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Series Preface

In my career I've found that “thinking outside the box”
works better if I know what's “inside the box.”
Dave Grusin, composer and jazz musician

Different people think in different time frames: scientists
think in decades, engineers think in 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

Integrated Analytical Systems

Series Editor: Dr. Radislav A. Potyrailo, GE Global Research, Niskayuna, NY

The book series Integrated Analytical Systems offers the most recent advances in all
key aspects of development and applications of modern instrumentation for chemi-
cal and biological analysis. The key development aspects include (i) innovations in
sample introduction through micro- and nanofluidic designs, (ii) new types and
methods of fabrication of physical transducers and ion detectors, (iii) materials for
sensors that became available due to the breakthroughs in biology, combinatorial
materials science, and nanotechnology, and (iv) innovative data processing and
mining methodologies that provide dramatically reduced rates of false alarms.

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 environ-
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mental 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. 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.

Looking back over peer-reviewed technical articles from several decades ago,
one notices that the overwhelming majority of publications on chemical analysis
has been related to chemical and biological sensors and has originated from
Departments of Chemistry in universities and Divisions of Life Sciences of
governmental laboratories. Since then, the number of disciplines has dramatically
increased because of the ever-expanding needs for miniaturization (e.g., for
in vivo cell analysis, embedding into soldier uniforms), lower power consumption
(e.g., harvested power), and the ability to operate in complex environments
(e.g., whole blood, industrial water, or battlefield air) for more selective, sensitive,
and rapid determination of chemical and biological species. Compact analytical
systems that have a sensor as one of the system components are becoming more
important than individual sensors. Thus, in addition to traditional sensor
approaches, a variety of new themes have been introduced to achieve an attractive
goal of analyzing chemical and biological species on the micro- and nanoscale.



Foreword

Photonic biological and chemical sensors are one of the truly important areas in
photonics today. They have evolved from the traditional cuvette-based apparatuses
used a few decades ago and optical waveguide- and fiber-based devices developed
in 1980s into the highly sophisticated photonic structures that are commonly used
today. These include photonic crystals, fiber gratings, and optical ring resonators,
etc., which are marked by significant improvement in sensing sensitivity, sample
volumes, fluidic integration, and detection multiplexing capability.

Research and development of photonic bio/chemical sensors have seen rapid
growth in recent years, driven mainly by existing and imminent needs in health
care, defense and security, and environmental protection and by innovations in
photonic technologies. However, for the most part, information concerning state-
of-the-art photonic bio/chemical sensors can be found only by sifting through piles
of scientific manuscripts. Therefore, a timely and concise survey of all different
photonic bio/chemical sensing technologies is becoming increasingly important
and desirable, especially in order to enable the education of up-and-coming scien-
tists in this field.

This present book provides a broad overview of various modern photonic
biological and chemical sensors that are still under intensive investigation world-
wide. It emphasizes the photonic sensing structures being used in contemporary
research and their underpinning photonic technologies. Meanwhile, the applica-
tions and the advantages of those photonic structures in sensing are also clearly
elucidated. I believe that the book will be highly valuable to the bio/chemical
sensing community and to graduate students in disciplines like biomedical engi-
neering, electrical engineering, mechanical engineering, chemical engineering, and
applied physics.

Sydney, Australia Benjamin J. Eggleton
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Preface

Photonics has been employed as a powerful tool in biological and chemical
detection for many years. Compared to other sensing technologies, the sensing
transduction signal from photonic sensors can be generated from optical param-
eters in both the spectral and time domains, including refractive index, optical
absorption, fluorescence, polarization, lifetime, and even nonlinear optical pro-
cesses such as lasing, Raman scattering, and multiphoton absorption and emission.
These different types of signals are complementary to each other and provide vast
amount of information regarding the presence and interaction of bio/chemical
molecules.

In recent years, rapid advancements in photonic technologies have significantly
enhanced the photonic bio/chemical sensor performance, especially in the areas of
(1) interaction between the light and analyte, (2) device miniaturization and multi-
plexing, and (3) fluidic design and integration. This has led to drastic improvements
in sensor sensitivity, enhanced detection limit, advanced fluidic handling capability,
lower sample consumption, faster detection time, and lower overall detection cost
per measurement.

This book consists of 19 chapters written by the worldwide experts in photonic
sensors. It is intended to capture most of the important up-to-date fascinating
research and applications of novel photonic structures in bio/chemical sensing.
The subjects extend from optical ring resonators, distributed feedback resonators,
Fabry-Pérot interferometers, Mach-Zehnder interferometers, Young interferom-
eters, and spinning-disc interferometers to fiber gratings, photonic crystals, micro/
nanofibers, photonic wires, antiresonant reflecting optical waveguides (ARROW?5),
slot waveguides, metal-clad waveguides, reverse symmetry waveguides, and folded
waveguides.

The topics in this book are arranged into three sections dealing with (1) photonic
chemical vapor sensing, (2) photonic biological sensing, and (3) integration of the
photonic sensors with microfluidics. However, it should be emphasized that a
number of photonic sensors presented in this book combine or integrate multiple
photonic structures to achieve enhanced performance. Additionally, many sensors
in this book are capable of performing both biological sensing and liquid/vapor

ix
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chemical sensing. The above categorization is done simply out of consideration for
balancing the book’s content and giving readers some general thematic guidance.

While this book surveys a diversified range of photonic sensor structures, it is
certainly impossible in one book volume to provide full coverage of all such
structures known to science. Thus plasmonic photonic structures, photonic crystal
fibers, and nanoparticles will be covered by other upcoming books in this Springer
Series “Integrated Analytical Systems.”

This book will be of interest to researchers from multiple disciplines that include
physicists, chemists, engineers, nanotechnologists, and biologists, who work in the
area of bio/chemical detection and analysis in university laboratories, the biotech-
nology industry, the healthcare industry, homeland security and defense, pharma-
ceuticals, the food industry, and environment protection. The book will also serve
as an excellent resource for graduate students wanting an introduction to the
exciting and fast-pacing research frontiers in photonic bio/chemical sensors.

I would like to thank all of the contributors for writing truly informative and
stimulating chapters. I am also indebted to Dr. Radislav Potyrailo, the book series
editor, who helped me choose this very intriguing topic on photonic bio/chemical
sensing. My gratitude further goes to Dr. Siegfried Janz, Dr. Johannes S. Kanger,
and Dr. David Erickson, who kindly provided the nice figures for the book cover
and to Dr. Benjamin Eggleton for the foreword.

Columbia, Missouri Xudong Fan
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Chapter 1
General Introduction

Xudong Fan

Photonic sensors employ light to convert bio/chemical processes into a detectable
signal, i.e., a sensing transduction signal. As compared to other sensing technolo-
gies, the strength and versatility of photonic sensors lie in the wide range of optical
properties available in both the spectral and time domains that serve to generate the
sensing transduction signal. These properties include, but are not limited to, refrac-
tive index, optical absorption, fluorescence, polarization, lifetime, and even nonlin-
ear optical processes such as lasing, Raman scattering, and multiphoton absorption
and emission. The sensing signals from these optical properties are complementary
to each other. When used alone or in combination, they can provide vast amount
of information regarding the presence and interaction of bio/chemical molecules.
As a result, photonic bio/chemical sensors have broad applications in healthcare,
defense, homeland security, the food industry, the biotechnology industry, pharma-
ceuticals, and environmental monitoring and protection.

For a photonic bio/chemical sensor, three characteristics, among others, are
crucial in determining its performance. (1) Light—analyte interaction. This dictates
the transduction signal. Stronger light—matter interaction usually results in a higher
sensitivity and better (e.g., lower) detection limit. (2) Sensor miniaturization and
multiplexing. These are directly related to sample consumption, device portability,
detection time, and detection cost. (3) Integration of fluidics with photonic sensing
elements. Effective and efficient fluidics not only reduces the sample consumption
and hence the cost, but also enhances light—analyte interaction and expedites the
detection processes.

In the past decade, rapid advancements in photonic technologies have signifi-
cantly benefited photonic bio/chemical sensors. Numerous novel photonic struc-
tures have been invented and developed with tremendous improvement in the three

X. Fan
Department of Biological Engineering, University of Missouri, Columbia, MO 65211, USA
e-mail: fanxud@missouri.edu

X. Fan (ed.), Advanced Photonic Structures for Biological and Chemical Detection, 1
Integrated Analytical Systems,
DOI 10.1007/978-0-387-98063-8_1, © Springer Science+Business Media, LLC 2009
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important characteristics mentioned above. For example, through light interference,
photonic crystals are capable of confining light within extremely small detection
volumes for extremely high light—analyte interaction and thus, sensitive molecular
detection (Chap. 16). Maximal light—analyte interaction is also achieved with the
antiresonant reflecting optical waveguide (ARROW) structure, which is engineered
so that both light and analyte can simultaneously be guided in the same liquid core
(Chap. 18). In an optical ring resonator the light circulates along the resonator and
repeatedly interacts with analyte deposited on the resonator surface (Chaps. 2, 5, 6,
8,9, 12, 13, 14, 17, and 19), thus drastically improving the detection limit and
lowering the sample consumption. In the BioCD platform (Chap. 11), thousands of
samples can be analyzed quickly with very low cost.

The collection of chapters in this book represents the most recent global efforts
in the research and development of photonic bio/chemical sensing structures. The
photonic structures included in book are quite diversified, ranging from optical
resonators and interferometers to photonic crystals and specially designed wave-
guides. For guidance, they are summarized as follows:

¢ Optical ring resonators (Chaps. 2, 5, 6, 8,9, 12, 13, 14, 17, and 19)
e Distributed feedback resonators (Chap. 12)

e Fiber gratings (Chaps. 3 and 7)

e Fabry-Pérot interferometers (Chap. 7)

e Mach-Zehnder interferometers (Chaps. 7 and 9)

e Michelson interferometers (Chap. 7)

¢ Young interferometers (Chap. 10)

e Spinning-disc interferometers (Chap. 11)

e Photonic crystals (Chaps. 4 and 16)

¢ Micro/nanofibers and photonic wires (Chaps. 9 and 13)

¢ Slot waveguides (Chaps. 8 and 9)

¢ Folded waveguides (Chap. 9)

e Metal clad waveguides (Chap. 15)

e Reverse symmetry waveguides (Chap. 15)

¢ Liquid core antiresonant reflecting optical waveguides (Chap. 18)

The reader will notice that many photonic sensors presented in this book combine
or integrate multiple photonic structures to achieve better sensing performance. For
example, nanofibers in the form of a ring resonator provide highly sensitive bio/
chemical detection (Chap. 13). Long period gratings in combination with a Mach-
Zehnder or Michelson interferometer configuration perform sensitive chemical
vapor sensing (Chap. 7). In Chap. 9, folded waveguide structures are integrated
with the ring resonator or Mach-Zehnder interferometer design. While such ideas
may make categorization difficult, they represent some of the most innovative
designs that the field has ever seen.

The contributed chapters are divided into three sections. The first section is
dedicated to chemical vapor sensing. In the majority of the photonic vapor sensors
described here, a layer of vapor sensitive material (polymer, ceramics, or colloidal
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crystal film, etc.) is coated onto the photonic sensing structure (Chaps. 3, 6, and 7)
or forms the sensing structure itself (Chaps. 2 and 4). The refractive index or the
thickness of the vapor sensing material is changed when it interacts with vapor
molecules, and these changes can be detected as the sensing transduction signal. For
increased sensing specificity, in Chaps. 3 and 7, molecular sieves are used to
selectively detect molecules of a particular size, and in Chap. 6, ring resonator-
based microgas chromatography is employed to separate and identify analytes by
their respective retention times. Chemical vapors can also be detected by their
absorption band. Chapter 5 discusses cavity enhanced optical absorption using a
high Q-factor ring resonator.

The second section focuses on biosensing and liquid chemical sensing. Most of
the photonic biosensors in this section rely on so-called evanescent sensing or
surface sensing. The light is typically highly confined in the close proximity of
the solid sensing surface, which is coated with a layer of biorecognition molecules
that have affinity for specific analytes. When analytes, i.e., target molecules bind to
the surface, local refractive index changes, since biomolecules and cells generally
have different refractive indices than buffer solutions. The decay length of the
evanescent field is only a few tens of nanometers, which is advantageous in sen-
sitively detecting the signal generated by the target molecules that bind to the
sensing surface while rejecting the one by background molecules that do not bind
to the surface but still exist in bulk solution.

Conventional evanescent sensing works exceedingly well for relatively small
biomolecules such as proteins and DNA molecules whose size is much smaller
than the decay length. However, it becomes less sensitive when detecting biospe-
cies, such as cells, with dimensions over 1 pm. In Chap. 15, deep-probe waveguide
sensors are developed to overcome this limitation, which have a decay length
comparable to the size of the biospecies of interest.

The sensors in this section can also be utilized to detect chemicals in liquid
through the bulk solution refractive index change induced by the presence of target
chemicals. Since no recognition molecules are used, this type of chemical sensing
may usually have low specificity. However, these sensors may perform excellently
in conjunction with other technologies such as capillary electrophoresis, mass
spectrometer, and liquid chromatography in chemical detection.

The third section discusses microfluidics-enabled photonic sensing systems. In
these types of sensors, liquid not only carries analytes, but also defines photonic
structures and provides photonic functions. In photonic crystals and ARROW
sensing structures (Chaps.16 and 18), both light and liquid are confined within
aqueous holes or channels. In Chaps. 17 and 19, liquid itself forms a part of ring
resonators. In addition to the detection of surface-bound molecules (Chap. 16),
molecules in free solution can also be analyzed (Chaps. 17-19). This is a very
attractive and advantageous feature, which eliminates the necessity of immobilizing
biorecognition molecules to sensor surfaces (thus simplifying the sensing protocol)
and enables detection of molecules in their natural form without the interference
from a solid state substrate. In the sensors presented in this section, sensing signals
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generated from refractive index, fluorescence, Raman emission, and laser emission
are demonstrated.

Future research and development of photonic bio/chemical sensors will continue
to be driven by technological advancements in photonics. Besides refractive index,
absorption, and fluorescence, when the light-analyte interaction is sufficiently
strong, sensing relying on nonlinear optical processes will be practically viable
some day, which may lead to even lower detection limits and reveal more detailed
information with regards to the interaction of bio/chemical molecules. Additio-
nally, intensive investigation in micro/nanofabrication and nanophotonics will lead
to further miniaturization and multiplexing of photonic sensors. Consequently,
detection of a sample at the level of femtoliter or even subfemtoliter will become
common practice. Finally, apart from fluidics, integration of light sources (tunable
or fixed), detectors, optical signal processing components (such as filters and
polarizers, etc.) will also be important in future photonic sensor designs.
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Photonic Structures for Chemical
Vapor Sensing



Chapter 2
Microresonator Sensors Made in Polymers
with Functional Chromophore Dopants

Antao Chen

Abstract The optical properties such as index of refraction and optical absorption
of many chromophore-doped polymers are sensitive to the physical and chemical
environment to which the polymers are exposed. A variety of microring resonator
sensors have been realized with chromophore-doped polymers. Detection sensitivity
is further enhanced by optical microresonator structures such as waveguide micror-
ing resonator and fiber Bragg gratings. Chromophore-doped polymers also offer
some desirable flexibility in device fabrication. Ultraviolet light and electron beam
can reduce the index of refraction of the polymer. The photobleaching and electron
beam bleaching methods form optical waveguides in a single fabrication step and
do not involve solvents or wet chemicals, and can be applied to polymers that are
not compatible with other waveguide fabrication techniques.

This chapter provides an overview of the basic principles and designs of such
sensors. A chemical sensor to detect trace explosives and a broadband fiber optic
electric-field sensor are presented as practical examples. The polymers used for the
trace explosive sensor are unpoled and have chromophores randomly orientated in
the polymer hosts. The electric field sensor uses a poled polymer with chromo-
phores preferentially aligned through electrical poling, and the microring resonator
is directly coupled to the core of optical fiber.

2.1 Introduction

Polymers with specific functionalities can be realized by incorporating various
dopants, such as laser dyes, rare earth ions, quantum dots, and functional chromo-
phores into the host polymer. Chromophores are molecules or chemical groups as
part of a larger molecule, and they have characteristic absorption bands in the

A. Chen
Applied Physics Laboratory, University of Washington, Seattle, WA 98105, USA
e-mail: antaochen@apl.washington.edu

X. Fan (ed.), Advanced Photonic Structures for Biological and Chemical Detection, 7
Integrated Analytical Systems,
DOI 10.1007/978-0-387-98063-8_2, © Springer Science+Business Media, LLC 2009
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optical wavelengths, giving them a distinct color. The color of chromophores
ranges from red to blue depending on the specific chromophore. Some chromo-
phores have long been used as dyes in the textile industry. If chromophores are
randomly oriented in the polymer matrix, the polymer can have strong third-order
nonlinear optic (NLO) effect, two-photon absorption and fluorescence, and sensi-
tivity to chemical analytes. Chromophores of electron donor—r electron charge
transfer bridge-electron acceptor (D-n—A) structure can have a strong dipole
moment and second-order NLO effect. Such chromophores can be preferentially
orientated through electrical or optical poling. The poled polymers become electro-
optic materials and they have been used for high speed electro-optic (EO) modula-
tion and switching, generation of terahertz signals through optical rectification, and
second harmonic generation' ™. High electronegative chemicals such as nitroaro-
matic explosives trinitrotoluene (TNT) and dinitrotoluene (DNT), have shown
strong interaction with conjugated charge transfer chromophores and thus change
the optical properties of chromophore-doped polymers. This makes such polymers
useful in detecting trace explosives’. Decomposition of chromophores through
exposure to ultraviolet (UV) and energetic electron beam permanently reduces
the index of refraction of the polymer. This property can be used to fabricate optical
waveguides and microring resonators.

