the
observed differences can be explained mainly by their difference in morphology.
The long-term exposure to vapors of 2-propanol at the operating temperature
around 300 �C caused, presumably, sintering of the nanoparticles, which led
to their aggregation and encapsulation into larger agglomerates [102, 103]
(Fig. 15.29, arrow A–B). The presence of water likely plays an important role in
these processes, which is proven on the one hand, by the experimentally observed
significant reduction in the response of nanoparticles to the gas when humidity
appeared in the air during the measurements on days 26 through 46 (Fig. 15.28a).
In addition to an increase in the effective diameter of the nanoparticles even
unsintered crystallites, which may be present within the agglomerates, are
excluded from gas exchange with the ambient and thus become insensitive to
analytes. The number of possible percolation paths [104] in the nanoparticle gas-
sensitive oxide layer also become significantly reduced with particle aggregation

Fig. 15.28 Long-term evolution of characteristics of gas-sensitive SnO2 layers made of
nanowires and nanoparticles: a response to 1 ppm of 2-propanol in air; b the resistance in clean
air. Open and shaded circles correspond to nanoparticles and nanowires, respectively. The error
bars shows the standard deviation values for all segments of the multisensor chip. Dotted curves
are drawn to indicate the trends. Reprinted with permission from [97] � Elsevier
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which leads to a decrease in gas sensitivity. Nanowire junctions can also become
fused during long term operation what can deteriorate the sensor performance.
However, different from nanoparticulate films, the amount of the conducting
channels and open morphology of the nanowire network remained preserved,
which results in better long term stability.

15.4 Monolithic Multisensor Micro-Nanoarrays Based
on Single SnO2 Meso-Nanowire: A New Generation
E-nose

Different from the nanoparticles, the individual single-crystal nanowires of metal
oxides have a microscopic length. Therefore, one can envision that micro pro-
cessing techniques used to functionalize the sensing segments in film based
multisensor arrays can be also applied to these nanostructures. This can be realized
via inducing local variations of internal and/or external parameters along the
length of the metal oxide nanowire, which would lead to variations of its local gas-
sensing properties. Such parameters could be (Fig. 15.30): (1) surface morphology
and thickness (transverse diameter) of the nanowire; (2) concentration of intrinsic
(oxygen vacancies) or impurity donors/acceptors; (3) concentration of surface
catalysts; (4) non-uniform heating along the nanowire. Using bottom-up meth-
odology, the modulation of some of these parameters (e.g. thickness, doping) can
be realized during the nanowire growth. After indexing of the nanowire with
multiple electrodes in correlation with its functionalization profile, such a single
nanowire can be considered as an array of sensor elements with diverse gas-
sensing characteristics of local segments.

Fig. 15.29 a Change of resistance of the ‘‘median’’ sensor segment of the multisensor chips
made of SnO2 nanoparticles and nanowire mats upon exposure to water vapors, 50 rel. percent in
synthetic air; b the diagram of electric transport mechanism in the studied nanostructures.
A–C line depicts the time evolution of nanostructures morphology: from freshly-made (A) to
after-long-operation (B) as well as band diagram at nanowire/nanoparticle junctions (C).
Reprinted with permission from [97] � Elsevier
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Since the parameters defining the gas discrimination ability in this case can be
encoded into the morphology of the sensing element, this approach represents a
new step in electronic nose development—an integration strategy which was not
possible in traditional film-based electronic nose designs. This ultimately simple to
a certain degree electronic nose can be considered as the first bottom-up engen-
dered analytical device. Below the fabrication, performance and application of this
kind of device are described.

15.4.1 Understanding the Gas Sensing Properties of the Single
Nanowire Multisensor Micro-Nanoarrays

The first multisensor micro-arrays based on an individual oxide nanowire were
developed using the KAMINA chip as a platform [105, 106] with an array of
coplanar electrodes, planar thermistors (on the front side) and an array of heaters
(on the back side of the chip); see Fig. 15.31.

To modulate the electrical properties of a nanowire along its length two
approaches were used: (1) synthesis of wedge-like nanowires (nanobelts), and
(2) deposition of metal catalyst (Pd) on some of the segments of the nanowire.
Given that the electrodes in the KAMINA design are separated by 70–80 lm and
the electrode width is approx. 100 lm, ultra-long (up to few mm) SnO2 nanobelts
were employed.

Figure 15.31 depicts the chip with a wedge-shaped SnO2 nanobelt. The length
of the nanostructure is about 2.5 mm, which allowed one to place 11 electrical
contacts and have 10 sensor segments.

The widest part of the nanowire, which is labelled as the first three segments,
was covered with non-percolating Pd patches of diameter less than 1 lm via
thermal evaporation through the shadow mask (see Sect. 15.2 for details). The
SnO2 nanobelt was placed over the Pt electrode array. To ensure good electrical
and mechanical contact of the nanobelt with the Pt electrodes they were addi-
tionally fused with Pt bridges using electron beam induced Pt deposition inside a
FIB SEM. Such electrical contacts appear to be ohmic, as verified via linearity of

Fig. 15.30 Examples of possible variations in internal and external parameters of the oxide
nanowire: a morphology, b thickness, c operating temperature, d surface or bulk doping
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I–V curves both in a vacuum (of residual pressure P * 3 9 10-4 Pa) and in
synthetic air flow, over a wide temperature range (from 25 to 150 �C).

Figure 15.32 shows the distribution of resistance and extracted electrical
parameters, the concentration of free carriers and the Debye length, along the
segments of meso-nanowire shown in Fig. 15.31. The tests were performed in a
vacuum (P * 3 9 10-4 Pa) and at an operating temperature of ca 150 �C.

As can be seen (Fig. 15.32), the resistance of the wedge-like nanobelts follows
the change in its morphology. However, Pd functionalization significantly distorts
the longitudinal electrical properties of the nanowire. Resistance of segments
#1–3, which bear clusters of Pd, is higher compared to pristine segments. The
latter presumably is due to depletion of electrons from the nanobelt by Pd, which
has higher work function as compared to SnO2. At the pristine segments the ratio
of Ld/H (here Ld and H are the calculated Debye length and the thickness of the
nanobelt correspondingly) varies from 0.05 to 0.1. The latter indicates that these
segments will be depleted (enriched) by free electrons differently upon adsorption
of the acceptor (donor)—like analytes and therefore will provide the required
recognition power of an e-nose.

Figure 15.33a presents a reconstruction of the depletion profile of this SnO2

nanobelt in air. As can be seen, by variations in the morphology and the intro-
duction of catalyst one can significantly modulate the magnitude of the conducting

Fig. 15.31 a 50-pin ceramic multisensor chip; b wedge-shaped SnO2 meso-nanowire that has
both c pristine surface regions and d circular micro patches with Pd catalyst

492 V. V. Sysoev et al.



channel and, therefore, differentiate the longitudinal electric (and gas-sensing)
properties of individual nanostructure.

The gas-sensing properties of the multisensor chip based on this model SnO2

nanobelt were tested at quasi-homogeneous operating temperature of about
150 �C. Figure 15.33b shows the results of LDA processing of segment responses
of the nanobelt when exposed to mixtures of four reducing gases with air. The
feature clusters corresponding to different gases are well separated, except for CO
and 2-propanol, whose clusters slightly overlap. Thus, it was proved that the
modulation of the morphology and local functionalization of the individual
nanostructure are sufficient factors to obtain reasonable recognition power utilizing
a single nanostructure e-nose even if the latter one has mesoscopic dimensions.

Fig. 15.32 Results of the study of electrical properties of individual SnO2 meso-nanowire,
segmented with electrodes, in a vacuum (P * 3 9 10-4 Pa): a the distribution of electrical
resistance and the effective donor concentration the by segments; b the calculated Debye length
and its relation to the transverse diameter of meso-nanowire segment. Working temperature
T = 150 �C

Fig. 15.33 a the profile of depletion at the SnO2 nanobelt by free carriers; Black and green
curves correspond to the local width and calculated Debye length in the nanobelt; gray region
shows the conduction channel available under exposure to air; b LDA processing of the response
of segmented SnO2 nanobelt to 4 reducing gases (hydrogen, 2-propanol, CO, acetone), the
concentration is 50 ppm. Signal sampling to each gas—60, confidence level—0.9
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15.4.2 Toward Large Scale Fabrication of Multisensor Micro-
Arrays Based on Individual SnO2 Nanostructures

The results presented in Sect. 15.4.1 show the possibility to differentiate the local
electrical and gas-sensing properties of an individual metal oxide nanowire and to
fabricate a multisensor micro-array. To benefit fully from the proposed approach
one has to develop a protocol for multisensor array fabrication which would be
compatible with common large scale production technologies.

We have tested the technological processes to fabricate the single nanowire
micro-arrays which consisted of the following steps: (1) deposition of meander
heaters at the backside of a 3 inch Si/SiO2 wafer, (2) placement of individual
nanowires over the front side of the wafer, (3) deposition of co-planar multi-
electrodes and thermoresistors over the wafer front side on top of nanowires
(Fig. 15.34). The overall technology route is nearly the same one employed to
fabricate thin-film multisensor micro-arrays [107] described in Sect. 15.4.1.

Wedge-shaped SnO2 nanobelts ca. 2 mm long, were used for device fabrication.
The temperature dependence of individual segments of the meso-nanobelts (and

meso-nanowires) exposed to reducing gases was studied using 2-propanol vapors
mixed with humidified (50 rel. percentage) synthetic air (Fig. 15.35a). The char-
acteristic features of the response were: (1) the presence of an optimal temperature
in the range where the sensitivity has a maximum; (2) for the segments with high
gas sensitivity, this maximum is shifted to lower temperature range (compare
segments #3 and #2 in the Fig. 15.35a). Since the pristine SnO2 nanowires have
their optimal performance temperature in the range of 250–300 �C one can assume
that sputtered Pt electrodes induce a catalytic process at the interface with nano-
wire. The unintentional doping of the nanostructures with Pt during electrode
deposition is well known and originates due to incomplete shadowing with the
mask and/or metal diffusion (Fig. 15.35b). Apparently, different segments of the
nanowire can have a dissimilar degree of doping which results in their different
sensing performance.