A broad range of optical devices, including wavelength filters, wavelength
division multiplexers and demultiplexers, lasers, switches, modulators, dispersion
compensators, and polarization rotators can be realized with microring resona-
tors®~'%. Microring resonators are also a good platform of miniature optical sensors
to measure temperature, strain, and stress, and to detect chemical and biological
agents''. High Q-factor and long photon life-time enhance sensor response. The
small size of microring resonators also requires smaller amount of analytes for
bio- and chemical sensing. The overall length of conventional optical waveguide
devices based on Mach-Zehnder interferometers, directional couplers, Y-branch
switches, and multimode interference (MMI) technologies is on the order of a
centimeter. In contrast, microring resonator devices have much smaller (several
micrometers to a few hundred micrometers) sizes. This unique advantage makes
microring resonators ideal for large scale integration to form an array of sensors
on a single chip. It also makes them highly suitable for monolithic integration with
silicon integrated circuits that interface with the sensors.

Microring resonators have been realized in many different materials, including
silicon-on-insulator, GaAs and InP, glass, and polymers'®''. Polymers offer a
number of unique advantages compared to the other materials. Through modern
molecular design and organic synthesis, polymers can have tailored optical (index
of refraction, birefringence, absorption spectrum), device fabrication processing,
and tuning/sensing (electro-optic, thermo-optic, chemo-optic, and photoelastic)
properties to meet the requirements of specific applications and device designs.
Many fabrication options exist for polymer microring resonators. They can be
fabricated by photolithography and reactive ion etching (RIE), imprinting, soft-
lithography molding, two-photon polymerization, and electron-beam (e-beam)
writing. Polymer optical waveguides can also be fabricated on flexible, curved,
and conformal substrates. These advantages allow polymer microring resonators to
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have functionality, performance, design, and fabrication flexibilities not available
in other materials.

By combining chromophore-doped polymers with optical resonator structures
such as waveguide microring resonators and fiber Bragg gratings, a variety of
sensors can be made. We have discovered that some polymers containing chromo-
phores of D—n-A structure can have strong interaction with molecules of nitroaro-
matic compounds such as TNT and DNT’. As nitroaromatic compounds represent
the major group of high explosives, this new discovery can potentially have
applications in homeland security, counter-terrorism, and land mine detection.
Unlike electro-optic polymers'?, poling'? is not necessary for this application,
and the chromophores are randomly oriented in the polymer matrix. This naturally
avoids possible thermal stability issues associated with poled nonlinear optical
polymers. Significant changes in the UV-VIS absorption spectra and indices of
refraction have been observed when the polymer is exposed to part-per-billion
(ppb) levels of DNT vapor in air. A compact explosive sensor based on micro-
resonators made in chromophore-doped polymers by photobleaching is presented.
When a polymer that contains second-order nonlinear optical chromophores is
poled and the chromophores are preferentially oriented, the polymer exhibits
macroscopic second-order nonlinear optical properties and becomes an electro-
optic polymer, and the polymer can be used for electro-optic sensors. The index of
refraction of an EO polymer varies with external electric field. A broadband all-
dielectric electric field sensor based on electrically poled chromophore-doped
polymer'* is described.

This chapter covers the recent progress in optical sensors based on microreso-
nators made with chromophore-doped polymers. The chapter begins with basic
theory of optical microring resonator sensors and a description of a simple approach
that has been found effective in optimizing the design of microring resonators.
Photobleaching and electron-beam bleaching fabrication of microring resonators
with submicrometer feature size are described. These techniques are unique to
chromophore-doped polymers. Finally two practical examples, a trace explosive
sensor using an unpoled polymer and a broadband electric field sensor using a poled
polymer will be discussed in detail.

2.2 Microring Resonator Theory and a Design Method

2.2.1 Basic Theory of Microring Resonators

Basic microring resonators consist of a ring waveguide as a resonant cavity and
one or two bus waveguides, which are coupled to the ring waveguide and provide
input and output ports for the device. When the round-trip phase shift of the ring
waveguide is equal to multiples of 2, circulating lights of different cycles in the ring
interfere constructively with each other and build up resonance modes. As resonance
occurs, light from the input port is trapped in the ring and the optical power of these
resonance wavelengths are minimized at the through port, as shown in Fig. 2.1a, b.
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tor and one bus waveguide and (b) the corresponding resonance spectrum at the through port.
(¢) One ring resonator and two bus waveguides and (d) the corresponding resonance spectrum at the
through port and drop port. Reprinted from Ref. 15 with permission. © 2008 Institute of Electrical
and Electronics Engineers

If there is a second bus waveguide coupled to the ring, the light trapped in the ring
will be coupled out to the second bus waveguide and resonance peaks will be present
in the spectrum at the drop port (Fig. 2.1c, d). Because the round-trip phase shift
of the ring waveguide is a function of both wavelength and the index of refraction
of the waveguide material, the output power of the microring resonator varies with
both wavelength and index of refraction. Resonance in the wavelength domain is
the basis of channel filters and lasers, and the resonance shift due to the change of the
index of refraction, which can be induced by external electric field or chemical
analytes, forms the basis of optical switches, modulators, and sensors.

2.2.2 Sensitivity of Microring Resonator Sensors

The sensitivity in detecting the index of refraction change can be estimated using
the maximum slope of the resonance and a minimum detectable change in the
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power at the optical output end. The minimum detectable change is usually limited
by the noise equivalent power of the optical detector. For slow-varying signals such
as outputs from chemical, biological, and temperature sensors, a relative intensity
change of 0.2% is generally accepted as a detection limit criterion for optical
sensors such as surface plasmon resonance (SPR) sensors'®718.

The sensors are intended to be built with microresonators of high extinction for a
large dynamic range; in such case the normalized optical power at the output of the
fiber can be express as'’

202(1 — cos(0))
1 + o* — 202 cos(6)’

2.1)

Tow =

where o is the round-trip loss factor (0 <ot < 1). 0 is the round-trip phase shift of the
resonator

2
o 2n }’leffd

0
o

2.2)

where n.g is the effective index of the resonant mode, d is the diameter of the
resonator, and /g is the free-space wavelength.

Using a free-space wavelength of 1.55 pm (at which fixed and tunable wave-
length telecom diode lasers are available at relatively low cost, and also in the low
loss window of optical fiber), an effective index of refraction of 1.45, and a ring
diameter of 50 um, the full width half maximum AOgww (With coupling taken into
account) can be calculated numerically using (2.1). From AOgwym the loaded Q
factor and the finess as a function of the total optical loss of the resonator are
calculated and plotted in Fig. 2.2a. The Q factor is the ratio of the resonant
wavelength over the wavelength full width half maximum of the resonance.
The finess is the ratio of the separation of adjacent resonant wavelengths over the
wavelength full width half maximum. Finess is an important factor when building
sensor arrays with large number of microresonators on the same bus waveguide.
Figure 2.2a shows that for a typical waveguide loss (due to absorption, surface
scattering, and bending) of 1 dB/cm, a loaded Q of 10° can be reached. A Q of 10°
requires a waveguide loss of 0.1 dB/cm. This level of low loss is challenging, yet
still possible since optical waveguides with a low loss of 0.03 dB/cm (at 1.55 pm.
0.01 dB/cm at 830 nm, including the absorption and scattering losses) have been
demonstrated previously”’ 2.

The steepest slope can be found from the derivative d/,,/df. Using the steepest
slope and the criterion of 0.2% relative change of output intensity'®™'®  the
minimum detectable refractive index changes at various Q are calculated and
given in Fig. 2.2b. With a Q factor of 10° (total loss of 0.1 dB/cm), an index of
refraction change as small as 1.75 X 1077 RIU (refractive index units) can be
detectable, which is about 100 times better than that of typical SPR sensors. If the
total loss could be kept below 0.04 dB/cm (based on the 0.03 dB/cm loss demon-
strated from straight waveguides®™' plus 0.01 dB/cm for waveguide bending
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Fig. 2.2 (a) The loaded Q and finess of a 50 pm diameter ring resonator as a function of the total
waveguide loss. The coupling loss is taken into account in the calculation (critical coupling is
assumed). The total waveguide loss includes material absorption loss, waveguide bending loss,
and scattering loss due to surface roughness and index inhomogeneity. (b) Maximum slope in
rad~! and sensitivity (minimum detectable change in refractive index) as functions of Q. The data
are calculated using the 0.2% intensity variation criterion, a 50 pm ring diameter, and 1.55 pum
wavelength

loss), the theoretical detection limit would be 7 x 107'° RIU. For a given
microring resonator, sensitivity scales with 1/4o>. Using a shorter wavelength
could also significantly improve the sensitivity. As a side benefit of using shorter
wavelengths, the optical losses of polymers are lower at shorter wavelengths than
at telecom wavelengths. Polymer waveguides with loss as low as 0.01 dB/cm has
been reported at the wavelength of 830 nm??.

The above estimation is based on slow varying quasi-DC signals. For fast
oscillating AC signals such as acoustic, ultrasound, and radio frequency (RF)
electromagnetic waves, advanced detection techniques (low noise amplification,
filtering, heterodyne, phase locked loop, etc.) developed in these technical areas and
in optical telecom could be used to reach sensitivities much higher than the
sensitivity based on the 0.2% DC detection criteria™.
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For an RF electric field sensor, bandwidth (speed) is another important require-
ment. The speed of a resonator is determined by the cavity ring down time 7 = Q//c.
As in any devices using resonating structures, a trade off between sensitivity (which
increases with Q) and speed (which decreases when Q increases) has to be made.
At the wavelength of 1.55 um, Q factors of 10* and 10° translates to a sensor
bandwidths of 20 GHz and 200 MHz, respectively.

2.2.3 A Simplified Approach to Designing Microring Resonators

Q-factor and extinction ratio are two most important figures of merit of resonators.
The Q is mainly affected by the scattering and bending loss of the ring waveguide,
and the maximum extinction ratio is achieved when the critical coupling condition'”
is met. To vigorously model the complete microring resonator device the finite-
difference time-domain (FDTD) algorithm needs to be used. FDTD solves the
Maxwell’s equations without making major approximations or assumptions to com-
promise the accuracy. However, FDTD algorithm is very computationally intensive
and cluster computers are normally required to realistically model a microring
resonator. The outputs from FDTD codes also require a great deal of postprocessing
to extract device performance information such as resonant wavelengths, the
QO-factor, the resonance extinction ratio, and the free spectral range (FSR).

A time-saving and much simpler approach is to divide the microring resonator
into its building blocks and to consider the microring resonator as an optical circuit
made of directional couplers and curved waveguides, as illustrated in Fig. 2.3.
Beam propagation method (BPM) algorithm can separately calculate the coupling

Coupler
length Coupling
. 4> a
Bus waveguide gap

\ Coupler

cuved Y )

waveguide

Fig. 2.3 By regarding a basic microring resonator as an optical circuit composed of a directional
coupler and a curved waveguide (the cross hatched section), the characteristics of the microring
resonator can be analyzed using simpler BPM code and transfer matrices instead of computation
intensive FDTD simulation. Reprinted from Ref. 15 with permission. © 2008 Institute of
Electrical and Electronics Engineers
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ratio of directional couplers, the propagation constant, and loss of curved wave-
guide with satisfactory accuracy. A BPM code is much faster and requires much
less computer memory than an FDTD code and the BPM simulation can be easily
carried out on a standard personal computer. The results from the BPM simulation
are then used to construct transfer matrices >**> that represent couplers and the ring
waveguide. Transmission properties of every specified output port can be obtained
by using the transfer matrices. For example, the calculated round-trip loss factor lal
for various index contrast and radius of curvature and the coupler attenuation Il vs.
coupler length and gap, are plotted in Fig. 2.4a, b, respectively. From Fig. 2.4a one
can find the possible combinations of index contrast and radius of curvature
to maximize the loal* and Q. The figure clearly shows that smaller radius requires
larger index contrast. For any given index contrast, there exists a peak of lol* and an
optimal radius. Below the optimal radius the bending loss increases sharply, and
above the optimal radius the perimeter of the ring increases and the round trip loss
increases with it. After the peak lol” is determined the next step is to match If* with
lal? using Fig. 2.4b to find the possible combinations of coupler length and gap to
meet the critical coupling condition for maximum extinction ratio. Wider (>1 pm)
gap or zero gap (MMI) couplers are often preferable because they have relatively
large critical feature size and are easier to fabricate. By using this simple procedure
one can quickly determine the approximate values of the key design parameters.
From there an optimal design can be found by experimenting a number of design
variations around these values.

2.3 Waveguide Fabrication Techniques Unique
to Chromophore-Doped Polymers

2.3.1 Photobleaching

Traditional methods to fabricate polymer waveguide devices is patterning a photo-
resist etch mask on the polymer film, and then using RIE to transfer the photoresist
pattern to polymer film, and finally removing the remaining photoresist on the
waveguide. It is a process of multiple fabrication steps. The solvent in the photore-
sist often reduces the surface quality of the polymer and in some cases can dissolve
the polymer and destroy the film. In these cases a method to fabricate polymer
waveguides without using solvent or wet chemistry is highly desirable. For both
poled and unpoled chromophore-doped polymers, optical waveguide can be pat-
terned in a single step using ultraviolet light or electron-beam.

Conjugated charge transfer chromophores are more polarizable than the polymer
host and polymers doped with chromophores have index of refraction higher than
that of the host polymer alone. High-energy ultraviolet photons can break chemical
bonds and destroy the conjugated-charge transfer system of the organic chromo-
phores. Consequently, the index of refraction of the chromophore-doped optical
polymer is reduced. Photobleaching has been used to make single mode channel
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Fig. 2.4 BPM simulation results for polymer microring resonators: (a) Round trip attenuation vs.
the core-cladding index contrast and radius of curvature. (b) Coupling induced attenuation vs. the
length and gap of the coupler. The width and height of the waveguide is 2 um. The wavelength
used in the calculations is 1.55 um. Reprinted from Ref. 15 with permission. © 2008 Institute of
Electrical and Electronics Engineers

waveguides®® and to perform postfabrication trimming of polymer waveguide
devices?’. Photobleaching through a photomask forms optical waveguides in a
single step. It not only simplifies the device fabrication, but also reduces the sources
of error from multiple fabrication steps. Photobleaching is a dry process and does
not use solvents and wet chemicals.
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The effectiveness of photobleaching in fabricating microring resonators>® has
been demonstrated in an amorphous polycarbonate (APC) doped with 25 wt.% of
AJL8 chromophore (AJL8/APC). The chemical structure of AJLS is given in
Fig. 2.5. Figure 2.6 shows the change of the absorption spectra and refractive
index of the AJL8/APC polymer after various degrees of exposure to UV light of
365 nm wavelength, indicating a permanent change of the material. In Fig. 2.6a,
the absorption peak at 714 nm is the characteristic peak of the conjugated charge
transfer system of the m-orbital electrons of the chromphore. The disappearance of
the characteristic peak clearly indicates an irreversible photochemical decomposi-
tion of the chromophores. A decrease of refractive index as large as 0.08 RIU was
observed. According to Fig. 2.4a, such index contrast is sufficient to make micror-
ing resonators of radius as small as 200 pum.

Photobleaching also reduces the thickness of the EO polymer by 80 nm, or
6%. The original thickness of the polymer film was 1.3 pum. Atomic force
microscopy (AFM) picture (Fig. 2.7) of a photobleached waveguide shows that
the corresponding cross-section profile matches the near-field diffraction pattern
of the opaque line on the photomask. The decrease of thickness in the photo-
bleached area is because some photodecomposition products are gaseous and
diffuse out of the polymer thin film, and the volume of the polymer is reduced.
AFM scan indicates that the photobleached region has the same level of surface
smoothness as the unbleached region. Single mode waveguides were obtained for
waveguides of width smaller than 6 um. Waveguide losses were measured by cut-
back method. The propagation loss was found to be 2.3 dB/cm and 2.0 dB/cm for
the horizontal (TE) and vertical (TM) polarizations, respectively. These loss
values are similar to the losses of the ridge waveguides made from the same
material by photolithography and RIE. Coupling loss between the fiber and the
waveguide was 4 dB, which is also typical for the polymer waveguides with same
mode size.

Based on the measurement and BPM simulation results, microring resonators
were designed using the method described in the previous section. The ring
waveguides are race track shaped and have 80 pm coupling length and 200 pm
radius. The width of the waveguide is 4 pm. The AJL8/APC was spin cast from
solution to form a film about 1 pwm in thickness on a silicon wafer with 4 um
silicon dioxide. The silicon dioxide functions as a lower cladding for the polymer
waveguides. Devices with coupling gaps ranging from 0.6 to 1.2 pum were
fabricated and tested. A photomask made by electron-beam lithography was
used to define the waveguides. The highest extinction ratio was obtained from
resonators with a coupling gap of 1.1 pm. The resonance extinction ratio is 16 dB
for TE and 7 dB for TM polarization, as shown in Fig. 2.8. The FSR between
adjacent resonances was approximately 1.08 nm, which is in good agreement with
the theoretical calculation. The Q factor of the resonators was obtained by fitting
the theory to the experimental data and the Q was found to be in the range of
6,500-8,100. The insertion loss at the peak transmission was 8.7 dB, which is
mainly due to the fiber-to-waveguide coupling at the input and output ports of the
device.
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Fig. 2.5 Chemical structures of the chromophores used in this work. Reprinted from Ref. 15 with

permission. © 2008 Institute of Electrical and Electronics Engineers



18 A. Chen

a
2.5+
— 0 J/cm?2
204  ---100 J/cm?
® - - - 200 J/cm?
2 15 2
5 : —-- 600 J/cm
2
2 1.0
Qo
<
0.5
0.0 ) =
T I T I T I T I
400 600 800 1000
Wavelength (nm)
b
1.60 -
.5 1.59 —
g 158
© I
5 1.57 —
3
3 1.56
£
1.55 - I
1.54 —

I I I I I I
0 200 400 600 800 1000

Energy density J/cm?

Fig. 2.6 The characteristic absorption peak disappears (a) and the refractive index decreases (b) as
the photobleaching energy density increases. The refractive index was measured at the wavelength
of 1.55 pm. Reprinted from Ref. 15 with permission. © 2008 Institute of Electrical and Electronics
Engineers

2.3.2 Electron-Beam Bleaching

The resolution limit of photobleaching using ultraviolet light is about 1 pm.
Sometimes the optimal design of microring resonator calls for a coupling gap
much smaller than 1 pum. For instance, in order to achieve a large FSR the round-
trip optical path needs to be minimized and therefore the coupler needs to have
smaller gap in order to make the coupler shorter. Couplers with submicron coupling
gaps can be made by electron-beam bleaching. Electron beam irradiation induced a
refractive index decrease of about 0.06 RIU in polymethyl methacrylate (PMMA)
polymer doped with YL124 chromophores’ (Fig. 2.5). The degree of index change
is similar to what is observed with photobleaching. Similarly, a decrease in the
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Fig. 2.7 The topographic view of a photobleached waveguide using atomic force microscopy
(a), and the height profile along three scan lines (b). Reprinted from Ref. 15 with permission. ©
2008 Institute of Electrical and Electronics Engineers

thickness of the polymer film after e-beam bleaching is also observed. Electron
beam provides nanometer scale resolution, and microring resonators with critical
feature size of 100-200 nm are readily achievable. E-beam bleaching can be carried
out by a standard scanning electron microscope (SEM) with a pattern generator.
Without the need of expensive high resolution photomasks, different designs of
microring resonator devices can be generated easily with electron beam bleaching.
This is especially effective for fast prototyping and design optimization. As with the
photobleaching, electron beam bleaching is a single-step process and does not use
wet chemicals. The waveguides are formed by exposing a strip of 20-50 pm wide
on each side of the waveguide to create low index clad for lateral confinement,
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Fig. 2.8 Transmission spectrum of a microring resonator with 1.1 um coupling gap. Reprinted
from Ref. 15 with permission. © 2008 Institute of Electrical and Electronics Engineers

Fig. 2.9 A microscope image of a microring resonators fabricated with the electron beam
bleaching method. The lighter areas in the image are bleached by electron beam. Reprinted
from Ref. 15 with permission. (€) 2008 Institute of Electrical and Electronics Engineers

as shown in Fig. 2.9. It is found that it is not necessary to coat the polymer thin film
with metal or conductive polymer during the e-beam exposure. This is different
from SEM imaging of polymer samples, in which a conductive coating is usually
required to prevent surface charging.

For a microring resonator with a waveguide width of 5 pm and coupling gap
of 200 nm, a resonance extinction ratio of 12 dB for TE polarization and 9 dB for
TM polarization has been achieved, as shown in Fig. 2.10. The ring resonator had
a race track shape with circular sections of 500 pm radius and straight coupling
section of 100 pm in length. The width of the two exposed strips is about 50 pm.
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Fig. 2.10 Normalized transmission spectrum of a microring resonator made by e-beam bleaching.
The input light is TE polarized. Reprinted from Ref. 15 with permission. © 2008 Institute of
Electrical and Electronics Engineers

The polymer used is PMMA doped with YL124 chromophore at 20 wt% and the
thickness of the polymer film is 2 pm. The film was spin coated on silicon substrate
with 5 pm of thermal oxide as lower cladding. The microring resonator was
patterned with a FEI Sirion SEM equipped with a nanometer pattern generation
system. Accelerating voltage of 30 kV and beam current of 5 nA were used to
reduce the e-beam writing time. For this polymer, the change of index saturates at
e-beam dose above 500 pC/cm?® and the dose of electron beam exposure used to
pattern the microring resonator was 700 uC/cm?.

2.4 Change of Linear Optical Properties Caused
by Nitroaromatic Explosives

Recently we have observed that the trace vapors of electro-negative nitroaromatic
explosives such as TNT and DNT cause significant changes in the linear optical
properties, i.e., index of refraction and absorption spectrum, of certain chromo-
phore-doped polymer thin films. Figure 2.11 shows the UV-VIS-NIR absorption
spectra of a thin film of polymethylmethacrylate (PMMA) doped with chromophore
DH6° (shown in Fig. 2.5) at 20 wt.% after various duration of exposure to DNT
vapor in the air. The polymer films were spin coated from solution on glass slides,
and dried overnight in vacuum at 60—70°C. The thickness of the film is 1 pm. The
film is not electrically poled and the chromophores are randomly orientated in the
matrix of the PMMA host. The main absorption peak originally at 630 nm shows a
red shift as large as 70 nm and a reduced peak absorbance from 1.53 to 0.3 after
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Fig. 2.11 Absorption spectrum of a DH6/PMMA thin film after it is exposed to DNT vapor at
65°C for various periods of time. The peak at about 630 nm is the characteristic absorption peak of
the chromophore. Reprinted from Ref. 33 with permission. © 2008 American Chemical Society

the film is exposed to saturated DNT vapor in air at 65°C for 24 h. Similar changes
have also been observed at room temperature although the same degree of change
took place about ten times more slowly. There is also a noticeable change of color
of the film after it is exposed to DNT vapor. The color of the polymer film changes
from dark blue to light purple. The changes in the absorption spectrum and the
corresponding color changes were observed in a number of host polymers doped
at various levels with several different chromophores (DH63O, AJL8?!, DR132) of
the D—m-A structure shown in Fig. 2.5. The type of host polymer (PMMA, APC, and
bisphenol-A-polycarbonate) and solvent (chloroform and cyclopentanone) used to
make the polymer solutions have only minor effect on the polymer thin film’s
response to DNT.

Accompanying the change in the absorption spectrum is a change in the index of
refraction. Chromophores of D—rn-A structure are highly polarizable and contribute
to the index of refraction of the polymer. The polarizability, and therefore the index
of refraction, can be affected by the electric field acting on the chromophore due
to the local environment. The local electric field environment can, in turn, be
affected by nitroaromatic explosive molecules that are highly electronegative and
polar. To study the sensitivity and specificity of the polymer as trace explosive
sensor materials, similarly prepared thin films of 20 wt.% AJL8 chromophore in
APC host were, respectively, exposed to saturated vapors of DNT as well as other
chemicals that are a common cause of false positives of explosives sensors. These
chemicals include pollutants commonly found in the environment, e.g., salts,
chemical fertilizers, and detergents. The thin film samples were individually sealed
in separate containers with each of these chemicals, and thereby exposed to, at
most, a saturated vapor concentration of these chemicals at ambient condition. The
concentration of saturated DNT vapor in air at room temperature is known to be
100—120 parts-per-billion**. The index of refraction of these thin film samples was
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Fig. 2.12 The change of the index of refraction due to DNT is much larger than the change due to
other chemicals found in the environment as pollutants. The polymer is 20 wt.% AJL8 chromo-
phore in APC. Reprinted from Ref. 33 with permission. € 2008 American Chemical Society

measured at the wavelength of 1,550 nm with a prism coupler (Metricon 2010) after
various time periods of the exposure to the chemical vapors. Figure 2.12 shows
the index of refraction change of these samples over time. These results indicate
that this polymer has good specificity to DNT. The maximum refractive index
change of this polymer is 0.012 RIU at 100—120 ppb of DNT vapor concentration at
room temperature. Considering that the index of refraction can be measured with
a sensitivity of 107’ RIU with well-engineered polymer microring resonators'’, a
detection limit based on the index change of this polymer of 1 parts-per-trillion is
practical. In general, the change in the index of refraction can be measured more
accurately than the change in the absorption spectrum, for example, using micror-
ing resonators and fiber Bragg gratings. Therefore, sensors based on the refractive
index change could be more sensitive than the sensors based on the absorption
spectrum change.

The details of how nitroaromatic explosive molecules interact with the chromo-
phores in the polymer matrix requires further study. Initial observations suggest that
because nitroaromatic explosive molecules are highly electron-deficient, that chro-
mophores have an electron-rich donor and bridge, and that both nitroaromatic
explosives and chromophores are highly polar, explosive molecules and chromo-
phores have a strong tendency to interact with each other. The interaction between
explosives and the polymer takes place in two steps. In the initial step nitroaromatic
explosive molecules create a more polar environment around the chromophores.
The increased polar environment produces a solvatochromic red-shift of the
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absorption peak of chromophores, and a relatively small (on the order of 10~ RIU)
change in the index of refraction of the polymer. The effects of this step are
reversible and the polymer recovers after it is removed from explosive vapors. If
the polymer continues to be exposed to explosive vapors, more explosive molecules
diffuse into the polymer, and the interaction enters the next step. Chromophores and
explosive molecules start to form charge transfer complexes. Explosive molecules
start to alter the band structure and disrupt the charge transfer bands of the
chromophore, and the absorption peak begins to diminish, accompanied by a
large (on the order of 10~ 2 RIU) change in the index of refraction. Both interactions
are evident in Fig. 2.11, with an initial red-shift of the absorption peak followed by
the subsequent reduction of the height of the absorption peak. The strong interac-
tion of the second step was only observed in solid thin films, and the spectral change
does not recover even after the film is subsequently baked at temperatures above
100°C for several days, indicating that the interaction between the chromophores
and explosives is stronger than the thermal energy. Simply adding nitroaromatic
explosives to the chromophore solution does not cause noticeable change of the
chromophore absorption peak of the solution. Furthermore, if the polymer film that
undergoes the absorption peak reduction after long exposure to explosives is
redissolved in the solvent, the absorption spectrum returns to its original shape, as
shown in Fig. 2.13. This recovery suggests that the interactions between chromo-
phore and nitroaromatic explosives are physical in nature, rather than a chemical
reaction. When the film is redissolved in the solvent, solvent molecules also interact
with the chromophores and compete with explosives molecules. Since solvent
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Fig. 2.13 Comparison of the absorption spectra of two DH6/PMMA thin films redissolved in
cyclopentanone. One is a pristine film without being exposed to DNT and the other is a film that
has been exposed to DNT and has changed color. After they are redissolved in solvent, the
absorption spectra of both samples have the same peak wavelength and shape. The difference in
the height of the peak is due to the difference in the concentration of the two polymer solutions,
and is not important in the comparison. Reprinted from Ref. 33 with permission. © 2008
American Chemical Society
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molecules in the polymer solution far outnumber explosive molecules, the solvent
separates the explosive molecules from the chromophores.

For the AJL8/APC polymer, saturation was not achieved until 250 h of exposure
to the DNT vapor. However, the sensing polymer produces a detectable amount of
refractive index change within a few minutes of exposure to DNT vapor of 100 ppb
concentration. The response rate is thought to be limited by the diffusion of DNT
molecules into the polymer. In the initial experiments reported here PMMA and
polycarbonate were used as the host polymers. These polymers are relatively less
permeable to DNT. The response rate is expected to improve if a more permeable
polymer host is used.

2.5 Poling and Electro-Optical Polymer

The electro-optic property of EO polymers comes from the NLO chromophores.
When these chromophores are preferentially aligned to break the centrosymmetry
of the material, the molecular level microscopic NLO effect of the molecules
translates to the macroscopic second-order NLO effect of the polymer material.
The poled material exhibits a strong macroscopic electro-optic effect.

An external electric field induces a change in the dipole moment known as polari-
zation. However, the induced dipole moment has a saturation behavior which makes
the polarization deviate for the linear response to the external E-field, and the total
polarization p of the chromophore in an external electric field can be written as

pi= OC,‘/‘E/‘ + ﬁijkEjEk + Vijk[EjEkEl + ..., (23)

where o; is the linear polarizability, S is the first hyperpolarizability, and y;j; is
the second hyperpolarizability. E; ; ; are electric field components in the molecular
coordinate system. The f term gives rise to the second-order NLO effect.

A polymer system with NLO chromophores randomly oriented does not allow
even order nonlinear optical effect due to the central symmetry of the system. In EO
polymers, these individual chromophores need to be aligned toward one direction
by poling® ™’ to break the central symmetry of the polymer system. Poling is
usually done by applying a strong DC field to the polymer. The poling field exerts
a torque on these dipolar chromophores and rotates them so that they become
preferentially orientated in the direction of poling field. The EO tensor of an EO
polymer poled in the z direction is given by

0 0 ri3
0 0 ri3
0 0 r33

’ 24
0 s 0 ( )
ry3 0 0

0O 0 O
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133 1s typically several times greater than 3. EO polymers in general have r33 in the
range of 10-500 pm/V>*. When an electric field E. is applied to an EO polymer and
the field is along the poling axis z, the refractive index of the EO polymer will
change due to the linear electro-optic effect (the Pockels effect). The changes of
ordinary index n, (for light polarized perpendicular to the poling axis) and extraor-
dinary index n. are given by

1
Ang = —E”g”BEz (2.5)
and
[
An, = —inér33Ez. (2.6)

2.6 Microresonator Trace Explosive Sensor

The sensor is a microring resonator fabricated in the polymer thin film of 25 wt.%
AJL8/APC polymer fabricated with photobleaching method. The width of the
waveguide is 4 um and the ring is in a race track shape. The straight sections are
80 um long and the curved sections have a radius of 200 um. The coupling gap is
1.1 pm. When the sensor is exposed to saturated DNT vapor at room temperature,
a resonance shift toward longer wavelength was observed (Fig. 2.14a). The shift of
resonance indicates an increase in the refractive index of the polymer consistent
with the thin-film refractive index measurement results. After 1 h of exposure
the shift was 1.2 nm and the maximum effect has not yet been reached. After
removing the sensor from the DNT atmosphere, the sensor properties returned to
their initial conditions (Fig. 2.14b). The sensor response was determined by
measuring the wavelength of a resonance mode using an optical spectrum analyzer.
A typical optical spectrum analyzer can measure the resonant wavelength to an
accuracy of 0.05 nm. This accuracy corresponds to an accuracy of 0.00005 RIU for
index of refraction measurements, and a sensitivity of ~5 ppb. Polymer microring
resonators with optimized design and fabrication conditions and more accurate
measurement instrument have demonstrated'" an index of refraction measurement
accuracy of 10~ RIU, which corresponds to a detection sensitivity of a few parts-
per-trillion (ppt).

In addition to polymer waveguide microring resonators, we also made trace
explosives sensors by incorporating a fiber Bragg grating with the same polymer.
The fabrication begins on a commercial fiber Bragg grating. The grating section
of the fiber is first etched with hydrofluoric acid and the diameter of the fiber is
reduced from 125 pm to about 30 pm. This allows the evanescent tail of the fiber
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Fig. 2.14 The output of the sensor when it is exposed to (a) and removed from (b) saturated DNT
vapor at room temperature. Reprinted from Ref. 33 with permission. © 2008 American Chemical
Society

mode to extend into the polymer coating to probe the change of the refractive index
of the polymer. The polymer is coated on the etched area of the fiber by dipping
the fiber in the polymer solution and letting the coating dry with the fiber held in
the vertical position. The thickness of the coating is about 1 pm. The change in the
index of refraction of the polymer coating shifts the resonance of the fiber, as shown
in Fig. 2.15. After the sensor fiber is exposed to saturated DNT vapor in air at room
temperature for 16 h the change in the properties of the polymer become so large
that not only is the resonance wavelength shifted, but the shape of the resonance is
also greatly altered and distorted. Since both microring resonators and fiber Bragg
gratings are high Q optical resonators, the microring resonators sensors and fiber
Bragg grating sensors should have comparable sensitivity and response time if the
sensor film of the same polymer and same thickness is used.
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Fig. 2.15 (a) The change in the transmission spectrum of a fiber Bragg grating coated with DH6/
PMMA in response to DNT. The sensor was exposed to saturated DNT vapor at room temperature.
The measurements were taken at time intervals of one hour. The last measurement was taken
after the sensor was exposed to DNT for 16 h. (b) The change of optical power at the output end
of the fiber sensor for light of the wavelength of 1,562.9 nm. Reprinted from Ref. 33 with
permission. © 2008 American Chemical Society

2.7 All-Dielectric Radio Frequency Electric Field Sensor

Optical sensors to measure electric field based on EO effect are useful for char-
acterizing and testing high speed electronic devices and integrated circuits, electro-
magnetic compatibility measurements, electromagnetic imaging with millimeter
and/or terahertz wave and radio frequency photonic links***’. A number of optical
electric field sensors based on Mach-Zehnder interferometers and polarization
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modulation have been previously reported*'*>. Microring resonators of high Q
factor could enable higher sensitivity with a compact device size. EO polymers
have high EO coefficients, low dielectric constants, and femtosecond time scale EO
responses. They have good potential for optical electric field sensors with higher
sensitivity, lower invasiveness, and higher bandwidth.

A novel radio-frequency electric field sensor based on an EO polymer microring
resonator directly coupled to the core of a side-polished optical fiber, shown in
Fig. 2.16, has been successfully demonstrated'*. A cross-linkable EO polymer that
contains AJLS102 chromophore® (Fig. 2.5) was used to make the microring
resonator. A ~1.5 pm thin film was spin cast on a glass substrate coated with 100
nm of transparent conductive indium tin oxide (ITO). The film was subsequently
electrically poled and cross-linked. The ITO was used as a poling electrode. The
poled polymer film was then patterned with electron beam lithography and RIE.
The patterned racetrack-shaped ring resonators had two semicircular sections
of 35 um radius and two straight sections of 50 pm in length. The waveguide
width was 10 pm for better coupling with the fiber core. The transmission spectrum
of the fiber was monitored while the EO polymer microring was being aligned to the
fiber core at the polished region. After the best resonance extinction was reached
the glass substrate of the ring was permanently attached to the fiber using a UV
curable epoxy.