This assumption is supported by SEM inspections and EDX analysis.
Figure 15.36a shows a section of the nanowire segment in proximity to the
electrode. The surface of the nanowire is covered with Pt clusters, as can be seen
from EDX spectrum in the Fig. 15.36b.

This unintentional doping with metal catalyst is an effective way to differentiate
the gas-sensing properties of a single-crystal nanowire sensor array. Nevertheless,
it should be noted that the aforementioned doping is poorly controlled, and
therefore each multisensor array has to be calibrated individually. Further devel-
opment of controllable functionalization schemes for the sensor array segments is
required.

Figure 15.37 shows the results of LDA processing of the multisensor response of
such a segmented SnO2 nanowire to four reducing test gases mixed with synthetic air
at concentrations of 30 ppm measured at 250 �C (panel a) and 290 �C (panel b).
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Fig. 15.35 a The temperature dependence of the response (Rair/R) of the three segments (# 1–3)
of the nanowire to a mixture of 2-propanol with a humid (50 rel. %) air; the analyte concentration
is 10 ppm; b unintentional surface doping of the nanowire with Pt c during the electrode
deposition

Fig. 15.36 a SEM-image of the near electrode section of nanowire. b EDX spectrum of this area

Fig. 15.34 Large scale fabrication route of micro-nanoarray based on a single nanowire.
a deposition of heaters on the backside of the substrate; b deposition of nanowires on the front
side of the substrate; c deposition of microelectrode array atop of the nanowires
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In both cases the clusters corresponding to different analytes are confidently
discriminated. The average Mahalanobis distance observed when the segmented
nanowire is heated up to about 250 �C was about 19.3 units, while that at 290 �C
increases to 32.1 units. This increase is primarily due to the displacement of the
toluene data cluster. The obtained recognition of gases seems to mostly originate
from the aforementioned differences in catalytic action of the Pt nanoparticles
deposited near the electrode areas.

As noted earlier, one of the most challenging applications of e-nose devices is
for food analysis in the presence of a high concentration of the disturbing agent.
To test the performance of the single nanowire multisensor arrays the following
analytes were used: (1) mulled wine (10 % alc., « Georg Raum » , Germany),
(2) champagne (11.5 % alc., « Freixenet » , Spain), (3) Vermouth (15 %

Fig. 15.37 The results of LDA from the segmented SnO2 nanowire sensor array operating at
a 250 �C and b 290 �C. The analyte concentration in synthetic air was 30 ppm. Confidence level
is 0.99, sampling is 2 9 50 points. Vectors indicate the distance from the cluster centers to the
origin of the LDA coordinate system

Fig. 15.38 The results of LDA processing of response of the segmented SnO2 nanowire sensor
array to aroma of some beverages: a recognition analysis of different drink flavors, water vapor
and air; b recognition analysis of drink flavors only. Confidence level is 0.99; sampling is 50 9 2
points
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alc., « Chinzano » , Italy), (4) Cognac (40 % alc.,). The details of the study are given
in [105]. The disturbing agent in this case is the high concentration of alcohol and
water vapors. Figure 15.38 presents the results of LDA processing of the segmented
nanowire multisensor response to these aromas, which can be reliably distinguished
from those originating from pure air and water vapors.

It may be noted that the multisensor response to Cognac is most similar to that
of ethanol, which implies less influence of additives of aromatic substances in this
liquor, in contrast to vermouth, mulled wine and champagne. It is possible that the
concentration of aromatic substances (or their volatility) in Cognac is of minimal
as compared to that in other drinks of interest.

15.5 Conclusions

Quasi-1D nanostructures possess an advantageous and controllable correlation
between the Debye length and transverse dimensions, which allows development
of simple chemiresistive sensor elements of high sensitivity. Single-crystal quasi-
1D nanostructures, in particular, expose fewer stable facets to the ambient envi-
ronment and therefore are good candidates for applications where a high density of
elements, reproducibility and long-term stability are required. Utilization of metal
oxide nanowires for development of discrete multisensor arrays as part of first-
generation e-nose was demonstrated.

To comply with requirements of large scale production, the fabrication of the
integrated multisensor array based on a layer of percolating nanowires was pro-
posed. When compared to traditional metal oxide films the use of low-density
nanowire mats have the following advantages: (1) the surface of virtually all of the
nanowires in this layer is available for gas adsorption and its accessibility does not
change with decreasing nanowire diameter, which is opposite to what is observed
in the case of nanostructured films; (2) nanowire mats possess new transductions
mechanisms which can be controlled by nanowire diameters and their density;
(3) the comparative studies of the stability of the nanoparticulate film versus
nanowire mats revealed that the single-crystallinity of nanowire sensor elements
hampers their sintering, which minimizes the aging effects; (4) the variation of the
density of the nanowire mats represent a technologically simple but effective
approach for gaining diversity in sensing segments of the multisensor array.

Further integration of the sensing elements in multisensor arrays is possible via
segmenting individual SnO2 nanowires with a number of electrodes. The spatial
differentiation of the functional properties of the oxide nanowire can be achieved
via modulation of their morphology and doping along the length of the nano-
structure. The recognition of complex mixtures was demonstrated with this
monolithic multisensor array, which potentially paves the way for the bottom up
fabrication of ultrasmall analytical devices.
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Chapter 16
Microhotplates and Integration
with Metal-Oxide Nanomaterials

Emanuele Barborini

Abstract The current scenario of metal-oxide gas sensing shows, on one side,
highly innovative silicon-based platforms, as outcomes of microelectronic and mi-
cromachining manufacturing processes, while on the other side, several techniques
and methods for the synthesis of the metal-oxide active layers in the form of nano-
porous-nanostructured coatings. The high specific surface area of nanoporous
coatings improves the interaction with the atmosphere, while the nanostructure offers
characteristic surface-dependent electrical properties. Changes in these electrical
properties upon gas exposure and interfacial chemical reactions allow for the
development of novel, nano-enhanced gas sensors. The base element of innovative
micromachined platforms for gas sensing is the microhotplate. Although micro-
hotplates have the same functional parts of traditional devices (integrated heater,
electrodes for resistance readout), micromachining provides considerable
improvements. These include, for example, the 2–3 orders of magnitude reduction in
power consumption for heating: a feature that may disclose the possibility for remote
powering through batteries or photovoltaic cells. Moreover, microhotplates originate
from the manufacturing track of microelectronics, hence the concept of ‘‘system
integration’’ turns out straightforwardly. Within this perspective, the microhotplate
may be considered as just an individual component of a many-element sensing
platform, including for example, other transducers, or even on-board front-end
electronics. Integration concepts are also needed for optimizing the functionalization
of the microhotplate with the metal-oxide nanostructured sensing layer, whose batch
deposition should become one step of a device production pipeline. As two beautiful
countries separated by the sea, with just few bridges in between, difficulties still exist
from the point of view of the integration of metal-oxide nanomaterials on micro-
hotplates and micromachined platforms in general. In fact, although many different
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techniques for the production of metal-oxide nanomaterials have been developed so
far, each one of them suffers difficulties, at various degrees, with respect to the
fundamental step of microhotplate functionalization. For example, the high tem-
perature step required by certain techniques for stoichiometric oxide synthesis, may
be incompatible with microhotplate safety, while the mechanical stress during
deposition may result in microhotplate destruction and a subsequent low production
yield. The chapter will describe the concepts and the technologies behind micro-
hotplates manufacturing with respect to drawings adopted, chosen materials, and
system integration approaches. Techniques and methods for metal-oxide nanoma-
terial production will be reviewed, highlighting weaknesses and strength points, once
they would be employed for microhotplate functionalization. Recent developments
on the use of nanoparticle beams to directly deposit nanoporous coatings on mi-
crohotplate batches will be included: besides providing thermal and mechanical
compatibility with microhotplates, these methods also offer the possibility to syn-
thesize a wide group of different metal-oxides, which is beneficial for an array
approach to gas sensing. Relevant examples of sensing performances of microhot-
plates-based devices will be reported as well.

16.1 Introduction

The phenomenon of a reversible change in electrical conduction of metal-oxides at
high temperature, once exposed to airborne chemical compounds, has been known
for decades, and has been exploited from the very beginning to make chemical
sensors, called conductometric or chemoresistive sensors. More recently, from the
middle of 90s, we are experiencing an outburst of development for novel metal-
oxide gas sensing solutions, driven by the progresses within each one of the
technological players composing the ‘‘sensing system team’’: the electronics,
required to deal with the electrical features of chemoresistive sensors; the soft-
ware, in charge of sensor data analysis by means of ‘‘artificial intelligence’’ and
advanced algorithms; and mostly the device platform and the active sensing
material, constituting the transducer that detects the presence in air of chemical
compounds. In fact, on one hand highly innovative silicon-based platforms became
available from the union of microelectronic and micromachining manufacturing
processes, while on the other hand novel methods for the synthesis of the metal-
oxide active layers in the form of nanoporous coatings were introduced. The high
specific surface area of nanoporous coatings provides an efficient interaction with
the atmosphere, while the nanostructure determines the strongly surface-dependent
electrical properties, and both characteristics lead to improved sensing
performances.

Behind these technological efforts, there is the understanding that sensing
systems may have pervasive applications if further improvements of issues such as
miniaturization, reduced power consumption, portability, etc. as well as reliability
of production pipeline, will be reached. Such advanced microsensors could
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become the basic elements for the development of complex detection systems for
real-world scenarios, where the heterogeneity of operative conditions, from the
point of view of the chemical composition of the detection atmosphere, and of the
distribution of chemical compounds in space, is a typical monitoring situation.

An example of a crowded class of applications is atmospheric monitoring by
sensor networks. This includes outdoor opportunities in metropolitan air quality
monitoring or in spatially resolved early detection of environmental chemical risks
(either from human activities such as airborne leakage from industrial sites or
chemical spills in rivers, or from natural events such as emissions from active vol-
canic sites). Indoor opportunities exist as well and may include domestic applications
for air quality in houses, the monitoring of atmosphere within industrial buildings
where processes are executed in atmosphere-controlled conditions (such as industrial
agro-food production and storage), up to the monitoring of microclimatic physical-
chemical conditions within cultural heritage sites to ensure optimal preservation. In
all these cases what is needed is a large number of miniaturized devices and dedicated
electronics, both having low-cost and low-power consumption. These systems would
provide a network of sensing nodes which would be able to detect chemicals over
large areas with meaningful spatial resolution.