At a wavelength tuned at the slope of a resonance dip in the transmission
spectrum, the intensity of the output light is modulated by the external radio
frequency electric field. The variation of the output light intensity is proportional
to the sharpness of the resonance, the intensity of the input light, and the strength of
the electric field. The device showed a minimum detectable electric field intensity
of 100 mV/m. This sensitivity was limited by the Q-factor of the resonator and the
EO coefficient r33 of the EO polymer and the noise of the measurement system. The
Q of the sensor is approximately 1,100, and therefore the theoretical bandwidth of
the sensor is above 100 GHz. The device was tested at frequencies up to 550 MHz
(Fig. 2.17), which is the upper limit of out test equipment. The Q is mostly limited
by the absorption loss from ITO. EO polymer microring resonators without the ITO
have demonstrated a Q-factor on the order of 10° ', which translates to a sensitivity
below 1 mV/m and bandwidth of 2 GHz. The excess loss of the fiber is on the order
of 1 dB, due mostly to the roughness of the side-polish. Using the optical fiber itself
as the bus waveguide and substrate avoids loss, reliability, and cost issues asso-
ciated with the fiber-to-waveguide end coupling. It also eliminates high propaga-
tion loss coming from the long EO polymer waveguides in Mach-Zehnder type
sensors. This structure allows the position of the ring to be adjusted to achieve
optimal coupling and good resonance. The microring resonator can be either
located in the middle of the fiber and operated in transmission configuration, or
near one cleaved end of the fiber with a dielectric mirror coated on the end face and
operate in reflection configuration like a needle-shaped EO probe. Using two-
photon polymerization, it is also possible to make multiple rings directly on the
side-polished flat surface of a free-standing fiber to form a sensor array, as shown in
Fig. 2.16¢.
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Fig. 2.16 (a) A schematic drawing of polymer microring resonator couple to a side-polished
optical fiber. (b) A microscope image of the fabricated EO polymer electric field sensor. (¢) SEM
image of resonators fabricated on the polished flat of a free-standing fiber. The scale bar in the
picture represents 100 pm. Reprinted from Ref. 15 with permission. © 2008 Institute of Electrical
and Electronics Engineers
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Fig. 2.17 The output of the RF electric field sensor at 550 MHz and 10 dBm RF input. Reprinted
from Ref. 15 with permission. © 2008 Institute of Electrical and Electronics Engineers

2.8 Conclusion

Chromophore-doped polymers have great potential for many sensor applications.
Key technologies of the design, fabrication, and electronic-photonic integration of
polymer microring resonators and a number of novel microresonator sensors have
been successfully developed. High Q factor of polymer microring resonators can be
achieved through systematic design and optimization with fast BPM simulations
and transfer matrix analysis. Chromophore-doped polymers also allow optical
waveguides and microring resonators to be patterned using UV light and elec-
tron-beam in a single process step. Both methods are free of solvents, wet chemi-
cals, and toxic gases. Microring resonators made with chromophore-doped polymer
can be used to detect trace explosives. Detection sensitivity of DNT at ppb level
with good specificity has been demonstrated, and the polymer has the potential of
pushing the detection limit to the ppt level. An optical electric field sensor with
an EO polymer microring coupled with a side-polished fiber was shown to have
adequate sensitivity for many practical applications. This device structure uses a
low loss optical fiber as a bus waveguide and greatly reduces the insertion loss from
fiber-waveguide coupling and long EO polymer waveguides. Chromophores are
man-made materials and as molecular design and organic synthesis continue to
advance, new polymers with more desirable sensing properties will continue to
emerge, enabling better sensors and new applications.
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Chapter 3

Modal Transition in Nano-Coated Long Period
Fiber Gratings: Principle and Applications

to Chemical Sensing

Andrea Cusano, Pierluigi Pilla, Michele Giordano, and Antonello Cutolo

Abstract In this chapter, the numerical and experimental investigation of the
phenomenon of the modal transition in long period fiber gratings (LPGs) coated
with a polymeric overlay of nanometric thickness and of high refractive index
(HRYI) is reported. This layered structure shows a significant modification of the
cladding mode distribution with respect to the bare device, which depends on the
overlay features (refractive index and thickness) and on the surrounding medium
refractive index (SRI). As a consequence, enhanced evanescent wave interaction
with the surrounding environment and a powerful guided wave interaction with
the overlay itself are obtained. These effects were exploited to build very sensitive
refractometers and chemical sensors. Moreover it was shown that the high SRI
sensitivity region of the coated LPG can be tuned over the desired SRI range for
specific applications by acting on the overlay thickness. The dip-coating technique
was adopted to build the thin film coated devices and the syndiotactic polystyrene
in its nanoporous form (¢ form) was used as HRI material, and in particular as
molecular sieve for the detection of trace amounts of chloroform in water.
The recent applications to chemical sensing of the nano-coated LPGs are reviewed.

3.1 Introduction

Long Period Fiber Gratings (LPFGs or LPGs) are in-fiber photonic devices realized
by inducing a periodic refractive index modulation of the core of a single mode
optical fiber along an unjacketed portion of its length. They have periodicities
ranging in hundreds of micrometers (typical values are 100-500 pm), refractive
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index modulation strength of the order of 10™* and lengths of few centimeters
(typically 2-3 cm).

LPGs couples light from the fundamental guided core mode to discrete forward-
propagating cladding modes and to each of them at a distinct wavelength where the
so-called phase matching condition is satisfied'. Cladding modes are bounded in the
optical fiber by the total internal reflection at the silica-air interface along the
grating region. Just after the grating, cladding modes attenuate rapidly on propaga-
tion due to different loss mechanisms such as bends in the fiber, scattering losses
and absorption by the fiber jacket. As a consequence attenuation bands are created
in the transmission spectrum (see Fig. 3.1).

The shape of a LPG transmission spectrum in terms of attenuation bands central
wavelength, depth and bandwidth depends on the effective refractive index differ-
ence between the core mode and the jth cladding mode, the overlap integral between
the core mode field and the cladding mode field, the grating period, length and index
modulation strength and on the physical parameters that characterize its status such
as temperature, strain, bending and surrounding medium refractive index (SRI). In
fact, whatever entity that is able to affect the difference of the effective indices of the
core and cladding modes and/or its period and length, is able at the same time to
affect the phase matching condition and the coupling strength”.

In the past few years LPGs have been widely investigated for both sensing and
communication applications>*. In this chapter we focus on the application of LPGs
to the measurement of the SRI and to chemical sensing.

An interesting feature of LPGs is that their sensitivity characteristics to a specific
parameter depend drastically on the order of the coupled cladding mode and on the
type of the fiber in which they are inscribed. This makes possible to discriminate
between different types of perturbation that act simultaneously on the grating and
offers the flexibility to design devices that are very sensitive or insensitive to a
particular measurand”~’.
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In LPGs the way in which light is coupled out of the core mode depends on the
refractive index of the medium, assuming infinitely extended in the radial direction
that surrounds the LPG. If the SRI is lower than the cladding RI, the fiber supports
bounded cladding modes that are maintained by total internal reflection at the
cladding-surrounding medium interface. In this case, as the SRI increases the
effective indices of the cladding modes increase with a consequent blue wavelength
shift of the attenuation bands. The higher the cladding mode order, the higher the
wavelength shift. This is because the higher order cladding modes extend further
into the surrounding medium with their evanescent tail and hence are more sensi-
tive to SRI changes. The spectral displacement of the attenuation bands for an
increasing SRI has a nonlinear monotonic behavior with increasing sensitivity as
the SRI approaches the cladding RI®.

When the SRI is equal to the cladding one, the cladding layer becomes an infinitely
extended medium and thus supports no discrete cladding modes. In this case, a
broadband radiation mode coupling occurs with no distinct attenuation bands®.

For even higher SRIs the attenuation bands start to reappear at wavelengths
slightly higher than the case in which the external medium is air, with increased loss
peaks but almost without wavelength shift. The presence of the attenuation bands in
this situation is because the fiber partially confines the radiated field at the reso-
nance wavelengths by the Fresnel reflection, rather than by total internal reflection,
at the boundary between the cladding and the surrounding medium, forming leaky
modes. As the SRI increases further, the leaky modes are better confined, increasing
the resonance losses” ',

An approximate analytical expression for the LPGs sensitivity to SRI changes
(dAres j/dnoy) was reported by Chiang and co-workers'>. They also found that the
sensitivity may be significantly enhanced by reducing the cladding radius, being it
inversely proportional to the cladding radius cubed. Reducing the cladding radius
of a LPG has another effect, that is, the tuning of the spectral position of the
attenuation bands toward higher wavelengths. However, both effects depend on
the fact that thinning the fiber cladding reduces the effective refractive index of
the cladding modes and as a consequence the resonance wavelengths increase as
well as the cladding mode evanescent field interaction with the surrounding
medium'*'°.

An immediate application suggested by the intrinsic SRI sensitivity of LPGs is
the chemical sensing. However the first applications of LPGs in this field were not
real chemical sensors but instead solution concentration sensors, since the chemical
selectivity was missing'"°. In fact, a chemical sensor is usually composed of a
sensitive layer which, interacting with the surrounding environment, selectively
collects and concentrate molecules at or within the surface undergoing physical
changes, and of an opportune transducer that converts into an interpretable and
quantifiable term such modification of the sensitive layer*'. To the best of our
knowledge the first example of LPG-based (bio)chemical sensor was reported
by DeLisa et al**. However if the refractive index of the chemo-sensitive overlay
is lower than the cladding RI then the LPG interacts with it through the evanes-
cent tail of the cladding modes. As we will see, there is a better way to exploit
the cladding mode fields through a guided wave interaction with the sensitive
overlay.
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It was a common belief in the early studies of this topic that since the active
materials have usually refractive indices higher than that of silica (in the following
named high refractive index (HRI) materials), the LPG had to work in the leaky
mode regime. This justifies the presence of many studies devoted to characterize
experimentally and numerically the LPG behavior in this circumstance”'?. How-
ever this would have been true if the HRI surrounding medium had been considered
indefinitely extended in the radial direction. The situation becomes very different
when the LPG is coated with an HRI layer which has a thickness smaller than or
comparable to the wavelength of the light used to feed it, as we will see in the rest of
this chapter.

Rees and co-workers™ first studied the effect of the deposition of thin HRI
overlays onto LPGs by analyzing the wavelength shift of the attenuation bands. The
Langmuir-Blodgett deposition technique was exploited to deposit an incrementally
thicker overlay (up to few hundreds of nanometers) of an organic material whose
refractive index was 1.58.

When azimuthally symmetric nano-scale overlays with higher refractive index
than that of the cladding are deposited along the grating region, refraction-reflection
regime at the cladding-overlay interface occurs while total internal reflection
confines light rays to the overlay-surrounding medium interface, at least for SRIs
lower than the cladding RI. The new cladding modes become bounded within the
structure comprising the core, the cladding and the HRI overlay. In other words, the
presence of the overlay determines the change in the power distribution of cladding
modes within the transverse section of the coated optical fiber and in their effective
refractive indices. In particular, the overlay deposition leads to a lowering of the
cladding mode power bounded within the core and cladding layers, while part of the
light power carried by the cladding modes moves towards the HRI overlay, which
enhances the evanescent field in the surrounding medium and increases the clad-
ding mode effective index. This significant modification of the cladding mode
distribution depends on the layer features (refractive index and thickness) and on
the SRI. As a consequence, there is improved sensitivity of the coated device in
terms of wavelength shift and amplitude variations of the attenuation bands in
response to changes of the aforementioned parameters. Moreover the thin HRI
overlay constitutes a waveguide itself, therefore when the overlay parameters are
properly chosen and the SRI is increased in a certain range, the transition of the
lowest order cladding mode into an overlay mode occurs and almost simultaneously
cladding mode reorganization takes place. In the rest of this chapter we will show
that this phenomenon has wonderful benefits on the sensitivity of the device.

3.2 Theoretical Background

As aforementioned, the spectral characteristics of LPGs are determined by the
coupling between the fundamental guided core mode and the co-propagating
cladding modes when the core propagating light encounters a periodic perturbation
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of fiber refractive index. From the coupled mode theory the resonance wavelengths
at which the transmission spectrum present the minima are approximately given by
the well known first order Bragg condition':

/Ires,()j = (nefﬂco - ”2&_01) . A, 3.1

where negr o and ngéf qare the core and jth cladding mode effective indices respec-
tively, A is the gratiﬁg period.

It is worth noting that cladding modes excited in an LPG are usually numbered
starting from the one with the highest effective index, so that higher order cladding
modes have lower effective index. The effective index of the fundamental core
mode is usually calculated by solving the scalar wave equation coming out from
the weakly guidance approximation®*, so it is a linearly polarized mode (LP). The
one with highest propagation constant and azimuthal symmetry is denoted as the
LPy,;. The effective index of the cladding modes are sometimes also calculated with
the LP approximation so they are denoted as the LPy; (j = 2, 3.. )% However,
while for the core mode the weakly guiding approximation is quite accurate due to
the small refractive index difference between the core and cladding materials, for
the cladding modes this approximation introduces bigger errors due to high index
contrast between the cladding and the external medium that is usually air. For this
reason, the cladding mode effective index is more accurately calculated by solving
the full vector wave equation thus considering the exact modes of the waveguide
that is the hybrid modes?’. In this way, the cladding modes are denoted as HE, jand
EH;, with j and n odd and even numbers, respectively, and j starting from 1.
Finally, sometimes the core mode is also solved as an exact mode so it is denoted
as the HE . In this case, the numbering of the cladding modes is with j and n even
and odd numbers, respectively, and j starting from 2. Usually the refractive index
modulation induced in the fiber core is azimuthally symmetric, so that only the
cladding modes with azimuthal symmetry (LP,; and HE ,; with v = 0, 1, respec-
tively) are considered. In fact, the coupling mechanism is more efficient for
cladding modes with the same symmetry of the fundamental core mode. However,
there is no shortage of cases in the literature in which the writing method is
intrinsically asymmetric thus introducing the coupling to asymmetric modes”®*’.

In this chapter, we will numerically analyze the effects of the HRI overlay on the
cladding modes distribution with particular attention to its influence on the device
sensitivity to the SRI changes and to the overlay refractive index changes. The
structure to which we refer is depicted in Fig. 3.2.

The model makes a number of approximations. First, the modes of the four-layer
(core, cladding, overlay, and surrounding medium) cylindrical waveguide are
solved by exploiting the LP approximation”*. Another approximation made in the
following analysis is that the RI dispersion of the polymeric coating as well as those
of the surrounding medium and of the optical fiber materials has not been taken into
account. Furthermore, the overlay considered here is assumed to be optically
transparent in the investigated wavelength range, or in other words the waveguide
is considered lossless. Last, the presented analysis holds as long as the cladding
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modes are supported, i.e., for SRI lower than the cladding RI. For higher SRIs,
another model is required to take into account the coupling between the core mode

and the radiation modes for the four-layer waveguide.

The calculation of the cladding mode effective index can be accomplished by an
extension of the model for doubly clad fibers*® or by following the transfer matrix
method (TMM) proposed by Anemogiannis et al.”® and successively widely

adopted for the analysis of coated LPGs>"*°.

The transverse electric field component, with azimuthal order v, is given by:

Ao Z, <u1 f—') for r<n

1

A1 Z,» p
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v =r3ko ’ngff_ntz)ul|7

and r is the fiber radius, J, and /, are the ordinary Bessel functions of first and
second kind of order v and Y, and K, are the modified Bessel functions of first
and second kind of order v, respectively; n;, n,, and n3 are the core, cladding, and
overlay refractive indices, respectively, while ng, is the surrounding refractive
index and n. is the effective refractive index; r; and r, are the core and cladding
radius and r; — r, is the overlay thickness. In addition, A, is the normalization
coefficient, while A;, A, A3, A4, and As can be obtained by imposing the continuity
of the fields at the interface between core and cladding, cladding and overlay, and
overlay and surrounding medium. Here, the effective refractive index of every
cladding mode is achieved by numerical solution of the dispersion equation
obtained by the continuity condition of the transverse fields.

According to the coupled mode theory”, the interaction between optical
modes is proportional to their coupling coefficient. Since the contribution of the
longitudinal coupling coefficient is usually negligible, we will consider only the
transversal coupling coefficient. Having adopted the LP approximation, in cylindri-

cal coordinates the coupling coefficient between the two modes can be expressed
26,29,

as
2
Kyjmi = % X / / Ae(r,p,z) Wyi(rp) WPouilr,o)r dr de, (3.3)
0
p=0 r=0

where ¥(r,p) is the transverse field for an LP mode, Ag(r,p,z) is the permittivity
variation, and P is the power of each mode supposed to be the same. Under the
assumptions of no azimuthal variation of the perturbed index profile and of weak
guidance between the core and the cladding the permittivity can be expressed as:

Ae(r,p,z) =2 2y no(r) An(r,z), (3.4)
where ¢ is the free-space permittivity, ng(r) is the refractive index profile of the

structure without the perturbation, and An is the refractive index modulation. This
last function can be expressed as the product of three terms:

An(r,z) = p(r) - o(2) - $(2), (3.5)

where p(r) is the transverse refractive index perturbation, which is usually assumed
a nonzero constant only in the core:

p(r) = po - rect (ri) (3.6)

1
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o(z) is the apodization factor, which we will consider a unitary constant, and S(z) is
the longitudinal refractive index modulation factor, which can be approximated by
a Fourier series of two terms:

S(z) = so + sicos ((2771) Z), (3.7)

where A is the grating period. The coefficients of the Fourier series s, and s; depend
on the exposure function of the LPG writing process, we will consider in the
following numerical analysis sy = s; = I. It is worth noting that sy X pg is the
average refractive index modulation of the core while s; X pg is the refractive index
modulation strength. Moreover, for the hypothesis of azimuthal symmetry of the
refractive index modulation and of the deposited overlay, efficient coupling is
achieved only between the core mode and azimuthally symmetric cladding
modes, consequently only LP cladding modes will been taken into account.
After these approximations the coupling coefficients can be expressed as:

2
Kojoi = {so + 51 cos (<77r> z)] Cojvo,- (3.8)

with:

1

/ r)Re; (r)rdr, 3.9

o
Coj0i = nll? /
0

where n; is the refractive index of the core.
From the coupled mode theory, it is possible to retrieve a modified phase
matching condition, which is more accurate than (3. 1)26

r

21 2n

- (nesr.01 (A) = ner 0 (4)) + s0(Coro1 (£) — Coj0i(24)) = h (3.10)

{or.01 and {g;; are the self-coupling coefficients of the core and the jth cladding
modes, respectively. They depend on the average refractive index change and on
the overlap integral of the transverse field of a mode with itself evaluated in the
region of the fiber where the perturbation is present (usually in the core). These
coefficients are sometimes also called “dc” coupling coefficients because they
account for the “dc” index change”. Moreover the normalized transmitted power
by the fundamental guided core mode through the grating at the resonant wavelength
regarding the jth cladding mode can be expressed as:

T()j = COS2 (KOIﬁOj L)7 (311)
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where L is the grating length and ko, o; is the coupling coefficient between the
fundamental core mode and the jth cladding mode. This coupling coefficient can be
expressed as:

s
K01,0/ = %Cm,q;‘, (3.12)

where s, is the second coefficient of the Fourier series coefficients and (o, ¢, is the
cross-coupling coefficient of the core and cladding modes. The coupling coefficient
Koy 01s sometimes called an “AC” coupling coefficient since it depends on the index
modulation strength of the grating”. Complete power transfer between the core mode
and the jth cladding mode occurs if xoj o - L = 7/2.

3.3 Numerical Analysis of Coated LPGs

In this section, we will analyze the effects of a nano-sized HRI overlay on the dist-
ribution of the cladding modes (transversal fields, effective indices, coupling coeffi-
cients) to changes of its thickness and refractive index and to changes of the SRIL.
With reference to Fig. 3.2, the analysis is performed with the standard Corning
SMF-28 optical fiber parameters: numerical aperture 0.14, refractive index differ-
ence 0.36%, cladding and core diameter, 125 and 8.3 pum, respectively. The
surrounding medium is assumed to be water (n,,, = 1.33) unless specified differ-
ently. Every mode is characterized by the same power P, and the transversal fields
are normalized to the maximum amplitude of the core mode. Figure 3.3a shows the
fields related to the cladding modes LPy; and LPys reported as a function of the
radial coordinate within the transverse section of a bare LPG at a wavelength of
1310 nm. The same cladding mode fields are reported in Fig. 3.3b, this time for a
HRI-coated LPG (71gyeriay = 1.578) with overlay thicknesses of 200 and 250 nm.

Y
o

0.15f; 0.15 7 7 )
_ _ -LPy5 —th=200 nm
S 0.1 5 01 i
o, S, LPys — th=250 nm
8 005 8 005 e
Q2 )
g 0 g 0
[} [}
> >
% -0.05 gfo.os /
= = LPy; —th=250 nm
= o1 F o1 03
LPg3 — th=200 nm
0 10 20 30 40 50 60 65 0 10 20 30 40 50 60 65
Optical Fiber Radius [um] Optical Fiber Radius [um]

Fig. 3.3 LPg; and LPys cladding modes in (a) bare fiber and (b) coated fiber with th = 200 nm and
th = 250 nm thin overlay
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Fig. 3.4 (a) LPy; cladding mode in coated fibers with th = 200 nm and th = 250 nm; (b) LPy3 and
LPy; cladding modes in a coated fiber with th = 250 nm

From these figures it is apparent how the HRI overlay stretches the cladding
mode fields toward itself for both modes and both overlay thicknesses. In addition,
for the same cladding mode, the field content within the overlay increases as the
overlay thickness is increased (see Fig. 3.4a). Finally, for a given overlay thickness,
the field content within the overlay of higher order modes is higher compared with
low order modes (see Fig. 3.4b)31.

The same observations are true for the evanescent wave of the modes in the
surrounding medium. Moreover, these changes in the field distributions are accom-
panied by an increase of the effective refractive indices of the cladding modes, as
will be clarified later. For this reason and by virtue of (3.1), the resonance wave-
lengths of the coated LPG are expected to blue-shift in response to an overlay
thickness change.

From these simulations the sensing mechanism and performances of the coated
device can be outlined. If the HRI layer is a molecular sieve, or in other words, if it
is able to absorb trace amounts of a chemical present in the surrounding medium
and undergoes a subsequent change in its refractive index and/or thickness, then
this change will cause strong modifications of the cladding mode fields and
obviously of the effective refractive indices and overlap integrals. These effects
in turn will be reflected in changes of the attenuation bands of the coupled cladding
modes in terms of central wavelengths shift and loss peaks change. Moreover, due
to the field enhancement within the overlay, as the thickness and the mode order are
increased, higher sensitivity can be expected.

It is worth to stress that in contrast to bare LPGs, where the basic sensing
principle is the evanescent interaction with the surrounding environment, here the
sensing mechanism relies on a guided wave interaction with the overlay.

The same reasoning on the changes of the fields profile and effective indices is
applicable if the overlay is not chemically interactive but the SRI is varied. In fact,
the presence of the HRI overlay increases the extension of the evanescent tail of the
modes in the surrounding medium making them more sensitive to the SRI changes
compared with the bare device. What should be clear from these first observations is
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Fig. 3.5 Effective refractive index of the LPy,-LPyg cladding modes vs. the SRI in HRI coated
fiber with: (a) 150 nm; (b) 200 nm; (c¢) 250 nm, and (d) 300 nm thin overlays

that the HRI-coated LPG can act as a real chemical sensor, which benefits from field
enhancement in the sensitive layer or as a refractometer whose performances are
expected to be better compared with the bare device.

Let us discuss now the effect of the SRI and of the overlay thickness on the
effective refractive indices of the cladding modes. The effective indices of the first
7 cladding modes (LPg,—LPyg) are reported in Fig. 3.5a as a function of the SRI for
HRI-coated LPG with overlay thickness of 150 nm and 7gyeriay Of 1.578. As it can
be observed, the effective refractive indices increase along with the SRI until a
critical point is reached. At this point, a significant shift in the effective indices of
the cladding modes occurs. For a fixed overlay thickness, there is a value of the SRI
that leads the lowest order cladding mode (higher effective index) to be guided
within the overlay. The transition from cladding mode to overlay mode is char-
acterized by an effective index of the involved mode higher than the cladding RI.
As the lowest order cladding mode moves to be guided within the overlay, a
reorganization of the other cladding modes occurs. The immediate consequence
is a simultaneous shift in the effective index of all the cladding modes to recover the
original distribution. As a matter of fact, the effective index of the jth mode shifts to
match the initial index of the (j — 1)th mode, and so on’?, Moreover, since the
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effective refractive index difference between consecutive cladding modes increases
with the mode order, the higher the mode order, the greater the effective index
change.

The same mechanism occurs for a fixed SRI by increasing the HRI overlay thickness
and by varying the overlay refractive index as shown by Del Villar et al***>. On these
grounds and taking into account the direct relationship between effective indices and
resonance wavelengths (see (3.1)), it is expected that by increasing the SRI, the
attenuation band related to the jth cladding mode would span all the wavelength
range to recover the initial position regarding the (j — 1)th cladding mode. Moreover,
the higher the cladding mode order, the greater the shift required to the jth mode to
recover the initial position of the (j — 1)th mode. If all this is true, an improved SRI
sensitivity can be measured in HRI-coated LPGs near the transition point and in a wide
SRI range compared with uncoated devices.

The mode transition is shown in Fig. 3.5b-d for different overlay thicknesses,
namely 200, 250, and 300 nm. As observed in the figures, the transition region moves
to lower SRIs as the overlay thickness increases, approaching the ambient index of
1.33 where bare LPGs demonstrate a significantly lower sensitivity. As a secondary
effect, the SRI sensitivity becomes smaller as the overlay thickness increases.
However, even if the absolute sensitivity decreases, the relative sensitivity in
comparison to the bare device still increases as will be shown experimentally.

A fundamental feature of this mechanism is the possibility to tune the transition
region in the desired SRI range by acting on the overlay thickness. This means that
by using thick enough HRI coating, high sensitivity can be obtained also for SRIs
approaching the air index, leading to the possibility to develop gas sensors.

The coupling coefficients of the first 7 cladding modes (LPy,—LPyg) are plotted
in Fig. 3.6a as a function of the SRI when the overlay thickness is 150 nm. It is
apparent from the figure that the coupling coefficients are a decreasing function of
the SRI, thus a consequent decrease of the attenuation bands loss peak is expected
according to (3.11), except for the case in which for some attenuation bands there is
over-coupling (k1,0 - L > 7/2). In this last case an increase of the loss peak should
be observed before the decrease. The trend of the coupling coefficients with the SRI
can be attributed to the fact that by increasing the SRI the transverse field profile of
the cladding modes is stretched toward the HRI coating and this causes a reduction
of the overlap integral between cladding and core modes. When the first cladding
mode becomes guided into the overlay, in correspondence of the transition point, its
coupling coefficient vanishes rapidly. At the same point, the coupling coefficients
of the higher order cladding modes shift to quasi recover the original configuration
of the coupling coefficients. As already noticed for the effective refractive indices,
the maximum sensitivity of the coupling coefficients to the SRI changes is shown in
the transition region where the slope of the curves increases dramatically. But then,
an opposite behavior is observed concerning the mode order. In fact, the lower the
mode order, the greater the coupling coefficient change. This is clearly expected
since the lowest order cladding modes are the first to experience the transition from
cladding modes to overlay modes.
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Fig. 3.6 Coupling coefficients of the LPy,-LPyg cladding modes vs. the surrounding refractive
index in HRI coated fiber with: (a) 150 nm; (b) 200 nm; (¢) 250 nm; and (d) 300 nm thin overlays

The coupling coefficients vs. the SRI are reported in Fig. 3.6 b-d for overlay
thicknesses of 200, 250, 300 nm, respectively, always with the same coating index
of 1.578. From these figures, it can be clearly inferred that increasing the overlay
thickness the coupling coefficients curves shift toward lower SRIs as it happens for
the effective refractive index curves.

A better understanding of the cladding mode reorganization as direct conse-
quence of the SRI changes is provided in Fig. 3.7 in terms of cladding mode fields
for a 200 nm coated LPG. In particular, the figure shows the transverse field profiles
of the LPg,, LPy3, and LPy,4 cladding modes, respectively, before the transition (SRI
= 1), during the transition (SRI = 1.40) and after the transition (SRI = 1.45). All
the fields were normalized to the maximum amplitude of the LPy, core mode. As
one can see, during the transition, the field in the overlay, and hence the interaction
between the evanescent wave and the surrounding medium, reaches its maximum
value. In addition, it can be clearly observed that the LPy, mode after the transition
(dashed line in Fig. 3.7c) is qualitatively similar to the LPy; mode before the
transition (solid line in Fig. 3.7b). In the same way, the LPy; mode after the
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Fig. 3.7 Cladding mode fields in a 200 nm coated LPG, before transition (SRI = 1), in transition
(SRI = 1.40) and after transition (SRI = 1.45): (a) LPy,; (b) LPy3; and (¢) LPyy

transition (dashed line in Fig. 3.7b) is similar to the LP, mode before the transition
(solid line in Fig. 3.7a), while the LPy, mode after the transition (dashed line in
Fig. 3.7a) is clearly guided within the overlay™.

Finally, the resonance wavelengths are strongly related to the overlay refractive
index through the effective index. What we have showed for the overlay thickness
changes and SRI changes is similarly valid for the refractive index change of the
overlay when the other parameters are kept constant. To conclude this numerical
analysis, we plot in Fig. 3.8 the effective refractive index sensitivity to the overlay
refractive index changes as function of the thickness for different cladding modes
with water as surrounding medium.

From this figure, it can be derived that for a fixed mode order, a relevant
sensitivity improvement can be obtained by increasing the overlay thickness until
the transition region is approached®>. Within the transition, the sensitivity of the
lowest order cladding mode dramatically increases, because it starts to be guided
within the overlay. Unfortunately, this high sensitivity cannot be exploited because
the lowest order mode transition also leads to the vanishing of its related attenuation
band, as we have just seen from the coupling coefficients analysis. For other modes,
the sensitivity increases with the increased overlay thickness, reaching a maximum
value very similar for each mode at the same coating thickness.
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Fig. 3.8 Effective refractive index sensitivity to overlay RI changes vs. overlay thickness for
different cladding modes

The highest sensitivity to the overlay refractive index changes occurs for an
overlay thickness of 265 nm in correspondence of the mode transition, similarly
to what happens with regard to the sensitivity to SRI changes, where a strong
field enhancement within the overlay occurs (see Fig. 3.4). However, this is true
only because the analysis is done at a fixed wavelength. If each cladding mode
would be considered at the real wavelength at which it is coupled we would find
that the higher the cladding mode order, the higher the sensitivity. Moreover, the
thickness corresponding to the highest sensitivity would be slightly higher for
higher order cladding modes. This is mainly a consequence of the fact that the
higher order cladding modes are coupled at higher wavelengths. It is also
interesting to note that the sensitivity characteristics of the cladding modes
have a resonance-like shape. All the concepts here introduced will be experimen-
tally investigated in a next section.

The simplifications of the model considered so far have been progressively
removed in relatively recent works, which shined light on some not completely
clear aspects related to the experimental results.

Del Villar et al. studied the phenomenon of the attenuation bands fading during
the modal transition, which is not predicted by the numerical analysis presented
here. They sophisticated the model first introducing a lossy overlay”® and succes-
sively the hybrid modes instead of the LP modes®’. They also found in this last case
a double step transition as opposed to the one step transition seen in this section.
The double step transition is better observed when there is high index contrast
between the cladding and the overlay and if low radial order modes are considered.
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More complex structures comprising multi-overlay geometries have been pro-
posed to extend the degrees of freedom available for the design of the thin film
coated LPGs sensors in terms of dynamic range, sensitivity, linearity®". Even the
apparently adverse phenomenon of the attenuation bands vanishing has been
dignified through the proposal of new coated LPG-based chemical sensor exploit-
ing the absorbance change of the overlay on chemical interaction®.

Finally, the presence of an HRI overlay on a LPG with a reduced cladding radius
has been numerically investigated revealing a potentially higher sensitivity and an
extended operational range™®*°.

3.4 Nano-Coated LPGs Fabrication

As we have seen in the previous section, the presence of a thin layer (few hundreds
of nanometers) of a material with higher refractive index than the cladding is able to
increase the sensitivity of the coated device to changes of the SRI and of the overlay
parameters. This effect is particularly useful when the LPG is used as a transducer
for a chemical sensor. The bare LPG, even though sensitive to SRI changes, is not
able to work as a species-specific chemical sensor, or in other words is not able to
discriminate among the causes of a RI change in its surrounding environment.
Moreover, it is usually desirable to reveal trace amounts of pollutants, which do not
produce any appreciable change of the environment RI. For this reason a chemical
sensitive layer of material is used to act as a selective collector/concentrator. For
sensitivity layers, they should optimize specific interactions with target analyte
or narrow class of analytes; they should provide a fast and reversible diffusion of
the penetrants and short recovery times; they should maintain the physical state over
several cycles of use to avoid hysteresis effects, and thus to ensure the measurement
reproducibility?'.

Polymers are among the most widely used materials for chemical sensing since
they are able to collect and concentrate molecules on sensor surfaces by reversible
sorption; they can be deposited on several substrates as thin adherent films with
easy processing techniques; they are available in many kinds having different
chemical and sorption properties, which can be used to enhance the selectivity of
the sensors; last but not least, they are of low cost.

In this section, we will describe the properties of the material used in the experi-
ment as well as the technique used to deposit it to form a thin overlay on the LPG.

3.4.1 Syndiotactic Polystyrene

Syndiotactic polystyrene (sPS) is a semicrystalline polymer, which shows four
different forms, namely, «, f8, 7, and J, according to the nomenclature proposed
by Guerra et al.*! The first two forms, o and f3, have a trans-planar conformation of
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the chains, while the other two, y and J, a s(2/1)2 helical conformation. Among these
crystalline structures the o form raises particular interest, as it is nanoporous**. This
structure enables small organic molecules to be hosted between the helical chains in
the crystalline phase of sPS to give rise to the corresponding J-clathrated form. This
can be obtained, for example, when the polymer is cast from solution. The com-
pounds that can clathrate are aromatic molecules, such as benzene or toluene, small
halogenated molecules, e.g. 1,2-dichloroethane, chloropropane or chloroform, or
small oxygenated molecules such as tetrahydrofurane. The J-clathrated form can be
transformed into the “empty” 6 form by a proper solvent treatment, by which the
included molecules can be removed, leaving voids in the crystalline phase****.

In this form sPS can absorb reversibly certain analytes, whose size and shape
well fit the nanocavities establishing specific host guest interactions, when exposed
to vapor or liquid environment where these compounds are present even in traces.

The nanoporous structure of the § sPS is responsible of its higher sorption
capability compared with other semicrystalline polymers since it allows the pen-
etration not only in the amorphous phase but also within the crystalline domains
that usually are more compact and then impervious to penetrants®’. This is a
consequence of the lower density of the crystalline phase (0.977 g/cm?) with
respect to that of the amorphous phase (1.05 g/cm?). However, a previous study*®
demonstrated that the absorption in the amorphous phase is negligible compared
with that in the crystalline phase at low concentration of analyte. Under this
circumstance, it can be safely assumed that the sorption process concerns only
those molecules of proper dimensions that are able to establish host-guest interaction
with the nanocavities, like low molecular chlorinated or aromatic compounds. This
allows 0 sPS to be successfully used as polymeric coating for chemical sensing as
well as for applications in chemical separation and water purification in membrane
feature™’.