A second example with pervasive character is within the framework of the so
called artificial olfactory systems or electronic noses, where the final goal is the
recognition and quantification of different compounds (or at least their chemical
family) within complex mixtures. The sensing system acting as an electronic nose
should be able to conciliate unspecificity, i.e. a sensitivity extended to many different
chemical compounds, with selectivity, to recognize each one of them. The approach
to face this task, requiring two apparently incompatible properties, is based on
microsensor arrays, having many different sensing elements whose collective
response is interpreted by a trained intelligent software (principal component anal-
ysis, neural networks, etc.). In this case, the integration of a suitable number of
different miniaturized sensing elements on the same platform is the issue to be
addressed. An electronic nose may find important applications, for example in the
food industry. Specifically, these may include the rapid characterization of product
freshness, proper storage, ripening degree, and geographic origin. Other challenging
applications would be within the biomedical field for assisting in disease diagnosis
through breath analysis.

Due to the principle of operation of metal-oxide sensors, whose electrical resis-
tance at high temperature changes according to the presence of reactive chemical
compounds within the surrounding atmosphere, the parts constituting traditional
devices include: a ceramic platform, a pair of electrodes for resistance measurements
on one side of the platform, the sensing metal-oxide layer across the electrodes, and
an integrated heater on ceramic platform backside, as shown in Fig. 16.1.

Although the generic term ‘‘metal-oxide’’ is commonly used throughout this
chapter, it is worth noting that the state-of-the-art in the production of metal-oxide
nanostructured layers is generally limited to a few metal-oxides, namely SnO2,
WO3, TiO2, among a few others. However, SnO2 is by far the species that has been
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used the most. Heating power on the order of several hundreds of milliwatts is
usually spent to heat up the ceramic platform to 300–400 �C, while thermal
insulation is achieved by suspending the platform to bonding wires, looking for a
delicate compromise between lowering thermal conduction through wires,
reducing their diameter, and maintaining a sufficient wire robustness.

The base element characterizing innovative silicon-based micromachined plat-
forms is the microhotplate: a structure constituted by a sub-millimetric sheet with a
thickness of a few micrometers, hosting the electrode pair for sensor read-out and the
integrated heater. Although microhotplate components implement the same func-
tions as the parts within traditional devices (Fig. 16.1), micromachining and mini-
aturization provide considerable improvements. First, minimal heated area and
reduced thermal contact at borders results in heating power consumption of a few
tens of milliwatts (one or two order of magnitude lower than traditional platforms).
This improvement opens up the potential for powering through remote sources such
as batteries or photovoltaic cells. Second, the minimized thermal mass results in
rapid heating and cooling times which enables modulated temperature operation
mode (or temperature programmed sensing). This leads to advantages from the point
of view of power consumption as well with gas selectivity exploited through the
reactivity temperature dependence of the target compounds. Third, since micro-
hotplates are manufactured using microelectronic processes, it is quite natural to
address ‘‘system integration’’. In this framework the microhotplate is an individual
component within a complex miniaturized sensing platform, having for example,
other microhotplates for an array approach, or other micromachined transducers
(air temperature, flow, pressure, etc.), or even on-board front-end electronics.

Unfortunately, besides these intriguing features, difficulties still exist from the
point of view of the integration of active metal-oxide nanomaterials. In fact, although
many different techniques for the production of metal-oxide layers have been
developed so far (including either thin and thick films), each one of them, at various
degrees, introduce difficulties with respect to the fundamental step of microhotplate

Fig. 16.1 Structure of a traditional chemical sensor based on metal-oxide sensing layer. A
ceramic platform (typically alumina) has electrodes patterned on its front-side. The electrodes are
coated with a metal oxide layer and are used for read-out of changes in the metal oxide electrical
resistance. On the backside, an integrated heater provides high temperature operation
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functionalization. These difficulties may range from high temperatures required by
certain techniques for stoichiometric oxide synthesis, which are incompatible with
the microhotplate components, to mechanical stresses during deposition, that may
result in the destruction of the microhotplates and a low production yield. Therefore,
the transition from lab-scale to market-scale of sensing technology based on mi-
crohotplates is still hampered by the lack of a reliable, cost effective, and most of all a
microhotplate compatible method for large-scale integration with metal-oxide
nanostructured sensing layers.

Throughout this chapter we will use the term ‘‘integration’’ to indicate the
deposition onto micromachined platforms of the active metal-oxide layer. By
adopting this term we intend to underline that the functionalization of these
platforms is not a merely deposition of a thin or thick film on a flat substrate: it is
one task of a sequence of complex tasks leading to the final, operative sensing
device. Within this meaning the functionalization has to be carried out taking care
of constraints related to other tasks, and synergistically with them.

Besides the Introduction and the Conclusions-Perspectives, the contents of this
Chapter are arranged into the following sections.

Microhotplates and Micromachined Platforms, where the technology behind
microhotplates and micromachined platforms manufacturing will be reviewed with
respect to drawings adopted, chosen materials, and system integration.

Nanomaterials Integration/Functionalization Methods, where deposition
methods will be addressed, pointing out, among different deposition techniques,
advantages and disadvantages once they would be employed for microhotplate
functionalization. Recent developments on the use of nanoparticle beams to
directly deposit nanoporous coatings on microhotplate batches will be included:
besides providing thermal and mechanical compatibility with microhotplate, these
methods also offer the possibility to synthesize a wide group of different oxides,
which is beneficial for an array approach to chemical sensing.

Sensing Performances, that will show the most relevant characteristics of mi-
crohotplates-based chemical sensors

16.2 Microhotplates and Micromachined Platforms

16.2.1 Basic Structure Description

Many different designs of microhotplates have been developed so far, however, their
general structure is the same: a thin sheet of silicon oxide or nitride, which is sus-
pended within a bulky silicon frame (for this reason microhotplates are also called
‘‘suspended silicon membranes’’). Above this sheet, all the elements required for
sensor operations are stacked in a multi-layered configuration. These include the
sensing layer, the electrode pair for the read-out of the sensing layer resistance, a
thermometer, and a suitable heater. Passivation layers provide electrical insulation
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between the heater, thermometer, and the sensing layer. Figure 16.2 schematically
shows the structure of a microhotplate-based chemical sensor.

Due to the minimal thermal contact at the border along with the minimal heated
area (resulting in a minimal contact, convective and radiative heat transfer) a
microhotplate is able to reach temperatures up to 300–400 �C with a power
consumption of the order of a few tens of milliwatts. The integrated heater typi-
cally has a serpentine-like shape, to ensure uniform heating. Microhotplate tem-
perature may be estimated by means of the resistance of a dedicated metal film,
acting as a thermometer, which is located between the heater and the sensing layer.
If proper characterization of the heater is available, the measure of its resistance by
suitable electronics could also be used for temperature evaluation, avoiding the use
of a dedicated thermometric element (and simplifying manufacturing). A useful
configuration of the electrode pair is the so called interdigitated one, where
electrodes look like a pair of many-fingered hands co-penetrating each other, as
visible in Fig. 16.2.

Microhotplate manufacturing exploits a microelectronic-like process and a mi-
cromachining process, using silicon wafers as the substrate. The first one, sometimes
addressed as CMOS-like process (see below), regards the production of the func-
tional elements described above—heater, thermometer, electrodes, and passivation
layers. While the second one regards the chemical etching of bulk silicon in order to
remove material and generate the final micrometer-thick membrane. The union of
microelectronic and micromachining processes leads to the possibility of creating
complex 3D structured devices generically called MEMS (micro-electro-mechanical
systems), of which microhotplates are a paradigmatic example. We will see in the
following some examples of microhotplate-hosting systems, where the device
structure has been tailored by micromachining processes to address particular
requirements. Specifically, these include having a variety of transducers on the same
platform, or providing a temperature-array chemical sensor to exploit the tempera-
ture dependent chemical reactivity of different target compounds.

Fig. 16.2 Schematic of a microhotplate-based chemical sensor. Functional elements described in
Fig. 16.1, namely the oxide layer, the electrodes and the heater, are also present within this type
of devices (for simplicity, thermometer and passivation layers are omitted). Microelectronic
techniques are adopted for the creation of the functional elements, while micromachining
techniques are adopted to obtain the miniature base sustaining them. Typical dimensions of a
microhotplate are sub-millimetric
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16.2.2 Manufacturing Route

Figure 16.3 reports the step sequence for manufacturing a microhotplate starting
from a silicon wafer. Details may be found in several references such as, for
example, refs. [1–3] and those therein. It is worth to note that these steps are very
similar to those currently used in the microelectronic industry for microchip
manufacturing.

Before describing the method and the steps to create the functional elements on
the front-side of the microhotplate, it is necessary to anticipate now a concept related
to the micromachining step, the last one of the manufacturing route. Bulk silicon
removal is performed by chemical etching in liquid-phase by means of potassium
hydroxide (KOH) or ethylenediamine and pyrocatechol in aqueous solution (EDP),
at the end of front-side manufacturing. Etching is carried out on the wafer backside
and removes as much bulk silicon as to preserve a micrometer-thick sheet having
functional elements already created on it. The precise control of the chemical etching
process is based on the knowledge that silicon oxide or silicon nitride cannot be
removed by either KOH or EDP.

The first step of front-side manufacturing is therefore the oxidation (or nitridifi-
cation) of a suitable layer of silicon wafer, as shown in Fig. 16.3, that will serve as the
stop for chemical etching from the back-side. In addition, silicon oxide and silicon
nitride possess a low thermal conductivity (1.4 and 9–30 Wm-1K-1 at 300 K,
respectively [4]), a benefit for thermal insulation of the final structure. Although
differences do exist, subsequent steps may be considered as standard steps of CMOS-
like microelectronic production: a sequence of photolithography, thin film deposi-
tion and lift-off steps, leading to the formation of the multi-layered top structures
(heater, thermometer, electrodes, and passivation layers).