The sPS has been exploited as sensitive material for fiber optic chemical sensors
based on reflectance measurements and aimed to detection of chloroform and
toluene in water and air environments**~°. The refractive index of sPS thin films
is estimated to be about 1.578. The effect of the analyte sorption in the crystalline
domain was modeled as an increase in the material density, which in turn leads to an
increase in the refractive index according to the Lorentz-Lorenz law:

n?—1 N
n2+2 3Mspﬂ’ (3-13)
where p is the density, f is the polarizability, N is the Avogadro number, M is the
molecular weight of the repetitive polymer unit, and ¢ is the vacuum permittivity. It
is worth noting that, since sorption occurs mainly in the crystalline nanocavities, at
low concentration of analyte, no volume change of polymer layer occurs, while the
average refractive index dramatically increases by 102 for few ppms of chloro-
form. The time constant t of the analyte diffusion process through the sPS layer
results to be t o< th? / D, where th is the overlay thickness and D is the concentration-
averaged mutual diffusion coefficient™".
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3.4.2 Dip-Coating

In the dip coating, a substrate is immersed in a liquid solution and then withdrawn
with a well-defined extraction speed under controlled temperature and atmospheric
conditions. There are five essential steps involved in this process: immersion,
extraction, wet layer formation, drainage, and solvent evaporation, as illustrated
in Fig. 3.9.

The film thickness depends upon many parameters such as the withdrawal speed,
the solid content, and the viscosity of the liquid. If the withdrawal speed is chosen
such that the shear rates keep the system in the Newtonian regime, then the coating
thickness depends upon the aforementioned parameters by the Landau-Levich

i 52
equation ":

(n-v)"

th = 0.94 - =
v (p-g)"®

(3.14)

where 4 is the coating thickness, 7 is the solution viscosity, p is the density, y.y the
liquid-vapor surface tension, g is the gravity, and v is the withdrawal speed.

It is worth to mention that there are other two techniques widely and successfully
used to deposit nanoscale overlays onto LPGs, namely the Langmuir-Blodgett (LB)
and the electrostatic self-assembly (ESA) techniques. Both techniques permit to
deposit a thin organic film one molecular layer at a time and for this reason they
permit a fine control of its thickness and architecture. On the other side, the dip-
coating is relatively simple and less time consuming compared with ESA and LB
and has been demonstrated to provide a lower roughness of the layer, which in turn
determines its higher optical quality®. Moreover this technique can be realized

Immersion Extraction and wet Drainage and solvent
layer formation evaporation

Fig. 3.9 Description of the LPG deposition and testing chamber (not to scale)
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with much less expensive equipment than the sophisticated physical vapor deposi-
tion (PVD) or chemical vapor deposition (CVD). A drawback of the technique is
lack of the accurate control of the thickness compared with ESA or LB techniques,
since it depends on too many parameters, which are not easily controlled.

A good source of information about nano-structured coatings for fiber optic
sensors, in particular, LPG-based sensors, can be found in a review paper by James
et al’® and the references therein.

3.4.3 Thin Film Deposition onto LPGs

A special holder was designed and realized to host the LPG straight without
bending and under similar tensional conditions during both coating procedure and
subsequent sensor testing to minimize the effects of the LPG cross-sensitivity to
other environmental parameters.

The holder comprises two complementary moulds completely realized in Teflon,
forming an about 20 mL (50-mm long) test chamber as shown in Fig. 3.10. Here, a
V-groove geometry allows a good placement of the optical fiber. The optical fiber
with the LPG can be arranged in the holder and put in a vertical position as
illustrated in Fig. 3.11. A small weight (10 g) acting on the fiber by a pulley ensures
a similar strain on the LPG in different experiments.

The optoelectronic setup involved for sensor fabrication monitoring comprises a
broadband superluminescent diode (2 mW) operating at 1,310 nm and an optical
spectrum analyzer for transmitted spectrum monitoring with a resolution of 0.05 nm
(see Fig. 3.11). The sPS used for the realization of the coated devices was supplied
by Dow Chemical Co. (Questra 101) presented a tacticity up to 98%, average
molecular weight (GPC) Mw = 3.2 x 10°, polydispersity index Mw/Mn = 3.9.
The LPGs used for the experiments were commercial 30-mm long LPG, with a
nominal period of 340 pm, written in a standard Corning SMF-28 optical fiber.

optical fiber with LPG

upper part

testchamber

holder front part

holder back part

pipes for liquid injection lower part

Fig. 3.10 Description of the dip-coating process
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110 g pulling weight

Slightly clamped holder
to allow fiber tension

Tightly clamped holder
to block the fiber

Broad band source

Fig. 3.11 Description of the experimental setup for sensor fabrication and testing (not to scale)

An overlay can be deposited onto the LPG filling up the chamber by means of a
syringe with a solution of sPS in chloroform (typ. 2% by weight) and then
emptying it out in few seconds. Different overlay thicknesses can be obtained
by different extraction speeds and/or solution viscosities. The clathrate sPS film
thus formed should be exposed to air for several hours and at a temperature not
higher than 50°C, in order to extract chloroform and obtain the empty J form sPS
layelr3 ’,

Figure 3.12 shows a comparison between the transmitted spectra of a bare and a
160 nm sPS coated LPG, with regard to the cladding mode LPg.

Two effects are evident just after the dipping: a blue shift of 1. of 2.45 nm and a
decrease of the transmission loss peak of about 1 dB. After the complete desorption
of the solvent molecules from the polymeric layer, the transmission spectrum
demonstrated a final blue shift of 1.8 nm and a decrease of the transmission loss
peak of 0.8 dB compared with the bare one.

The presence of the HRI coating induces an increase in the effective refractive
index of the cladding modes and thus a decrease in the resonance wavelengths. In
addition, the spatial shift of the cladding mode field profile toward the HRI overlay
promotes a decrease of the overlap integral with the core mode and so of the
transmission loss peak. The subsequent evaporation of the solvent molecules from
the nano-cavities results in a reduction of its refractive index. This explains the partial
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Fig. 3.12 Comparison of the attenuation band related to the cladding mode LP¢ for a bare LPG
and a 160 nm sPS coated LPG just after the dip coating and after solvent evaporation

recovery of the attenuation band initial position. Again a blue shift of the attenuation
band is expected during exposure to analyte since chemical absorption within the
polymeric layer induces an increase in its refractive index.

It is worth stressing that in the use of the coated LPG as a refractometer, and not
as chemical sensor, the sPS layer acts just as a passive HRI layer and no chemical
interaction with surrounding medium occurs. Therefore, any HRI overlay could be
used for the refractometry, not necessarily a chemo-sensitive one as the sPS.
However, in this work the same material has been used for both applications taking
advantage of the experience ripened in its deposition.

The overlays thickness estimation is possible exploiting a twin fiber placed in the
same deposition chamber and subject to the same coating procedure. The coated
twin fiber can be cut by a precision cleaver and analyzed by scanning electron
microscopy (SEM). One of the deposited thin overlay is clearly observable in the
SEM image of the fiber section reported in Fig. 3.13.

Another way to directly measure the overlay thickness is to scratch the overlay
itself by laser micromachining techniques, or simpler by a sharp blade, and then
measuring the step by atomic force microscopy (AFM). An AFM topography image
(10 x 10 pm?) with cross section of a deposited sPS overlay is shown in Fig. 3.14,
here can be clearly observed the uniformity of the layer along the curvature of fiber
and its thickness. The amassment of material next to the trench wall is always
present when the overlay is scratched. Moreover the fiber curvature is exaggerated
due to the different scales of the axis. For this reason, a good measure of the overlay
thickness is the difference of the ordinates just before and after the overshoot of
the profile.
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Fig. 3.13 SEM photogram reveals an overlay thickness of about 200 nm
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Fig. 3.14 AFM topography image with cross section of a deposited sPS overlay

3.5 Experimental Results

This section is devoted to the presentation of the experimental results concerning LPGs
coated with nano-sized overlays of sPS. We will experimentally show the phenome-
non of the modal transition and the consequent cladding mode reorganization by
characterizing the spectral behavior of coated LPGs to SRI changes. The cladding
mode transition is accompanied by a dramatic increase of the device sensitivity.
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This consequence can be exploited to build high performances refractometers or
chemical sensors. Moreover the transition region can be tuned over the desired SRI
range by acting on the overlay thickness allowing the placement of the high sensitivity
region also around SRIs where the bare LPG has a scarcely sensitive response. The
wavelength shift of the attenuation bands, as a consequence of the mode transition, can
be modeled by a simple analytic expression. The fitting of experimental determined
transition curves (for different overlay thicknesses and mode orders) with the analytic
form allows to derive some basic design criteria for the development of highly
sensitive in fiber refractometers for specific SRI ranges.

The conclusion of the section deals with an application of the engineered HRI-
coated LPG to chemical sensing. In particular, ¢ form sPS layers will be used on the
LPG to detect trace amounts of chloroform in water revealing a sub-ppm detection
capability.

3.5.1 Mode Transition: Effects on the SRI Sensitivity

To experimentally prove the phenomenon of the modal transition and its effects on
the sensitivity of nano-coated LPGs to SRI changes, the dip coating, as deposition
technique, and the sPS, as HRI material, were used. Here the LPG sensitivity
(different for each cladding mode) is defined as the gradient of the wavelength
shift of the attenuation bands minima with respect to the SRI (0 /res,; / OSRI).

The use of the dip-coating technique allows to obtain different overlay thick-
nesses by acting on the solution viscosity and extraction speed as stated by the
Landau-Levich equation (see (3.14)). In particular, thicker overlays can be obtained
by increasing the extraction speed and/or by increasing the solution viscosity.

The investigation of the thin film coated LPG under test involved recording its
transmission spectra for different SRIs with an optical spectrum analyzer. A holder
similar to that used for the deposition was used to host the coated LPG allowing its
immersion in different liquids. The experimental setup was virtually identical to
that depicted in Fig. 3.11 except for the light source, which was in this case a white
light source of 400-1,800 nm wavelength range. The SRI was changed by using
aqueous glycerol solutions whose refractive indices were measured by an Abbe
refractometer at 589 nm.

Here, the sPS overlay was not used for its properties of species-specific sensitive
overlay, since no suitable penetrant molecules are present in the used liquids, but
just as a passive HRI coating.

As a preliminary test, the experimental setup just described was used to charac-
terize the bare LPG. In Fig. 3.15 it is reported that the central wavelength and the
transmission loss peak of the attenuation band centred around 1,300 nm (related to
the cladding mode LP) as a function of the SRI. The refractive index sensitivity of
the bare LPG was found to be —5.06 nm/RIU (refractive index units) and 3.59 dB/
RIU, around the water refractive index, in terms of wavelength shift and amplitude
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Fig. 3.16 Wavelength shift and loss peak change of the attenuation band related to the mode LPyg
consequent to the deposition of a 150 nm sPS overlay

changes, respectively. It is worth noting the typical nonlinear monotonic behavior
of the wavelength shift with maximum sensitivity for SRIs close to the cladding RI.

The transmission spectra, regarding the LPys mode, of the bare 150 nm sPS
coated LPG are reported in Fig. 3.16. As observed, a slight wavelength blue shift of
about 1.4 nm is achieved due to the increase of the cladding mode effective
refractive indices. The spectral shift is obviously greater for higher order cladding
modes, even if not shown here. As predicted by the numerical analysis, the
measured wavelength shift is small since for this overlay thickness and refractive
index, the cladding modes are very far from the transition region when air is the
surrounding medium.

Figure 3.17a reports the transmission spectra of the 150 nm coated LPG for
different values of SRI in the range 1.33—1.472, while a zoom on the LP(; and LPg
modes in the wavelength range 1,350-1,680 nm is shown in Fig. 3.17b.
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Fig. 3.17 (a) Transmission spectra of a 150 nm sPS coated LPG for different values of SRI in the
range 1.33-1.472; (b) zoom on the LPy; and LPyg cladding modes

In both figures the attenuation band related to the LPy; mode has been marked
with j, /', and so on for the different SRIs. As observed, all the attenuation bands
span the wavelength range, as a consequence of the changing SRI, to reach the next
lower attenuation band position.

In agreement with the numerical analysis, as the SRI reaches approximately
1.42, a larger wavelength shift in all the attenuation bands is observed. With
reference to Fig. 3.17b, it comes natural to name “transition index” the SRI value
at which the maximum sensitivity with respect to the external medium occurs.
When the lowest order cladding mode is subject to the transition from cladding
mode to overlay mode, there is a consequent reorganization of all the other cladding
modes. In particular, it is worth noting how at the end of the transition, i.e., for a SRI
value approaching 1.45, all the attenuation bands related to the novel mode distri-
bution exhibit a blue shift that is able to recover almost completely the spectral
configuration before the transition. Instead, concerning the attenuation bands depth,
the novel mode distribution is characterized by smaller loss peaks than those before
the mode reorganization. A more clear understanding of the attenuation bands
behavior is provided in Fig. 3.18a, where the wavelength shifts of the attenuation
bands minima are reported.

Far from the transition region, the presence of the HRI coating leads to a slight
increase in the SRI sensitivity with respect to the bare device, which can be roughly
estimated to be a factor ranging from 2 to over 10 as the mode order decreases.
Instead, within the transition region, a relevant enhancement in the SRI sensitivity
is observed. As the mode order decreases, the sensitivity enhancement around 1.43
was estimated to be 8—70 times the sensitivity of the uncoated LPG at the same SRI.
This is true if a linear fitting of the experimental data in the transition region is
considered. Smaller, but still considerable, values for the sensitivity gains will be
retrieved with a different fitting of the data in a next section. However that fitting
will allow to model the phenomenon of the modal transition with a simple analyti-
cal formula, and for this reason will involve all the data and not just the points
related to the transition region.
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Fig. 3.18 (a) Wavelength shift of different cladding modes for the LPG coated with a 150 nm sPS
overlay versus SRI; (b) loss peaks of different cladding modes versus SRI for the coated LPG with
the same coating thickness

The behavior of the loss peaks related to different cladding modes vs. the SRI is
reported in Fig. 3.18b. In particular, the attenuation band related to the cladding
mode LPys, during the transition, moves to shorter wavelengths and disappears
from the spectral window under investigation. The attenuation band related to the
cladding mode LPg first increases its depth, thus demonstrating to be initially over-
coupled, then follows the decreasing trend of the other attenuation bands.

All the attenuation bands during the transition demonstrated a decrease of
the loss peak more relevant than that predicted by the first numerical analysis®”>*,
but still significantly lower than that observed in other experiments where the
deposition technique was different™>>.

The reason of the attenuation bands vanishing during the transition was studied
by Del Villar et al*°. They showed that if an imaginary part in the overlay refractive
index is considered, then during the modal transition there is a maximum of the
imaginary part of the cladding mode effective index. As a consequence, the
coupling efficiency is reduced. Another additional reason of the attenuation bands
fading was then found in the consideration of the coupling mechanism involving the
hybrid modes instead of the LP modes®. The physical origin of the imaginary part
of the overlay refractive index was identified mainly in its roughness, which is a
consequence of the overlay deposition technique (ESA or LB). On the contrary, the
dip-coating technique permits to deposit low absorption overlays thus preserving
rather well the attenuation bands in the transition region.

To demonstrate that the sensitivity gain region can be tuned over the desired SRI
range by acting on the overlay thickness, another sPS overlay was deposited on a LPG
nominally identical to the previous one. In this case, a blue wavelength shift of 2.8 nm
was recorded (for the LP) after the deposition of the film and the overlay thickness
was found to be about 180 nm. Then the SRI characterization of the coated device was
performed and it is reported in Fig. 3.19 as wavelength shift for the mode LPgg.

There, a large shift in the central wavelength can be observed as the SRI
approaches the value of 1.35. In correspondence of the transition, a wavelength
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Fig. 3.19 Wavelength shift of the LPyg cladding mode for the LPG coated with a 180 nm sPS
overlay vs. SRI

shift of over 200 nm was recorded for a refractive index change of ~0.1. This means
that low cost and commercially available spectrometer with a wavelength resolu-
tion of 0.1 nm would ensure a SRI resolution of approximately 5 x 107,

It is worth noting that in good agreement with the numerical analysis, the
transition is slower and less marked as the overlay thickness increases. However,
much higher sensitivities than those of the bare device can be obtained in corre-
spondence of air (n = 1), water (n = 1.33), or other solutions as surrounding media,
by using the suitable overlay thickness.

For the purpose of achieving a full understanding of the mode transition phe-
nomenon, other sPS overlays with different thicknesses have been successively
deposited on the same LPG. Each deposition was followed by the SRI characteri-
zation of the coated device. The experimental results, presented in the next section,
have been analyzed to obtain the sensitivity characteristics of the HRI-coated LPG.

3.5.2 Sensitivity Characteristics of Nano-Coated LPGs

In this section, the sensitivity characteristics of HRI-coated LPGs have been
investigated to outline their dependence on the overlay thickness and mode order.
In addition, the experimental results here presented provide the basic design criteria
for the development of highly sensitive in fiber refractometers and chemical sensors
for specific SRI ranges.

The behavior of the central wavelengths of the attenuation bands for a 140 nm
coated LPG as a function of the SRI is reported in Fig. 3.20. As observed, the
resonance wavelengths of the investigated cladding modes (4, for j = 6, 7, 8)
decrease by increasing the SRI until a critical point is reached. In a well defined and
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Fig. 3.20 Attenuation bands shift vs. SRI for a 140 nm sPS coated LPG

restricted SRI range, a significant increase of the SRI sensitivity occurs quasi
simultaneously for all the attenuation bands.

The mechanism that induces such a change in the resonance wavelength behav-
ior is the transition of the lowest order cladding mode into an overlay guided mode
and the consequent mode redistribution. Here, the attention is focused on the
analysis of the transition curves to determine the novel sensitivity characteristics
of HRI-coated LPGs and to outline the dominant role of the overlay thickness and
the mode order.