One of the differences with respect to standard CMOS processes used in micro-
electronics is the metal to be used for heater, thermometer, and electrodes, which is
usually platinum. Metallization for standard CMOS processs uses aluminum, nev-
ertheless its limited thermal stability, causing either oxidation and atom diffusion at
temperatures around 500 �C, prevents its use in microhotplates. As a noble metal,
platinum offers much larger thermal stability than aluminum, it can be easily
deposited, by sputtering or evaporation, and patterned by lift-off. Due to the linear
behavior of resistance versus temperature, according to RT ¼ R0 � 1þ TCR � DTð Þ,
where R0 is the resistance value at room temperature, RT is the value at high tem-
perature, TCR is the temperature coefficient of resistance, and DT is the temperature
difference, platinum can be effectively used as material for integrated thermometric
measurements. Typical TCR values of platinum are around 2 9 10-3 K-1.

An alternative to platinum heaters is poly-crystalline silicon (polysilicon) heater,
which can be introduced into the CMOS process in straightforward way, as it requires
standard low-pressure chemical vapor deposition (LPCVD) as a deposition method,
and standard photolithography for patterning. An advantage of polysilicon is the
possibility of resistivity tuning by n-type phosphor doping, using POCl3. Although
much variable, TCR values of polysilicon are commonly around 0.5 9 10-3 K-1.
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Electrodes for the read-out of the sensing layer resistance may be planar or
interdigitated. Since metal-oxide nanostructured layers typically show very high
resistance values (reaching hundreds of megaohms and more), the peculiar
drawing of interdigitated electrodes has the advantage of facilitating the resistance
measurements, with respect to simple planar electrodes, decreasing the read value
by means of a purely geometrical argument. Referring to Ohm’s 2nd law and to
Fig. 16.4, the resistance of a square ideal conductor as measured by planar elec-
trodes is R ¼ q 1

th (where q is the material resistivity and th is the conductor

Fig. 16.3 Process steps for the production of a microhotplate starting from a silicon wafer:
a silicon wafer with about 0.4 mm thickness; b dielectric layer deposition (SiO2 or Si3N4);
c deposition of metals for electrodes and heater (black parts), and of silicon oxide or nitride for
passivation (light grey parts); d backside anisotropic etching by KOH; e deposition of active
metal-oxide layer. Reprinted from Ref. [1] with permission from Elsevier
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thickness) while in the case of interdigitated electrodes, resistance of the same
conductor is R � q 1

2�Nð Þ2th
(where N is the number of fingers in one electrode). The

factor, 2� Nð Þ2 results in a considerable decrease in measured resistance.
To electrically separate the three circuits for the heater, thermometer, and

electrodes for sensing layer read-out, silicon oxide layers are deposited between
each metallization by CVD, at a thickness typically not larger than 0.5 lm. Silicon
nitride deposited by CVD (for example from ammonia and dichlorosilane) can
alternatively be used for the same purpose.

When functional structures on the front-side are completed, the wafer under-
goes micromachining through back-side chemical etching. Exploiting the
phenomenon of anisotropic chemical etching, where the etching rate of a crys-
talline material depends on the crystal face exposed to the etchant, a pyramid-like
pit is created, starting from the wafer backside and moving toward its front-side.
Once the etching front reaches the silicon oxide (or nitride) layer, it stops. This
results in the final structure having a trapezoidal cross section as shown in
Figs. 16.2 and 16.3. The ratio between the etched thickness and the enlargement of
the etched region with respect to final size of the suspended part is related to the
anisotropy of etching rates, that is the ratio between normal-to-plane and in-plane
etching rates. If structures with a higher aspect-ratio need to be produced, wet
chemical etching has to be replaced by plasma etching.

Backside etching has the capability to create structures having thicknesses as
small as 1–2 lm, nevertheless it has the drawback of being a double-sided process,
making mask alignment more difficult than one-sided standard lithography, as
usually done in microelectronics. To overcome this limitation front-side chemical
etching can be introduced. An additional photolithographic step on the wafer front-
side leaves four unprotected areas (etch windows) beside each of the microhotplate
sides [5], as shown in Fig. 16.5. Front-side etching removes silicon from unpro-
tected areas, starting from the front-side and moving under the central area hosting
the functional structures. Once the etching step is concluded, the microhotplate
will stay suspended by means of suitable beams over a closed pit etched into the
bulk silicon. Backside etched microhotplates have typical dimensions between
1 9 1 and 2 9 2 mm2, while front-side etched ones may be quite smaller
(0.2 9 0.2 mm2).

Fig. 16.4 The read-out of the resistance of metal-oxide layers may be hampered by its extremely
high values. For a given area of active material, it turns out, by geometrical arguments, that
interdigitated electrodes (right) are more effective than planar ones (left)
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Since so many details addressing each one of the manufacturing steps, from
metallization to passivation, from wet etching to plasma etching, are reported in
the technical literature, the general feeling a reader may have is that a large degree
of freedom and space for novel experimental approaches exist on this matter. This
also holds for the implemented geometries, such as the shape of the heater or that
of electrodes, up to the general structure of the devices.

Fig. 16.5 Optical micrograph showing an example of a suspended membrane (top), and a lift-away
scheme showing the functional elements composing the device (bottom). Reprinted from Ref. [5]
with permission from Elsevier
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16.2.3 Advanced Structures

From the point of view of system integration, microhotplates could be considered
as the first building block in the development of advanced platforms for sensing,
based on the integration of various transducers. For example, several microhot-
plates could be arranged into the same platform exploiting an array approach to
sensing; a microhotplate could be machined side by side with physical transducers
(temperature, pressure, flow), on the same silicon platform, for hybrid physical-
chemical microsensors; the silicon platform hosting the microhotplate could also
host CMOS front-end electronics for impedance matching, signal pre-amplifica-
tion, and data analysis.

One of the drivers for the creation of complex platforms resides in the possibility
to increase the amount of simultaneously collected data, with spatial resolution,
improving our capabilities to face the challenging task of physical-chemical char-
acterization of atmospheres. An array of chemical sensors in fact generates many
signals qualitatively similar each other, although not identical. By exploiting this
collective output, it could be possible to associate a certain atmosphere to a certain
signal fingerprint. An array-based approach to face complex scenarios requires to
pass through a training step where advanced software is needed to determine the
correlations among a known atmosphere composition and the array collective output.
Once training is completed and correlations identified, the system should be ready
not only to recognize the atmospheres seen during training, but to perform a certain
degree of ‘‘extrapolation’’ to identify unknown atmospheres. While we do not cover
this subject in this chapter, the reader is referred to other chapters within this text.
Regardless, the starting point to deal with many-signals is the availability of suitable
array-like platforms.

A first example of a sensor array platform is a microhotplate where the heater
has been designed in a suitable way to generate a temperature gradient under a
multi-electrode pattern [6], as shown in Fig. 16.6. Although this is still a single
microhotplate, and will be functionalized with the same metal-oxide layer, the
combination of multi-electrodes and a temperature gradient allows the read-out of
portions of the active layer operating at different temperatures. This produces a
sensor array which utilizes the temperature dependent reactivity of gases, to
provide a multi-signal output.

A second example of multi-signal sensor array platform is a true microhotplates
array, where the microhotplate structure is replicated many times on the same
device [3, 7], as shown in Fig. 16.7. Operation at different temperatures can be
pursued also in this case, nevertheless this setup is particularly suited to using
different metal-oxides as sensing layers. Since it is not trivial at all to be able to
produce and integrate on this kind of platforms many different metal-oxides, a
commonly adopted approach is doping. In this case, the different sensing elements
are obtained through the introduction of different noble metals into the same
metal-oxide, which is typically tin oxide [8–10]. This configuration is a ‘‘material
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array’’, exploiting the different surface chemistry of gases with respect to different
oxides (or different dopants), to generate a multi-signal output.

Physical sensing transducers can also be miniaturized through micromachining.
Hence, beyond bare chemical sensing, micromachining techniques allow for the
integration on the same platform of both chemical and physical transducers such as
temperature, air flow, and pressure, to yield a multiparametric sensor. For example
air flow monitoring by ‘‘hot-wire anemometry’’ can be performed with the micro-
hotplate approach. In this case a central heater has at its sides, along the direction of
the flow to be measured, two platinum thermometers; in the absence of air flow the
temperature measured at the heater sides is the same; once air starts flowing a
temperature mismatch between thermometers on the heater sides is revealed. Fig-
ure 16.8 (top) shows a multi-transducer platform hosting, besides the chemical
sensor, a thermometer, and a micromachined hot-wire anemometer, where backside
etched microhotplates are used for both the former and the latter. Figure 16.8 (bot-
tom) shows the same kind of multiparametric platform, where micromachined

Fig. 16.6 Example of a micromachined platform where the heater (horizontal serpentine pattern
in the center of the image) has been manufactured in order to generate a temperature gradient. A
multi-electrodes pattern (white interdigitated structures) collects multiple signals from the same
sensing material operating at different temperatures. Reprinted from Ref. [6] with permission
from Elsevier
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structures of either the chemical sensor and the anemometer were obtained by front-
side anisotropic etching, generating suspended ‘‘microbridges’’.

The last example of advanced sensing platforms achieved through system
integration processes regards devices having on-board electronics (see Fig. 16.9 of
next Section). By exploiting the affinity of micromachining methods for micro-
hotplates manufacturing with CMOS methods for microelectronics production, the
same silicon platform may host the transducers for chemical sensing, the ana-
logical front-end electronics for signal pre-amplification, as well as the digital
electronics for data pre-analysis [11, 12]. The technological driver for these efforts
relies on signal handling, which gain strong benefits with respect to noise reduc-
tion if connections between transducers and front-end electronics are kept as short
as possible. A second technological driver deals with the possibility to distribute at
least part of the data analysis, in the case of multi-device networks.