To this aim, an analytical form was proposed to model the transition curves. The
Lorentzian-Cumulative function was found to be the best fit of the experimentally
determined transition curves. This means that each resonance wavelength Ao,
related to the cladding mode LPy; can be expressed as:

i max - ASRI ; SRI; o; — SRI
A0 = 20j _offset +S0’ - MBY [arct <2 b B ) n], (3.15)

2 ASRLgso ) 2

where /o, oftser 1S an offset wavelength for the transition curve; SRI,, o; is the
transition index, or the SRI that identifies the middle of the transition region;
Soj max 1s the maximum sensitivity; finally, ASRIz4p o; is the sensitivity bandwidth,
or the SRI range in which the sensitivity is not less than half maximum. All these
parameters, as we are going to see, depend on the cladding mode order and on the
overlay thickness.

In Fig. 3.20, the experimental transition curves (circle, square, and diamond
markers for LPyg, LPy7, and LPys modes, respectively) are plotted together with the
Lorentzian fitting, while the fitting parameters are shown in Table 3.1.

An excellent agreement between the experiment and the model was observed for
all the attenuation bands. Moreover, the proposed fitting has been successfully
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Table 3.1 Fitting parameters of the Lorentian-Cumulative function for the transition curves of a
140 nm coated LPG

140 nm COath LPG ;~Oj70ffscl (nm) SOjfmaX (nm) SRI";()j ASRI3dB7()j
LPye 1,243 1,596 1.4344 2.7 x 1072
LPy; 1,293 2,575 1.4399 3.1 x 1072
LPyg 1,365 4,989 1.4423 40 x 1072
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Fig. 3.21 SRI Sensitivity characteristics in 140 nm coated LPG for different cladding modes

tested with transition curves related to different thickness values and for different
coated LPGs, as we will see soon.

Once modeled the transition curves, it is possible to retrieve an analytical form
for the sensitivity characteristics in nano-sized coated LPGs. By using the SRI-
derivative of the resonance wavelengths, the SRI sensitivity can be expressed as:

8/10' SO‘ max
o O _ ) , 3.16
% HSRI | 4 (7 SRleo=SRI 2 (3.16)
*+ (2 ASRhe

From (3.16) it is now clear the physical meaning of Sg; max and ASRIzg, g, since
they represent the maximum sensitivity at the transition point and the sensitivity
bandwidth evaluated at half maximum (3 dB). Figure 3.21 shows the absolute
sensitivity characteristics for a 140 nm coated LPG and for the LPys, LPy; and
LPyg cladding modes, obtained by using (3.16). In the same figure, the experimen-
tally estimated sensitivity is also reported. Once again good agreement has been
observed between the experimental results and the analytical form used, thus
demonstrating its suitability to model the transition curves in such devices.

As can be inferred by the results obtained, the effect of nano-sized HRI coatings
on LPGs is a drastic modification of their sensitivity characteristics, which ranges



64 A. Cusano et al.

from the nonlinear monotonic behavior of the bare device, showing maximum
sensitivity at SRI close to the cladding RI, to a resonant-like behavior of the coated
one. The sensitivity curves demonstrate a selective behavior, exhibiting the maxi-
mum value in correspondence of the transition index for each cladding mode””’.

The key parameters in determining the final sensing properties of this class of
devices can be identified in maximum sensitivity, transition index, and bandwidth.
All these parameters are an increasing function of the mode order. In particular, the
transition SRI slightly increases for higher order modes passing from ~1.4344 for
the LPys to 1.4423 for the LPyg (see Table 3.1). The maximum sensitivity ranges
from 1,596 nm/RIU for the LPy¢ to 2,575 nm/RIU and 4,989 nm/RIU for the LPy,
and LPgg, respectively. Finally, also the sensitivity bandwidth increases with the
mode order passing from ~2.7 x 1072 for the LPyg to ~4.0 x 1072 for the LPog.

As we have seen in the last paragraph, the innovative feature of the nano-sized
HRI-coated LPGs is not only the enhanced SRI sensitivity, but also the possibility
to tune the high sensitivity region over the desired SRI range by acting on the
overlay thickness. For this reason, the influence of the coating thickness on the
sensitivity characteristics of the coated device was more deeply investigated.

In this regard, Fig. 3.22 shows the sensitivity characteristics of the LPyg cladding
mode for three different values of the coating thickness: 140, 180, and 215 nm. The
fitting parameters are reported in Table 3.2.

Also in this case a very good fitting of the experimental results was achieved by
using (3.16), demonstrating once more the validity of the empirically deduced
function in describing the phenomenon of the modal transition.

Here, it should be stressed that at the transition point there is the maximum
attainable field content of the cladding modes in the overlay as well as the
maximum evanescent field in the surrounding medium (see Sect. 3.3). As a conse-
quence, one can tune the high sensitivity region in the desired SRI range by acting
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Fig. 3.22 Sensitivity characteristics of the mode LPyg for different overlay thickness values
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Table 3.2 Fitting parameters of the Lorentian-Cumulative function for the
transition curves of the mode LPyg for different overlay thickness values

LP()g Cladding mode SOjfmax (nm) SRI[rﬁOj ASRI3dB70j
140 nm LPG 4,989 1.4423 4.0 x 1072
180 nm LPG 3,249 1.4073 57 %1072
215 nm LPG 2,350 1.3894 74 x 1072

on the overlay thickness. Successively, the coated device can be exploited as a
refractometer if the SRI is changed, and there is no chemical interaction between
the surrounding environment and the overlay, or as a chemical sensor if in the
surrounding environment is injected a chemical whose presence leads to a negligi-
ble SRI change, but which in turn determines a change in the overlay parameters
(thickness or RI).

From Fig. 3.22, it is evident how the sensitivity characteristics can be tailored for
chemical sensing in different environments (gaseous, aqueous) by acting on the
coating thickness. In fact, by increasing the overlay thickness, the transition value
of the SRI moves toward lower values, and thus the maximum sensitivity can be
located in the desired SRI range. In particular, the SRI, ¢, shifts from 1.4423 to
1.3894, changing the coating thickness from 140 to 215 nm. The maximum
sensitivity is strongly affected by the coating thickness and decreases by increasing
the overlay thickness, passing from 4,989 nm/RIU for a 140 nm coating thickness to
2,350 nm/RIU for 215 nm, with regard to the LPos mode (see Table 3.2).
Concerning the sensitivity bandwidth, an increasing trend can be observed as the
coating thickness is increased passing from 4.0 x 107> for 140 nm of coating
thickness to 7.4 x 10~ for 215 nm.

It is worth noting that, although the maximum sensitivity decreases for thicker
overlays, the sensitivity gain with respect to the bare device increases. In fact, the
sensitivity gain functions are obtained as the ratio between the sensitivity charac-
teristics of coated and bare LPGs. They are reported for different mode orders and
overlay thickness values in Fig. 3.23.

A sensitivity gain higher than 20 was provided by a 140 nm coated LPG by
selecting the LPy, mode for SRI approaching 1.43. Nevertheless, a sensitivity gain
up to one order of magnitude for SRI approaching the water refractive index can be
obtained by using a 215 nm LPG and by selecting the LPyg cladding mode.

On the basis of the reported results, it is evident how the selection of the overlay
thickness and of the specific cladding mode offers a certain degree of flexibility to
design chemical sensors with optimized sensitivity in the desired SRI range.

3.5.3 Coated LPGs as Highly Sensitive Optochemical Sensors

In this section, we present an application to chemical sensing of the nano-sized
HRI-coated LPGs. This time the sPS overlay is used both as HRI material to
enhance the sensitivity of the LPG and as a selective molecular sieve to collect
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Fig. 3.23 Sensitivity gain between coated and bare LPG for different mode orders and overlay
thickness values

and concentrate specific analyte molecules from the surrounding environment. It is
important to remark that the sPS does not swell in response to chemical absorption
at low concentrations, but rather it changes its refractive index as the analyte
molecules fill the nano-voids of its crystalline domains (see Sect. 3.4).

In this experiment, we optimize the sensitivity of the coated LPG to the overlay
RI changes for an SRI = 1.33 by acting on the overlay thickness.

We have shown that if the overlay features are properly chosen for a specific
SRI, a strong field enhancement within the overlay occurs, leading to an excellent
sensitivity of the cladding mode distribution to the coating parameters (thickness
and RI) changes. In this case, as the sensitive material is sPS, the initial refractive
index of the material is fixed at 1.58. Hence the tuning of the coated LPG in the high
sensitivity region can be performed by changing the overlay thickness. In particu-
lar, here we are interested in chemical sensing in water, so the SRI at which
maximize the performances of the sensor is 1.33.

The experimental setup was virtually identical to that depicted in Fig. 3.11 with
two broadband superluminescent diodes (2 mW) operating at 1,310 and 1,550 nm,
respectively, and an optical spectrum analyzer for transmitted spectrum monitoring
with a resolution of 0.05 nm. A holder similar to that used for the deposition was
used to host the coated LPG allowing also the conveying of pure distilled water or
polluted water as the case. The temperature was held constant at 20°C.

3.5.3.1 Far from the Transition Region

The dip-coating method was used to deposit the ¢ form sPS layer on the LPG.
The optical fiber with the LPG was arranged in the holder and a sPS chloroform
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solution (2% by weight) was added. A first overlay was then deposited emptying
out the test chamber in about 3 s. The clathrate thus formed was finally exposed to
air, for about 15 h at temperature of about 35°C, to extract chloroform. In particular,
the effect that the overlay deposition has on the transmission spectrum of the LPG
has been discussed in Sect. 4.3. The overlay thickness was found to be approxi-
mately 160 nm (¢h;).

For this thickness value and for an SRI = 1.33 the cladding modes are far from
the transition region, as it can be clearly inferred from Fig. 3.18 where the
wavelength shift of the attenuation bands is reported as a function of the SRI for
an overlay thickness (150 nm) very close to the one considered here. There, with
reference to the attenuation band initially centred around 1,300 nm, the total blue
wavelength shift of the considered mode is 71 nm. The transition region starts for an
external refractive index of 1.34 (10% of the total wavelength shift), while the
maximum sensitivity to SRI changes is shown for 1.42, where a wavelength shift of
25 nm was observed for a surrounding refractive index change of 0.011. At the end
of the transition for a SRI of 1.439 (90% of the total wavelength shift), the
attenuation band is centred around 1232.7 nm.

To test the sensor response to overlay refractive index changes induced by
chemical sorption, chloroform was used as analyte. Measurements consisted in
recording the transmission spectra of the sensing grating as the sorption of the
analyte in the nanocavities promoted an increase of the polymer layer refractive
index. The spectra were recorded every 40 s. The holder, with the sPS coated LPG,
was connected with a thermostated beaker (20°C), containing initially 1 L of pure
distilled water. In this way, the holder was filled up with pure water. Chloroform
was then added by successive steps of 10 ppm (uL/L). The solutions were always
magnetically stirred to ensure the maximum dispersion of the analyte in water and
then fluxed to the sensor holder. Figure 3.24a shows the changes of the transmitted
spectrum and Fig. 3.24b shows the time responses of the sensor in terms of
wavelength shift and amplitude changes of the considered attenuation band to
two successive 10 ppm chloroform exposures.

At these concentration levels, negligible effects on the SRI occur, thus changes
in the attenuation bands reported here can be attributable only to the chemical
sorption within the sensitive overlay. The 10 and 20 ppm chloroform concentrations
induced a blue wavelength shift of 0.96 and 1.26 nm, respectively, and a decrease of
the loss peak of 1.20 and 1.57 dB.

Here, a response time (10-90%) of about 21 min (t;) for 10 ppm chloroform
concentration was measured. As the dynamic of the chemical sorption relies on the
diffusion of the analyte through the sensitive overlay, the overlay thickness deter-
mines the time response of the sensor. Moreover, the dependence of the response
times on the analyte concentrations can be attributed to the dependence of the
diffusivity on the concentration of the absorbed analyte.

When chloroform was added, the equilibrium response of the sensor progres-
sively decreased. This is probably related to the combination of the nonlinear
behavior of the effective refractive index of the coupled cladding mode on the
overlay refractive index with the nonlinear relationship between adsorbed mass of
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Fig. 3.24 (a) Changes in the transmission spectrum due to the analyte exposures; (b) time
response of the attenuation band around 1,300 nm for a 160 nm sPS coated LPG exposed to
chloroform

chloroform and its concentration in the liquid phase. Nonlinear sorption equilib-

rium was, in fact, reported in literature for sorption in the vapour and liquid
56-58

phase .

3.5.3.2 Within the Transition Region

To verify the sensitivity enhancement when the transition region is approached, the
first overlay was removed and a new thicker overlay was deposited using the same
technique. Here, the measured thickness was approximately 260 nm (¢h,) and an
attenuation band was found in the 1,550 nm spectral region with water as surroun-
ding medium. This attenuation band was originally located around 1,700 nm when
the overlay thickness was 160 nm, but now the overlay thickness was big enough to
tune the attenuation band around 1,550 nm. Moreover, from Fig. 3.19, for example,
results are apparent that for the considered attenuation band the 1,550 nm spectral
region is the half-way between its initial position and that of the next lower
attenuation band, or in other words it represents the middle of the transition region.
Therefore, we have a higher order cladding mode perfectly tuned in the middle of
the transition region.

To prove the sensitivity enhancement when the attenuation band works within
the transition region, a procedure similar to that of the previous paragraph by using
chloroform exposure in water at room temperature was carried out.

Figure 3.25 shows the time response of the sensor in terms of wavelength shift
and loss peak changes due to four successive 5 ppm chloroform exposures. A blue
wavelength shift of 3.95, 6.45, 8.03, 8.79 nm and a decrease of the transmission
loss 1.20, 1.91, 2.34, 2.53 dB were measured. In this case, the response time (10—
90%) was estimated to be about 62 min (1,) for a single 10 ppm step (not reported
here). When chloroform was removed by a continuous flux of distilled water, an
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Fig. 3.25 Time response of the attenuation band around 1,550 nm for the 260 nm sPS coated LPG
exposed to chloroform

excellent recovery was observed demonstrating the reversibility of the proposed
configuration.

With regard to the response times, according to the diffusion theory and the
experimental results previously reported a quadratic rule can be assumed’*":

l‘h]/ﬂ’lz = (‘L’]/‘L’z)o's, (3.17)

where th; and th, are overlay thicknesses and t; and 7, are response times. In our
case, with th; ~ 160 nm th, ~ 260 nm, 7; = 21 min and 7, = 62 min, we obtain
0.615 for the left side and 0.586 for the right one demonstrating good agreement
with the data previously reported.

With regard to sensor sensitivity, Fig. 3.26 shows the wavelength shift and
amplitude changes vs. chloroform concentration with quadratic interpolation for
the 160 and 260 nm coated LPG compared with the uncoated one. As expected,
without the sensing overlay negligible variations have been observed in both the
measured parameters. Sensitivities of —0.130 nm/ppm and 0.163 dB/ppm were
observed for the thinner in the range of 0—10 ppm. Sensitivities of —0.85 nm/ppm
and 0.26 dB/ppm were measured for the thicker overlay, in the same range.

On the basis of these results, it is evident how the presence of the polymer layer
is the uniquely responsible for the significant changes observed in the attenuation
band due to the addition of few ppm in water. Moreover, a sensitivity improve-
ment of more than six times in terms of wavelength shift was obtained in the range of
0—10 ppm by considering an overlay with a higher thickness and a higher order
cladding mode.
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Fig. 3.26 Sensor sensitivity for bare LPG, coated LPG with 160 nm and 260 nm sPS overlay

The latter results are in good agreement with the numerical analysis previously
reported and demonstrate the excellent performance of HRI-coated LPGs as opto-
chemical sensors.

A great feature of the proposed configuration is the possibility to select the
overlay thickness and mode order to meet specific requirements in terms of sensi-
tivity and response time. In addition, with commercially available and low cost
spectrometers, a wavelength shift resolution of 0.05 nm is easily available, allowing
sub-ppm chemical detection.

3.6 Applications of (Nano)-Coated LPGs

The number of chemical sensors based on LPGs coated with a chemo-sensitive
overlay is still quite limited and even lower is the number of those sensors for which
the phenomenon of the modal transition is knowingly used to enhance the perfor-
mances of the devices. Some of them are based on overlays with low refractive
index and/or on thick overlays, which have the drawback of slow diffusion limited
response times. One application that seems to attract particular interest is the
measurement of the relative humidity (RH).

Changes in the transmission loss peak, instead of the attenuation bands wave-
length shift, of a 297 nm gelatin-coated LPG were used for RH measurements’®.
The reported results showed a sensitivity of 0.833%RH/dBm in a high RH range
(90-99%). They seemed to be attributable mainly to the swelling of the gelatin
layer than to its refractive index change.
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Relative humidity changes were measured with a nano-scale HRI-coated LPG in
a wide range from 38.9% to 100% RH with a sensitivity of 0.2 nm/%RH, and an
accuracy of 2.3% RH’. The material used was a hydro-gel layer composed by,
among other chemicals, acrylic acid and vinyl pyridine. Fine adjust of the compo-
nents proportion made possible to obtain a refractive index of the gel of about 1.55.
The overlay thickness was estimated to be in that case 600 nm.

A very fast (response times of few hundreds of milliseconds) RH LPG-based
sensor was proposed, making use of a thin layer of poly(ethylene oxide)/cobalt
chloride®. The complex spectral response of the sensor was explained by referring
to different parameters such as the refractive index change, absorption, swelling of
the coating. Good resolution and dynamic range were also demonstrated.

Long period gratings modified by the deposition of a self-assembled colloid
monolayer of gold have been shown to enhance SRI sensitivity, which was attrib-
uted to the localized surface plasmon resonance (LSPR) of gold nanoparticles®'.
The system was used after functionalization of the gold nanoparticles with dini-
trophenyl (DNP) antigen, for the detection of anti-(DNP) with a limit of detection as
low as 9.5 x 107" M.