Unfortunately, with the increased platform complexity, comes an increase in
the challenges for integration of metal-oxide nanomaterials on chemical sensing
areas. This means for example, that some of the deposition methods may be

Fig. 16.7 Array of microhotplates on the same device platform. Each single element has the
structure shown in Fig. 16.5, and is individually addressable and controlled in temperature.
Reprinted from Ref. [7] with permission from Elsevier
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difficult or impossible to adopt, or—more generally—that production yield could
dramatically drop due to device damage during the manufacturing pipeline.

16.3 Nanomaterial Integration/Functionalization Methods

16.3.1 General Issues

The pipeline leading to operative sensing devices is a sequence of steps, namely:
(1) CMOS-like processes for front-side manufacturing; (2) backside (or front-side)
micromachining of suspended parts by chemical etching; (3) integration of active
metal-oxide nanomaterial; (4) wafer dicing, bonding and packaging. This Section
addresses the integration step, with the aim to give the reader a framework of the
most important methods for metal-oxide nanomaterial deposition on microhot-
plates. It is worth to underline that many approaches that have adopted so far, each
has their own strengths and its weaknesses. For this reason a well established and
reliable route for the production of microhotplates-based gas sensors is still lacking
and several approaches for functionalization are being developed and optimized.
Within this competition, many elements have to be considered, from the level of
compatibility with microhotplate characteristics to scalability for large-scale batch
deposition, from batch-to-batch reliability to versatility in the synthesis of many
different metal-oxides.

Concerning this last point, it has to be noted that the metal-oxide that is most
widely used is by far SnO2; oxides such as TiO2, WO3, ZnO, In2O3 also play a
certain role in gas sensing, while others have just a marginal one. As anticipated, a
commonly adopted way to extend the number of sensing materials is the use of
various concentrations of noble metals (Au, Pt, Pd) as ‘‘dopants’’ or surface cat-
alysts of the above oxides.

In general, the three most important features of a microhotplate to be taken into
account to tailor the use of a certain deposition technique for metal-oxide layer
integration are: (1) mechanical delicacy, (2) limited temperature of overall thermal
treatments, and (3) the need for patterning. We already put emphasis on mechanical
delicacy of MEMS, and microhotplates in particular. For this reason we are forced to
exclude any deposition technique requiring mechanical contact with the suspended
parts, otherwise this would frequently result in microhotplate damage, i.e. device
damage, and unacceptably low production yield. Some integration techniques may
require a post-deposition high temperature calcination step to complete the synthesis
of the metal-oxide, and this may be incompatible with the preservation of front-side
metallization. Particularly in complex, many-element platforms, the deposition of
metal-oxide layer has to be spatially limited, i.e. patterned, to the region of heater and
read-out electrodes, avoiding the contamination of other parts within the platform
(other transducers, on-board electronics, etc.).
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Even if the step sequence reported at the beginning of this section is the most
common one, alternatives do exist, where the order of the steps is modified. For
example, the metal-oxide deposition step could be performed before microma-
chining to overcome membrane mechanical delicacy. Nevertheless, this approach
imposes the need to properly protect the active layer during the subsequent etching
step. As another example, last step dicing-bonding-packaging may be anticipated
before metal-oxide integration. This allows for electrical connection of the

Fig. 16.8 Examples of multiparametric platforms hosting, from left to right, a micromachined
hot-wire anemometer, a thermometer, and a chemical sensor. In top platform, backside etched
microhotplates are used for anemometer and chemical sensor (courtesy from M. Lozano, CNM-
Barcelona). In bottom platform, front-side etching was adopted, generating suspended micro-
bridges (courtesy from L. Lorenzelli, FBK-Trento). In both cases the size of the entire platform is
around 3 9 5 mm2
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microhotplate during deposition and in this way, one can exploit the selective
deposition on the heated parts occurring via reactive sputtering, a precise material
patterning onto the dedicated part of a microhotplate array is achievable by
switching-on the desired heater [3, 13] Although this approach may be quite useful
at the research level, in the case of complex arrays, it suffers scale-up limits once
batch deposition is required for large-scale production, due to difficulties in
making electrical connections of all the microhotplates within a given process
batch.

Concerning the integration step itself, no matter where it is located within the
sequence of manufacturing steps, it turns out from the literature that borders
between the characteristics of various deposition techniques, methods, and
approaches are often shaded, and overlapping between topics may frequently
occur. Accordingly within the structure of this chapter, the following deposition
techniques have been divided between those based on wet-chemistry methods and
those based on gas-phase, or physical, methods. Among gas-phase methods, a
novel approach to microhotplate functionalization based on the deposition of
nanoparticle beam will be also presented.

As a rough overview, generally speaking gas-phase methods lead to thin films
(below some hundreds of nm), while wet-chemistry methods more commonly lead
to thick films (from a few to several tens of lm); the former generate compact
films, the latter porous ones. Gas-phase methods offer scale-up possibility through
parallel functionalization in batch depositions. Attributes of this method include
the need for patterning, the compatibility with the mechanical characteristics of the
microhotplates, and the possibility of high production yields. Gas-phase methods
also require an expensive vacuum apparatus and hardware. Nevertheless these
setups are quite similar to systems already in use in microelectronic industry,
where microhotplates come from, and their introduction within the manufacturing
process is therefore not so incompatible. Wet-chemistry methods such as drop
coating are serial, do not require patterning since droplets containing film pre-
cursors are dispensed one by one on the desired position. On the contrary, wet-
chemistry methods such as spin coating lead to parallel functionalization and do
require patterning. In both cases—drop coating and spin coating—they are not
mechanically safe for microhotplates, hence technological solutions providing
particular care, or a manufacturing process having micromachining after deposi-
tion are required. Although wet-chemistry methods require cheap instrumentation,
hardware, and chemicals, their approach is quite far from techniques commonly
used within microelectronic manufacturing, raising compatibility issues with
respect to the introduction of such a step into the clean-room grade manufacturing
process of microhotplates.

The general issue of functional nanomaterial integration with micromachined
platforms and systems—the so called Nano-on-Micro issue—is generating new
visions, where system integration concepts are driven well beyond current
‘‘microelectronic meaning’’, up to cover the synergistic interaction of processes
and methods leading to the production of complex devices, as it will be illustrated
in the following.
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Fig. 16.9 High complexity micromachined platform for chemical sensing hosting on-board
electronics. On top, details of the microhotplate and sensing material, which has been integrated
on the microhotplate by drop coating; in the middle, device cross-section; on bottom, micrograph
of the CMOS-based overall sensor system chip featuring microhotplates and circuitry. Reprinted
from Ref. [14] with permission from Springer
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16.3.2 Wet-Chemistry Methods

Wet-chemistry methods include various approaches to the synthesis of metal-oxide
nanomaterials, namely spin coating, drop coating, dip coating, screen printing, etc.,
as clearly schematized in ref. [14]. In each one of these approaches, a liquid-phase or
paste-form precursor of metal-oxide is added to sensor platforms in form of droplets,
or in form of a continuum layer by dropping, spinning, or dipping. Advantages and
drawbacks of wet-chemistry methods with respect to microhotplates integration will
be highlighted below.

Starting from an initial common step consisting in the preparation of a stable
suspension of a suitable precursor of the metal-oxide, two main routes can be
detailed. One route passes first through the preparation of a sol-gel, then through the
deposition/dropping onto the sensor platform, and finally through a post-deposition
annealing step at high temperature, transforming the sol-gel into stable metal-oxide
nanoparticle film (calcination). The other route, instead of creating a sol-gel from an
initial suspension, anticipates the calcination step: this results in a stoichiometric and
stable metal-oxide nanopowder that undergoes subsequent re-suspension into a
liquid solution or into a viscous paste, and finally deposition/dropping onto the sensor
platform. The difference between these routes is where the calcination step is carried
out: in the latter case it belongs to paste preparation before integration onto devices,
while in the former case it has to be done on microhotplates. As we already have
discussed, sensing platforms may host, besides microhotplates, other components
(CMOS electronic circuitry, for example) which may be incompatible with the high
temperature thermal treatment required for calcination. Therefore the only way to
complete nanomaterial preparation passes through the use of the integrated heater. If
this is the case, not only microhotplate structure has to be as robust as it is required to
survive a calcination step exploiting integrated heater temperatures of 500 �C and
above, but also dicing-bonding-packaging step has to be concluded to allow the
connection of the device with heater power circuitry. This ‘‘firing’’ step could be
done at the level of manufacturing or by end users. Nevertheless, since it may deeply
affect the performance of the final device, firing has to be done in well controlled and
reliable conditions. Here we touch the real meaning of the ‘‘integration’’ concept: if a
certain method for nanomaterial deposition is chosen, a certain manufacturing route
in device production has to be followed.

Among wet-chemistry approaches, drop coating is the only one definitely
skipping the problem of patterning: droplets with suitable size of liquid-phase
precursor may be dispensed exactly onto the read-out electrodes, by means of
micropipettes or microinjectors, also in the case of highly complex platforms, as
shown in Fig. 16.9.

Once drop coating onto the microhotplate wafer is completed, the manufac-
turing route proceeds with subsequent dicing-bonding-packaging step; depending
on the nature of the deposited precursor (sol-gel or calcinated paste), the additional
firing step could be required or not.
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Drawbacks of drop coating approach regard mechanical delicacy and reliability
of the electrical and sensing characteristics of metal-oxide nanomaterial. The issue
of mechanical delicacy concerns the way the droplets are delivered onto micro-
hotplates: although technologically resolvable (think about the evolution of ink jet
printing heads) this operation is intrinsically critical and may result in low pro-
duction yield due to high rate of microhotplates damage. The issue of reliability of
electrical/sensing characteristics originates from the serial nature of drop coating,
where droplets are delivered one-by-one. Paste—or suspension—itself and depo-
sition method are required to maintain stable characteristics during the whole
deposition step: events such as agglomeration, precipitation, or progressive clog-
ging of the dispensing system have to be avoided.

The nanotech evolution of drop coating is dip-pen nanolithography (DPN) [15].
It is based on the use of the tip of an atomic force microscope (AFM) to deliver a
minimal amount of a suitable ‘‘ink’’, containing the metal-oxide precursor.
Although limited so far to research labs, DPN could be used for extreme minia-
turization of devices, avoiding any patterning procedures, and fulfilling safe
conditions for microhotplates survival.

Even if literature reports successful examples [14, 16–19], other wet-chemistry
approaches beside drop coating (from spin coating to screen printing) are still
substantially unusable for microhotplate functionalization, due to the lacking of a
safe and reliable method for patterning. Both contact hard mask and photolitho-
graphic soft mask methods in fact are difficult to implement, the former for
mechanical reasons, the latter for chemical ones. Chemical incompatibilities arise
due to the precursor solvents that may react with the polymeric resist of the soft
mask. Likewise photoresist removal may result in damage or contamination of the
sensing layer. For example, Fig. 16.10 shows difficulties in positioning and
adhesion of metal-oxide layer by screen printing, and how results can be improved
by proper paste formulation [19].

A completely different situation takes place if integration of metal-oxide
nanomaterials is introduced before the chemical etching step for the formation of

Fig. 16.10 a Difficulties in positioning and adhesion of metal-oxide layer by screen printing
(SnO2 thick film with size of 350 9 500 lm2). b Result improvement by proper paste
formulation. Reprinted from Ref. [19] with permission from Elsevier
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suspended structures, as shown for example in refs. [20, 21] Although such an
approach is hampered by the necessity to have a wet-chemistry step between
manufacturing of front-side structures and the micromachining step, it completely
rules out any difficulty related to delicacy of suspended parts. Therefore, patterning
by hard mask method is no longer an issue. On the contrary, patterning may still be
a problem in the case of soft masks, for chemical incompatibilities that may exist
between the photoresist and the precursor solution. Efforts trying to overcome this
point are reported for example in ref. [22].

Once the nanomaterial has been deposited, backside micromachining by
chemical etching has to be performed, which will require the proper protection of
front-side active layer with respect to etching itself and for minimization of
contamination.

16.3.3 Gas-Phase Methods

Gas-phase, or physical, methods include all standard methods for thin film
deposition, namely vacuum evaporation, sputtering, pulsed laser deposition (PLD),
physical as well as chemical vapor deposition (PVD-CVD). Here we do not deeply
describe these techniques, whose details may be found in several publications and
handbooks, such as for example refs. [23–26]. We will recall the general char-
acteristics of the techniques and show how they could match requirements for
integration of nanomaterials onto microhotplates. In contrast to wet-chemistry
methods, the combination of gas-phase methods, such as vacuum evaporation or
sputtering, with photolithography are standard approaches used within micro-
electronic manufacturing. It turns out that the introduction, somewhere along the
manufacturing route, of a gas-phase step for nanomaterial integration appears to be
much more natural than a wet-chemistry step. Scale-up through batch processing
of wafers can also be easily addressed.

Unfortunately for gas sensing applications, gas-phase deposition methods typ-
ically produce compact thin films, where the specific surface area is by far smaller
than in the case of nanomaterials. It is however, possible, for the skilled person, to
properly operate deposition systems and adopt procedures to generate gas-phase
nanoparticles to be used as film building blocks, or alternatively, to induce suitable
growth dynamics, both leading to high-roughness high specific surface area films.

Gas-phase methods are in themselves mechanically safe with respect to
microhotplate delicacy, nevertheless the issue of how to pattern the deposition has
to be addressed. Gas-phase deposition methods in fact are characterized by almost
isotropic diffusion of film precursors, or at least by precursor trajectories within
very large solid angles (as it happens in vacuum evaporators or PLD). To effec-
tively prevent precursor diffusion and deposition onto unwanted regions, contact
masks, either hard or soft, should be used. Unfortunately this is particularly
challenging, if not inapplicable, on micromachined wafers. Referring to the step
sequence for device production, it turns out that the use of gas-phase methods for
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nanomaterial integration requires some rearrangements. This could occur in two,
equally challenging directions.

First, nanomaterial integration is anticipated with respect to micromachining
step: as commented for wet-chemistry approaches, this definitely alleviates the
microhotplate delicacy issue. Patterned functionalization of the wafer front-side
may pass through standard photolithographic soft mask methods followed by lift-
off, if deposition temperature is limited to photoresist-compatible values. Due to
the absence of any solvent in gas-phase deposition methods, the use of photoli-
thographic polymer soft mask is more affordable than in the case of wet-chemistry.
After nanomaterial deposition, a suitable protection of the active layer against
subsequent etching step has to be provided, in particular for prevention of
contamination.

A second way can be followed and is based on shifting of the integration step to
occur at the end on the manufacturing route, after the dicing-bonding-packaging
step. By means of electrical connection to external power, integrated heaters of
devices to be functionalized can be switched-on within the deposition chamber.
This enables for the use of the so called self-lithographic approach, or thermally-
activated CVD (it can even be applied to radiofrequency sputtering too). Self-
lithography is based on the phenomenon according to which a deposition of thin
film may occur from suitable precursors if the substrate is kept at a characteristic
high temperature [13, 27, 28]. If the self-lithographic approach is adopted, batch

Fig. 16.11 Scheme of an apparatus for nanoparticle beam deposition. It consists of a two
chamber vacuum system, where nanoparticles move from the source to deposition substrate.
Once generated, for example by pulsed microplasma cluster source (PMCS), nanoparticles are
carried by a supersonic inert gas jet expanding out of the source into the expansion chamber. The
nanoparticle kinetic energy is of the order of few tenth of eV per atom: this prevents
fragmentation at the impact with the substrate and allows for the soft assembly of nanoparticles,
giving as a final result a nanoporous film with high specific surface area

16 Microhotplates and Integration with Metal-Oxide Nanomaterials 523



Fig. 16.12 Transmission
electron microscopy (TEM)
images of nanostructured
tungsten oxide showing the
structure of a film produced
by nanoparticle beam
deposition and the effect of
thermal treatments. The
as-deposited material (top)
shows a porous structure
resulting from the assembly
of nanoparticles having an
average size below 10 nm.
The absence of lattice fringes
inside the nanoparticles
indicates an amorphous
structure. In the 200 �C
annealed material (middle),
evolution towards a
crystalline structure is
evident, while the average
size and porous structure are
substantially identical to the
as-deposited film. In the
400 �C annealed sample
(bottom), the ordered phase
fraction further increases,
while maintaining the porous
structure. Reprinted from
Ref. [31]
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deposition on wafers is obviously no more possible since devices are separated.
Even if some suitable complex wiring setup located into the deposition chamber
could be imagined, the scale-up possibilities of this approach still remain quite
limited.

16.3.4 Nanoparticle Beam Methods

Recently, novel gas-phase deposition techniques for the production of
nanostructured films based on nanoparticle beams have been introduced [29, 30].
Their general characteristics make them particularly suited for nanomaterial
integration onto micromachined substrates, since they overcome many of the
limitations affecting the deposition techniques described so far. The principle at
the base of nanoparticle beam deposition (also cluster beam deposition, CBD) is
the use of a carrier gas undergoing a supersonic expansion, as it moves from the

Fig. 16.13 Example of micrometric pattern of nanomaterial produced using nanoparticle beams
and a non-contact hard mask. The scanning electron microscope (SEM) image is of a
nanostructured WO3 pattern obtained with a high-aspect-ratio micromachined silicon mask
coupled to nanoparticle beam deposition system. The dot side is 5 lm. Reprinted from Ref. [31]
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relatively high pressure condition of the beam source to the low pressure condition
of a vacuum chamber, through a suitable nozzle, as shown in Fig. 16.11. The
carrier gas, which is typically an inert gas, transports the nanoparticles, generated
by bottom-up growth mechanisms and loaded into the gas stream, directly from
beam source to deposition substrate, through a sequence of vacuum chambers.
Once the nanoparticles reach the deposition chamber and substrate, they become
the building blocks for the growth of nanostructured films. The entire process is
performed at room temperature.

Although various type of nanoparticle beam sources exist, the pulsed
microplasma cluster source (PMCS) appears to be one of the most promising for
nanomaterial integration onto microhotplates for gas sensors. These promising
attributes consist of the wide library of metal-oxides that it can produce, its sta-
bility, and the possibility of use it into large-scale production facilities.

Nanoparticle beams are characterized by low kinetic energy (fraction of eV per
atom), which promotes a good adhesion as well as prevents nanoparticle
destruction once they strike the substrate. Nanoparticle structure is preserved and
their assembly during film growth leads to high specific surface area films which

Fig. 16.14 Top image shows a wafer section hosting one hundred of microhotplates (left) and the
micromachined auto-aligning silicon mask for non-contact patterning (right). Devices have been
functionalized in batch with nanostructured WO3 oxide, in a simple and straightforward step, by
nanoparticle beam deposition, as shown in the bottom images. The active material is the greenish
rectangular region on the interdigitated electrodes; it has dimensions of 0.65 9 0.78 mm2.
Reprinted from Ref. [31]

526 E. Barborini



are very well suited for the interaction with the sampling atmosphere. Figure 16.12
shows an example of a film produced using nanoparticle beams.

The most relevant feature of nanoparticle beams, that strongly differentiate this
technique from other gas-phase deposition techniques, is their high collimation,

Fig. 16.15 Atomic force
microscopy (AFM) images
showing the surface
morphology of films by
nanoparticle beam deposition
(the side of the images
corresponds to 1 lm, while
the thickness of the films is a
few tens of nm).
Morphological features are
pretty much similar for all
materials: this may be
ascribed to ballistic regime
growth, which is
characterized by nanoscale
porosity, poorly-connected
and non-compact structures
with lower density respect to
bulk and a surface roughness
increasing with film
thickness. Reprinted from
Ref. [33]
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which is of the order of few tens of mrad. Such a narrow beam leads to various
consequences. For example, the deposition region can be separated from the
nanoparticle production region via the adoption of differential vacuum chambers,
in order to provide cleanest, ultra-high-vacuum (UHV) growth conditions. Nev-
ertheless the most important consequence is by far the possibility of non-contact
hard mask patterning with sub-micrometric lateral resolution. Thanks to beam
collimation, in fact, the drawing of the mask is exactly reproduced on the substrate,
as a stencil, even if the distance between the mask and substrate is of the order of
several tenth of a millimeter or more. Hard mask patterned deposition of micro-
metric structures spreading over an area of several cm2 has been reported in refs.
[31, 32]; and an example of them is shown in Fig. 16.13.

As with other gas-phase deposition techniques, the nanoparticle beam technique
matches the delicacy requirement for microhotplate functionalization: no heating or
damage of the substrate occurs. Batch deposition of hundreds of devices within a
wafer can be performed—even if the beam spot size is limited to a centimeter—
through substrate rastering in front of the nanoparticle beam. Non-contact hard mask
methods fulfills the requirement of a mechanically safe way to pattern nanomaterials
onto delicate micromachined substrates. As an example, Fig. 16.14 shows a wafer
cut containing one hundred microhotplates, each of which have been functionalized
in batch mode with nanostructured tungsten oxide, in a simple and straightforward
step, by nanoparticle beam deposition. A micromachined silicon mask with proper
sectioning provided auto-alignment with the microhotplate devices.

In addition, several nanostructured metal-oxides, such as SnO2, TiO2, WO3,
Fe2O3, MoO3, ZrO2, HfO2, NbOx, ZnO, PdOx, can be routinely produced by PMCS.
Beside those usually used in state-of-the-art metal-oxide gas sensing, many others
are available, with advantages from the point of view of an array approach to
chemical sensing.

A non-trivial, intriguing feature of nanostructured metal-oxides by PMCS,
regards their surface morphology, which is the same for all [33], as shown in
Fig. 16.15. This may be ascribed to ballistic regime growth [34], which is char-
acterized by nanoscale porosity, poorly-connected and non-compact structures,
with lower density with respect to bulk and a surface roughness which increases
with an increase in film thickness.

This rules out a common drawback realized with other deposition techniques.
Mainly, the surface morphology (i.e. roughness, porosity, grain interconnection,
etc.) may depend on the material produced, introducing an additional complexity
element that makes it difficult to ascribe functional performances, such as gas
sensing, to material chemistry rather than to a ‘‘convolution’’ between chemistry
and surface micro- and nano- structure.

In summary, among the various deposition methods, nanoparticle beam deposi-
tion offers characteristic features, matching most of the requirements to be fulfilled
for the integration of nanomaterials onto microhotplates and advanced microma-
chined platforms for chemical sensing: delicacy of deposition in itself; mechanically
safe, non-contaminating, one-step method for micrometric patterning; batch depo-
sition of hundreds of devices; several oxides with high specific surface available.
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16.4 Sensing Performances

16.4.1 Measurement Examples

The most important feature of microhotplate chemical sensors is by far the pos-
sibility to operate at high temperature spending a minimal amount of power. In
addition, if their functionalization is done with high specific surface area porous
nanomaterials, the sensitivity may be as high as to detect compound concentrations
at ppb (parts per billion) levels. Figure 16.16 shows, as an example, the results of
sensing characterization of microhotplates functionalized with nanostructured
WO3. In this case, the sensing material has been deposited, in the form of a
nanoporous layer with a thickness of a few hundreds of nanometers, by nano-
particle beam deposition, using PMCS [31].

The Fig. 16.16 reports two examples of sensing performances relative to a
reducing species (ethanol) and to an oxidizing one (nitrogen dioxide, NO2). A
decrease in resistance is observed upon exposure to a reducing gas, while an
increase in resistance is observed upon exposure to an oxidizing gas. Resistance
variations up to more than one order of magnitude were observed, at the injection

Fig. 16.16 Examples of sensing performances of microhotplates with nanoporous WO3 by
nanoparticle beam deposition, as active element. Top graphs show sensing results with respect to
a reducing species, namely ethanol, while bottom graphs to an oxidizing species, namely NO2.
The operating temperatures are 300 �C for ethanol and 200 �C for NO2, with a power of 24 and
13 mW, respectively. Bar-like curves indicate the nominal concentration of the test gases,
referring to the right axis, while solid lines represent the resistance of the sensing film, referring
to the left axis. Note that in both reducing and oxidizing cases, the use of the log scale for the left
axis is required, due to the enormous change in sensor resistance. Error bars in response graphs
on the right were calculated considering the three responses to the same gas concentration.
Reprinted from Ref. [31]
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of compounds with concentrations at ppm (parts per million) levels. Ethanol
detection was carried out operating the microhotplate at a temperature of 300 �C,
with a heating power of 24 mW, while NO2 detection at 200 �C, with heating
powers of 13 mW. Sensor responses, defined as R0/R in the case of reducing
species and R/R0 for oxidizing species, R0 being the sensor resistance in the
presence of pure air only, and R the sensor resistance in the presence of the
reactive compounds, were calculated and reported in Fig. 16.16 as well, as a
function of the concentration of the test species. A saturation trend seems to appear
at higher concentrations, while a good linearity is observed at lower ones, at ppm
level. The strong response to NO2 suggests a detection limit with respect to this
compound in the 10–100 ppb range.

16.4.2 Microhotplate Array

A challenging problem of metal-oxide chemical sensing is the recognition of
compounds, or at least their chemical family. In fact, due to the unspecific char-
acteristics of the detection mechanism of chemoresistive sensors, different com-
pounds at different concentrations may generate the same response in a single
sensor. The strategy to try to address this issue passes through the use of sensor

Fig. 16.17 Example of collective outputs of four nanostructured oxides (SnO2, Fe2O3, WO3 and
ZnO) formed by nanoparticle beam deposition, exposed to the complex outdoor atmosphere of a
car parking area. Although qualitatively similar, the sensing signals of different oxides are not
identical each other: by means of advanced data analysis software with the capability of
processing the collective response of the array, after suitable training it may be possible to
recognize different chemical scenarios occurring in real outdoor atmosphere
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arrays, where many sensors with different metal-oxides simultaneously react with
the target chemical species. As an example of such a collective response,
Fig. 16.17 shows the signals from four different nanostructured oxides deposited
using a nanoparticle beam, namely SnO2, Fe2O3, WO3 and ZnO, during outdoor
measurements.

Since the detection mechanism is generally the same for different oxides, sensor
responses will be qualitatively similar, as clearly shown in Fig. 16.17. However,
they are not identical. Hence, processing the collective response of the array, by
means of advanced data analysis software (neural networks, for example),

Fig. 16.18 In the upper part of the figure, SEM images showing the surface morphology of
various sensing layers are reported. In all cases the sensing material is SnO2 by CVD, however,
the use of different metal seed layers before CVD process leads to different microstructures.
Bottom part of the figure reports web-plots showing the relative sensitivity to six individual
compounds in air of the sensing elements with an engineered microstructure. As in the case of
Fig. 16.17, the use of an array of sensing materials may offer the possibility of compound
recognition, although the intrinsic non-selectivity of metal-oxide chemical sensors. Reprinted
from Ref. [3] with permission from Elsevier

16 Microhotplates and Integration with Metal-Oxide Nanomaterials 531



precluded by a series of advanced training experiments against gases and gas
mixtures of known composition, it may be possible to identify the ‘‘fingerprint’’ of
the atmospheric gas composition.

Alternatives to arrays of different metal-oxides may be arrays of the same oxide
having different microstructures, or different catalysts/dopants dispersed over the
surface. In ref. [3] it is shown how the use of different metal seed layers before the
deposition of SnO2 by CVD, leads to different microstructures and to different
relative sensitivities with respect to chemical compounds (Fig. 16.18).

16.4.3 Temperature Programmed Sensing

By exploiting the low thermal inertia of microhotplates, a temperature pro-
grammed sensing (TPS) mode can be adopted [35]. Analogously to array
approach, the rationale at the base of TPS is the possibility to increase the data
amount, by exploiting the different reactivity and different surface chemical pro-
cesses in general, taking place at different temperatures, with the aim to improve

Fig. 16.19 Detail of suspended microbridge chemical sensor, within multiparametric platform.
On the left, the entire suspended structure is visible, together with heater and interdigitated
electrodes to contact the sensing layer. On the right, a close-up of the structure: the change of the
color from light to dark gray along the metal lines indicates the border of the region deposited
with nanostructured Fe2O3 by nanoparticle beam deposition. Reprinted from Ref. [36] with
permission from Elsevier
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the recognition capability of sensing systems with respect to complex atmospheres.
The details of this methodology are highlighted in Chap. 14 in this book volume.

In an advanced approach to complex chemical sensing (as required for example
to address security issues regarding the early detection of hazardous compounds
such as chemical warfare agents), it is straightforward to merge together an array
approach and TPS, in order to strongly increase the quantity of data character-
ization within a certain atmosphere [5].

16.4.4 Multiparametric Sensors

As shown in Sect. 16.2, microelectronic and micromachining methods for
microhotplate production, are quite naturally extendible to include onto the same
sensing platform other types of transducers, according to a common system
integration approach. In particular, the example of a multiparametric platform
hosting a chemical sensor, a thermometer, and an anemometer has been presented.
Such a device may find applications as an in-line operating sensing system, with
the capability to measure air flow and temperature, as well as to detect the pres-
ence of reactive compounds within flowing air. In a more specific example, these
devices may find a role as novel miniaturized detectors, in charge of sampling the
column outlet in advanced gas-chromatographic systems: feedbacks on column
flow and outlet temperature, as well as, obviously, detection of chemical species,
constitute the multiparametric task to be faced.

Fig. 16.20 Example of chemical sensing characterization of multiparametric device, with
hydrogen in dry air at concentrations up to 30 ppm (blue line). The graph also reports the signal
from micromachined anemometer, as a constant line with superimposed peaks (violet line). If the
constant overall behavior of anemometric measure accounts for the constant total flow adopted—
as usual—during chemical sensing experiment, superimposed peak-like features account for real
fluctuations of air flow during MFCs operations, once hydrogen concentration has to be changed.
Courtesy from L. Lorenzelli, FBK-Trento
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Figure 16.19 shows a detail of the ‘‘microbridge’’ suspended structure of
chemical sensor (see also bottom part of Fig. 16.8), which has been functionalized
with nanostructured Fe2O3 by nanoparticle beam deposition [36]. Hard mask
patterning limited the deposition of nanomaterial to chemical transducer only.

Platform characterization was carried out with a standard facility for gas sensor
characterization, namely a test cell fluxed by means of mass flow controllers
(MFCs) with the suitable atmosphere under investigation. Figure 16.20 shows an
example of chemical sensing characterization with respect to hydrogen in dry air,
at concentrations of 6, 12, 18, 24, and 30 ppm. Hydrogen injections correspond to
descending square features of sensor resistance. On the same graph it is also
reported the simultaneous signal from a micromachined anemometer: this is a
constant line with superimposed upward and downward peaks. Constant behavior
of anemometer signal indicates that chemical sensing characterization took place
at constant total flow. Peaks are not simply signal noise: they account for real
fluctuations of air flow during MFCs operations, once pure air flow is slightly
decreased and hydrogen containing flow is increased to determine the proper
hydrogen concentration, while maintaining constant the total flow over the device.

As an example of gas-chromatographic use of micromachined chemical sensor,
Fig. 16.21 shows a chromatogram, which has been acquired at the same time from

Fig. 16.21 Chromatogram acquired at the same time by a standard flame ionization detector
(FID) and by the metal-oxide chemical sensor of a multiparametric micromachined platform. Not
all the peaks visible with FID are detected also by metal-oxide sensor, which seems to be most
sensitive to compounds containing hydroxyl group. Signal recovery after intense peaks shows
long tails, probably due to inefficient atmosphere purging in the experimental setup, for
gasdynamic reasons. Absence of sensitivity to the solvent (methylene chloride) could help in the
detection of compounds with small retention time, or in the case of bad injections with solvent-
modified baseline
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a standard FID (hydrogen-fueled flame ionization detector) and from the multi-
parametric device. Although not all the compounds can be revealed by the metal-
oxide chemical transducer, as well as gas sensor design needs to be improved to
enhance recovery time dynamics (in order to short peaks tails), gas-chromato-
graphic use of advanced micromachined devices seems not so far fetched, at least
within portable instrumentations and ‘‘first order’’ analysis, skipping the needs of a
hydrogen line, as imposed by FID.

16.5 Conclusions and Perspectives

Advanced chemical sensors based on micromachined platforms integrating metal-
oxide nanomaterials as active elements have high potentiality to address the
demand of high-sensitivity, wide-spectrum, miniaturized, low power consumption,
reliable and stable devices, to bridge the gap between current solid-state sensing
technology and challenging, real-world applications. These include, for example,
pervasive outdoor/indoor monitoring of air conditions through wireless sensor
networks, early detection of hazardous compounds for security issues, food quality
monitoring, etc. up to cutting edge applications such as physiological/pathological
condition identification through breath analysis, or microclimatic characterization
of artistic and cultural heritages sites for conservation purposes.

Beyond technical details, to make all this real, a novel vision is developing,
where the concept of system integration, i.e. the synergistic contribution of the
various technological aspects playing a role in the building and in the functionality
of a complex system, constitutes the background scenario. This particularly holds
for the issue of microhotplate functionalization with nanomaterials, where several
techniques could be used, although so far none of them seems to be the optimal
one, and in any case a careful merging of microelectronic production methods,
micromachining methods, and nanomaterial production and integration methods
has to be reached.

From this specific point of view, many of the techniques for the production of
metal-oxide nanomaterials may be refined in their features to match requirements
for large-scale, reliable, safe, cost-affordable integration of active layers on mi-
crohotplates and micromachined platforms. Among those techniques, nanoparticle
beam deposition may be a novel tool with particular features making it suited for
nanomaterial integration purposes. Gas-phase approach, non-contact hard mask
patterning, batch deposition, as well as a wide library of synthesizable oxides with
nanoporous structures, are its strength points.

From a more general point of view, the feeling is that parts composing metal-
oxide advanced sensing systems, namely micromachined platform, active nano-
material layer, device packaging, integrated electronics, wireless communication
units, and advanced software for network and data managing, are all reaching a
mature development stage. However, although the richness of lab-scale experi-
ments, where testing is carried out with respect to several different atmospheres,

16 Microhotplates and Integration with Metal-Oxide Nanomaterials 535



are claimed to reproduce real situations, a validation through long-term experi-
ments at end-user sites, seems to be still lacking. This real-world validation is the
next challenging frontier to be crossed.
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Concluding Remarks and Outlook

The influence of nanotechnology on functional materials started about ten years ago
and since then it has made a tremendous impact also on the development of metal
oxide-based gas sensors. The successful demonstration of the ‘‘bottom-up’’ rationale
as a means for creating new functionalities by designing material architectures at the
nanoscale opened hitherto new possibilities to grow and engineer sensing elements
with pre-defined properties. This fundamental shift in materials design approaches
and miniaturization was not only a new opportunity but it also offered the conceptual
basis to couple different functionalities to create multi-material units capable of
doing more than what their conventional counterparts would offer. For instance,
material heterostructures based on metal-oxide junctions combines advantages of
both optical and microelectronic approaches to investigate gaseous media. These
materials with their novel, often coupled, electrochemical properties caused the
revision of the traditional receptor-transduction principles along with the sensing
devices design and architecture. Furthermore, the integration of different materials
characteristics into a single device has put forward the concept of self-powered
sensors that can work autonomously by harvesting energy from their surroundings.

This book exemplarily reflects the decade of development of the major
path-breaking directions in the field of gas sensors especially materials and systems,
where nanostructured metal oxides have played a prominent role. The topics
addressed present a state-of-the-art account of recent developments in reaction
mechanisms, novel material deposition techniques, morphology-controlled
synthesis and transduction methods as well as new device architectures and
challenges pertinent to the integration of nanomaterials in device systems. While
great progress has been made in each of these areas over the last decade there is still
work to be done that is evident in the huge number of publications emerging in this
area as noted in Fig. A.1. The general reaction mechanism of gas adsorption on
metal oxide surfaces is accepted, however, the details of this mechanism and
operando experiments which support this mechanism are still elusive. Meeting the
sensor specifications for a variety of applications has driven the developments in
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materials deposition and morphology and there now exists a broad number of
chemistries and methods which will certainly lead to a number of more productive
years of application driven research. Inter-related with this are the developments
and need for novel device architectures and technologically viable concepts for
materials integration. These studies, which utilize a variety of nano-inspired metal
oxide materials and structures, are driving the state of the art in integration of
enabling technologies. For chemical sensors to be as pervasive a technology as
envisioned, it is these developments in integration of novel devices, which will be at
the forefront of work in the next decade.

Recent advances both in growth techniques and material structures provide the
opportunity to dramatically increase the response of these materials, as their
performance is directly related to exposed surface volume. The recent availability
of various metal oxide materials in nanoscopic form, with high surface-to-volume
area, engineering of surface functionalization with the use of selected dopant
application as well as implementation of newly developed fabrication techniques,
offer tremendous opportunities for low detection limits. The current challenges
related to the development of nanomaterials include a more thorough
understanding of the underlying physical and chemical principles that can be
exploited to design new and surface-modified nanostructures, for instance,
chemical grafting of receptor molecules to enhance the selectivity of the sensor.
Similarly, the methodologies for self-organization and self-assembly of
nanostructures as well as more close interactions between the theoretical models
and experimental findings will be necessary. With new materials, such as core-
shell or multi-layered heterostructures, new physical principles are developing
especially to assess the influence of interfacial energetics, that would require more
attention and concerted efforts to exploit the benefits of these new materials.

It is legitimate at this point to assess the current status of the field and pinpoint
the nucleation points for future developments. The following figure reflects the
publication trends related to metal oxide based chemical sensors as determined by
a search of the ScifinderTM database. The blue curve depicts the evolution of the
total amount of metal oxide related publications in gas sensing. As seen from the
figure these trends are characteristic of a mature and steady developing field. The
publication rate in the field of nanostructured metal oxide as sensing materials
reflects its recent appearance in the beginning of the century and shows fast
growth. However as can be seen from their ratio (white curve) the latter has
become a mature field in its own and its growth currently corroborates with that of
its corresponding ‘‘mother’s’’ field.

Looking into the future, it can be anticipated that the current technology needs
and microfabrication challenges will dictate the development of the nanostructured
metal oxide gas sensors. The pressing need of reducing energy consumption in
next-generation devices would demand materials that can deliver optimal sensing
behavior at room temperature as well as development of multi-material junctions
to integrate power and sensing units in a single device. The increasing safety
concerns around the globe will promote the research related to faster and selective
detection of explosives, drugs and other toxic materials. While nanostructured
metal oxides as sensing materials demonstrated steady improvements in major 3S
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(sensitivity, stability, selectivity) parameters in the laboratory there is a significant
technological gap between research and development and industrial
implementations. The major current challenges of this field lie in development
of inexpensive techniques for controlled and reproducible fabrication of these
novel sensing elements. In addition, since most of the proposed nanoscopic sensors
rely on the same surface chemistry as their traditional counterpart the selectivity
challenge remains. While demonstrations are available of the enhanced stability of
the nanowire based sensors compared to their nanoparticulate traditional
counterpart, further work is needed to enhance this research area.

Finally, it is interesting to observe very recent developments in quasi 1D based
gas sensorics where the morphological particularities of the sensing elements has
led to implementation of new receptor and transduction approaches. These are
works related to reduction of the power consumption to the micro Watts level
while combining sensor signals with heating function via direct Joule heating of
the nanowire sensing element. Another example is enhancement of the local
electric field around nanoscopic sensing elements to promote surface or field
induced ionization. Both of these effects complement standard conductometric
detection channels and therefore can be used as additional orthogonal signals to
improve the selectivity of the sensor.

In conclusion, we strongly believe that this edition represents the cutting edge
‘‘cross-section’’ of the research and development in the domain of modern gas
sensorics with nanostructured metal oxide sensing elements. There is a significant
amount of newly discovered effects and approaches underway, which promise to
act as ‘‘seeds’’ for future growth for many years to come.

Michael A. Carpenter
Sanjay Mathur

Andrei Kolmakov

Fig. A.1 Publication trends
for metal oxide based gas sensor
research
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