A zeolite-coated LPG sensor for the detection of organic vapors was also
proposed®® (also see Chap. 7). The sensor exploited a thick (10 pm) film whose
refractive index was estimated to be around 1.33. It is therefore apparent in that case
the device probed the overlay refractive index changes through the evanescent tail of
the cladding modes. The overlay just shifted the working point of the bare LPG while
acting as a collector/concentrator for the vapors. However, the system showed a good
sensitivity with a shift of 1.45 nm for an isopropanol vapor concentration of 5.5 ppm
and shifted as much as 0.7 nm for a toluene vapor concentration of 0.22 ppm.

Preliminary results were reported about the deposition of a copper sensitive coating
deposited onto a LPG by means of layer-by-layer electrostatic adsorption®”.

Corres and coworkers demonstrated a couple pH sensors realized by ESA
deposition of nanostructured polymeric materials. Those sensors represented a
truly engineered design exploiting the rules of the modal transition®*.

However, the applications of the phenomenon of the modal transition are not
limited to the chemical sensing field. Indeed, cladding etching and an HRI layer of
sputtered indium tin oxide were exploited to achieve an LPG-based tunable filter
with a large tuning range and with limited reduction in the loss peak®.

Also the use of tapered long period gratings (TLPGs) is a step toward the use
of structures with reduced cladding radius, which provide an additional sensitiv-
ity gain with respect to UV-written LPGs and are more robust than etched UV-
LPGs®.

Finally, nano-coated cascaded TLPGs or coated LPGs with an ad-hoc laser
generated defect in the overlay, if properly designed, could be a useful platform
for chemical sensing especially thanks to the presence of finer-scale spectral
features and longer interaction lengths, which offer potentially higher sensitivity
and resolution in the measurement of changes in environmental parameters®’-®,
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Chapter 4

New Approach for Selective Vapor Sensing
Using Structurally Colored Self-Assembled
Films

Radislav A. Potyrailo, Zhebo Ding, Matthew D. Butts,
Sarah E. Genovese, and Tao Deng

Abstract We demonstrate that selective sensing of multiple vapors can be accom-
plished using a structurally colored colloidal crystal film formed from composite
core/shell nanospheres and multivariate spectral analysis of vapor response. To
improve the detection of color changes of the sensing colloidal crystal film at
relatively low vapor partial pressures (P/Py < 0.1, where P is the partial pressure
of vapor and Py is the saturation vapor pressure), we apply a differential spectros-
copy measurement approach. The vapor-sensing selectivity is provided by the
combination of the composite nature of the colloidal nanospheres in the film with
the multivariate analysis of the spectral changes of the film reflectivity upon
exposure to different vapors. The multianalyte sensing was demonstrated using a
colloidal crystal film composed of 326-nm diameter core polystyrene spheres
coated with a 20-nm thick silica shell. Discrimination of water, acetonitrile, toluene,
and dichloromethane vapors using a single sensing colloidal crystal film was
evaluated applying principal components analysis of the reflectivity spectra.

4.1 Introduction

Chemical sensing based on responsive materials goes back to times when the
Romans used papyrus impregnated with an extract of acorns for selective colori-
metric determinations of iron sulfate and copper sulfate and times when Lewis used
a litmus paper for detection of acids and alkalis in the late eighteenth century'-.
In modern times, colorimetric detection involves organic molecules with color
transitions™*, and it has expanded to the use of nanofabricated sensing materials.
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Table 4.1 Examples of mechanisms of color generation in nanostructured photonic sensing
materials

Selected
Response type Mechanism references
Localized plasmon resonance on Noble metal nanostructures exhibit a strong 7,11-13
noble metal nanostructures UV-visible extinction band with its peak
position affected by the dielectric constant
and thickness of the material surrounding
the nanostructures
Bragg diffraction on crystalline Photonic crystal material is composed of a 5,14,15
colloidal arrays crystalline colloidal array that diffracts light
at wavelengths determined by the optical
lattice spacing, which is affected by the
presence of analyte
Bragg mirrors on periodic stacks Periodic stacks of metal nanoparticles or 16,17

of layers dielectric layers with alternating high and

low refractive index produce a desired
reflectance of the mirror that depends on the
thickness and the refractive index of the
layers in the stack

Interferometry on porous silicon The average refractive index of the porous 6,18
silicon layer is affected by analyte
adsorption, resulting in a shift of the
Fabry-Pérot fringes

Combined light diffraction and Combined action of adsorption and capillary 19
interference on hierarchical condensation of vapors in the domains of
nanostructures ordered hierarchical nanostructures

The creation of photonic structures for chemical and biological detection has been
possible through nanofabrication®'°.

There are several mechanisms of color generation in existing nanofabricated
photonic sensing materials (see Table 4.1)°~"''~'°_ An advantage of these photonic
structures over organic dyes is in the elimination of photobleaching processes.
Unfortunately, the main limitation of existing nanofabricated photonic sensing
materials is their low response selectivity to different analytes. Thus, their selectiv-
ity is conventionally enhanced by using chemically selective moieties or
layers™%. For monitoring of multiple analytes, individual nanostructured sens-
ing films are required to be combined in an array where each film will be responsive
to a certain class of analytes™.

Recently, we have developed an approach for selective multianalyte sensing
based on the structurally colored colloidal crystal film formed from monodisperse
submicron composite core/shell spheres'”. Because color changes of sensing colloi-
dal crystal films are negligible at relatively low vapor partial pressures (P/Py < 0.1),
a straightforward detection of color changes cannot be applied. To overcome this
limitation, we apply a differential spectroscopy measurement approach coupled
with a multivariate analysis of differential reflectance spectra. The vapor-sensing
selectivity is provided by the combination of the composite nature of the colloidal
nanospheres in the film with the multivariate spectral analysis of the film reflectivity
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upon exposure to different vapors. Multivariate spectral analysis correlates spectral
changes with the effects caused by different chemical species and aids in establis-
hing the identity and concentration of chemical species.

It was previously shown that spherical composite and core/shell submicron
particles can be attractive in optical switching and optical memory storage*, separa-
tions>, thermosensing applications®, electrochemical sensing”’, and as integrated
chromatographic and detection elements®® and superparamagnetic photonic crys-
tals®. Also, shell layers in core/shell submicron particles were shown to serve other
functions such as to increase colloid stability, aid dispersion in various media, alter
the optical and electrical properties of the core, add robustness or permselectivity,
and provide a continuous framework from which inverse lattices may be gener-
ated®®3!. Our work demonstrates that selective chemical sensing can be achieved
with spherical composite core/shell submicron particles without the need for doping
of core and shell with organic dyes.

4.2 Detection Concept

The method for selective chemical sensing using colloidal crystal films is depicted
in Fig. 4.1. The steps for the fabrication of the colloidal crystal films and determi-
nation of selective chemical sensing response are summarized in Table 4.2.
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Fig. 4.1 Diagram of the method for selective vapor detection that includes fabrication of core
(1) and core-shell (2) materials, their assembly into a colloidal crystal film (3), exposure of the film
to different vapors (4), measurements of the spectral response of the film (5), and multivariate
analysis of the spectra (6) to obtain a vapor-selective response of the colloidal crystal film
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Table 4.2 Steps for the fabrication of the colloidal crystal films and for determination of selective
chemical sensing response

Step Description

1 Fabricate submicron spherical core of material X responsive to one class of vapors
2 Deposit shell of material Y responsive to another class of vapors
3 Assemble colloidal crystal film with core/shell X/Y submicron spheres responsive to both

classes of vapors
4 Expose colloidal crystal film to both classes of vapors
Measure differential reflectivity spectral response of the colloidal crystal film
6 Perform multivariate spectral analysis to obtain selective multianalyte response

W

Fabrication of composite colloidal spheres involves two steps: submicron particles
are fabricated from a material preferentially responsive to one class of chemicals
followed by a step in which the submicron spheres are coated with a shell that
is preferentially responsive to another class of chemicals. A colloidal crystal array
is subsequently self-assembled into a 3D ordered film.

As an example of composite core/shell submicron particles, we made colloidal
spheres with a polystyrene core and a silica shell. The polar vapors preferentially
affect the silica shell of the composite nanospheres by sorbing into the mesoscale
pores of the shell surface. This vapor sorption follows two mechanisms: physical
adsorption and capillary condensation of condensable vapors'’. Similar vapor
adsorption mechanisms have been observed in porous silicon®” and colloidal crystal
films fabricated from silica submicron par‘[icles3 2, however, with lack of selectivity
in vapor response. The nonpolar vapors preferentially affect the properties of the
polystyrene core. Sorption of vapors of good solvents for a glassy polymer leads to
the increase in polymer free volume and polymer plasticization®>.

Differentiation of vapor responses of the colloidal crystal film was accomplished
with spectral measurements of the shape changes of the diffraction peak. Selectivity
of response was obtained by applying multivariate data analysis to correlate these
spectral changes to the effects of species of different chemical nature and to
establish the identity and concentration of species.

Typically, significant changes in color of colloidal crystal films can be achieved
upon an expansion or contraction of the crystalline lattice, leading to red or blue
shifts of the Bragg diffraction®. The lattice constant can be changed by incorporat-
ing the light-diffracting submicron particles into polymeric materials swellable in
water”'* and air’®**. Color changes can also be accomplished through changes in
the refractive index of the material. These changes can be caused by adsorption of
chemicals onto nanostructured materials such as porous silicon®, colloidal crystal
films assembled from mesoporous silica spheres>>, colloidal photonic crystals with
engineered defect534, hierarchical nanostructures that utilize combined effects of
diffraction and interference of lightlg, etc.

However, optical nanostructured sensors exhibit a significant color change only
at relatively high partial pressures of detected vapors, while at relative vapor partial
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pressures P/Py < 0.1, color shifts are very small®'****. Thus, for applications
that require detection of trace concentrations of vapors, monitoring of the color
change is not practical. Nevertheless, determinations of low vapor concentrations
(P/Py < 0.1) of a variety of toxic vapors are of significant practical importance.

To overcome the limitation of detecting only a color change in the sensing
colloidal crystal films, we apply a differential spectroscopy measurement approach
coupled with the multivariate analysis of differential reflectance spectra. In differ-
ential spectroscopy, the differential spectrum accentuates the subtle differences
between two spectra. Thus, in optical sensing, when the spectral shifts are relatively
small, it is well accepted to perform measurements of the differential spectral
response of sensing films before and after analyte exposure®'?. Therefore, the
common features in two spectra of a sensing film before and after analyte exposure
cancel and the differential spectrum accentuates the subtle differences due to
analyte response.

To evaluate the vapor responses of the colloidal crystal film, we measured
differential reflectance spectra AR defined as:

AR = 100% x (R/Ro — 1), @.1)

where R is a spectrum collected from the colloidal crystal film upon an exposure
to a vapor of interest and Ry, is a spectrum collected upon exposure to a carrier gas
(dry N»). Other approaches for the improvement of the evaluation of small spectral
differences can be also applied™®.

It is possible to tune the sensor response through the manipulation of the particle
chemical composition. Individual composite colloidal spheres that have the desired
sensing response multifunctionality can be fabricated using a variety of approaches.
Monodisperse polystyrene core submicron particles can be synthesized by the
controlled persulfate-initiated polymerization of styrene and a silica shell can be
deposited onto the core through controlled tetraalkoxysilane hydrolysis®’. To tailor
the sensor response of the composite submicron particles, the compositions of the
core and the shell can be varied depending on the analytes of interest. In addition
to polystyrene, copolymers of styrene and substituted styrenes (e.g., alpha-methyl-
styrene) can be formed in submicron particle synthesis. Other types of polymers
(e.g., polymethyl-methacrylate) can be easily employed for fabrication of cores of
composite submicron particles. When silica shells are deposited through the use
of tetraalkoxysilane precursors, the shells are hydrophilic in nature. Silica shell
surfaces can also subsequently be functionalized with hydrophilic or hydrophobic
groups. The surface of the spheres can be rendered hydrophobic by, for example,
a hexamethyldisilazane surface treatment. In addition to self-assembly, various
methods such as Langmuir-Blodgett techniques, sedimentation, template-assisted
assembly, dielectrophoresis, etc. can be used to form colloidal crystals from
monodisperse submicron particles.
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4.3 Fabrication of Core-Shell Colloidal Crystal Films
for Selective Chemical Sensing

Core-shell colloidal crystal films were prepared in three steps as outlined in Table 4.2.
First, spherical submicron polystyrene particles were prepared by known
methods®®*. The size of isolated polystyrene beads was 326 & 5 nm as determined
by analysis of scanning electron microscopy (SEM) images using standard
techniques.

Second, the polystyrene submicron particles were coated with a silica shel
The shell thickness was determined by transmission electron microscopy (TEM)
to be 20 & 2.4 nm. To minimize “bulk” condensation of silane and to drive the
condensation of tetracthoxysilane to the surface of the polystyrene submicron beads,
the submicron particles were first treated with phenyltrimethoxysilane. The phenyl-
trimethoxysilane functions as a compatibilizer, with the phenyl group being asso-
ciated with the submicron particle surface and the hydrolyzed silane providing anchor
sites with which the hydrolysis products of tetraethoxysilane can react. The formed
core/shell submicron particles had a hydrophilic surface, consistent with the fact that
they readily dispersed in water. Hydrophobic core/shell submicron particles, which
were prepared by treating the hydrophilic product with hexamethyldisilazane, do not
disperse in water. There was invariably some degree of soluble siloxane oligomer and
solid silica formation, but most of these byproducts were effectively removed upon
core/shell product isolation by centrifugation. The oligomers and silica particles,
being much smaller than the desired core/shell spheres, remained suspended while
the core/shell spheres settled out when centrifuged. Figure 4.2a illustrates a TEM
image of the core/shell submicron particles after their fabrication. The surface of
these submicron particles contained only a negligible amount of residual nano-sized
silica. This residual silica was substantially removed during the preparation of the

115

a b

250 nm 500 nm

Fig. 4.2 TEM images of fabricated nanoparticles. (a) Isolated composite core/shell submicron
particles. (b) Hollow silica submicron particles prepared by removing the polystyrene core to
demonstrate the high quality of the formed sol-gel shell of the composite nanospheres employed to
prepare sensing colloidal crystal films
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Fig. 4.3 SEM images of the long-range packing assembly of composite colloidal crystal array
films assembled on different substrates: (a) polycarbonate sheet, (b) Teflon sheet, and (c¢) Teflon
film. The submicron particles were composed of 326-nm diameter polystyrene beads coated with
a 20-nm thick SiO; shell. Scale bars in (a—c) are 3.00, 3.00, and 2.72 pm, respectively

Fig. 4.4 SEM image of a cross section of the beginning of the assembled colloidal crystal film to
illustrate the growth of multiple layers. Reprinted from Ref. 15 with permission. © 2008 Institute
of Electrical and Electronics Engineers

colloidal crystal films. To visualize the core/shell nature of these nanospheres, we
removed the core of the nanospheres by a heat treatment and performed their further
characterization by TEM as shown in Fig. 4.2b. This image is typical of those
obtained from multiple synthetic batches.

Third, an evaporation-assisted self-assembly technique*® was adapted to form
colloidal crystal films onto several types of substrates such as polycarbonate and
Teflon. The fluid-driven self-assembly of colloidal spheres initiated by the solvent
evaporation®' generated highly ordered 3D structures. The assembled colloidal
crystal film has a close-packed 3D face-centered cubic (fcc) ordering as has been
determined previously*>**. Figure 4.3 shows the top view images of the hexago-
nally packed layers of the (111) face of the fcc lattice of the colloidal crystal
films self-assembled on a polycarbonate sheet, a Teflon sheet, and a Teflon film.
The negligible residual silica that was visible on the surface of individual submi-
cron particles (Fig. 4.2a) was fully removed by washing with anhydrous ethanol via
repeated centrifugation and resuspension and was not detectable. A cross section of
the beginning of the assembled colloidal crystal film (Fig. 4.4) illustrates the growth
of multiple layers. Such thickness gradients in colloidal crystal sensing films may
be useful as an additional parameter to control sensor response”. The photograph of
the self-assembled sensing film on a Teflon film under white light illumination is
illustrated in Fig. 4.5. The film displayed a uniform color when observed at a
constant angle. A reflected light spectrum of the film is illustrated in Fig. 4.6.
Reflectance measurements perpendicular to the (111) plane of the composite
colloidal crystal film were performed using a portable halogen light source and
a portable fiber-optic spectrograph. The common arm of the fiber-optic probe
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Fig. 4.5 Optical photograph of the composite colloidal crystal array film self-assembled on a Teflon
film. The submicron particles were composed of 326-nm diameter polystyrene beads coated with a
20-nm thick SiO, shell. Reprinted from Ref. 15 with permission. © 2008 Institute of Electrical and
Electronics Engineers
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Fig. 4.6 Reflectance spectrum of the composite colloidal crystal array film self-assembled on a
Teflon film measured over a 400-1,000 nm range. The submicron particles were composed of 326
nm diameter polystyrene beads coated with a 20-nm thick SiO, shell. Reprinted from Ref. 15 with
permission. © 2008 Institute of Electrical and Electronics Engineers

illuminated the sensing film at a small angle relative to the normal to the surface
with a ~1-mm diameter illumination spot. The reflection of the colloidal crystal
film resulted in a pronounced photonic stop band of the fundamental Bragg
diffraction peak at 824 nm. Also, there is a weaker diffraction peak at 459 nm,
which was likely to be from higher order planes**.
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Table 4.3 Solvent polarity and refractive index of tested vapors*®*’

Solvent polarity Et Relative solvent Refractive
Tested vapor (kcal mol™") polarity EN index
Water 63.1 1.000 1.333
Acetonitrile 45.68 0.460 1.342
Dichloromethane 40.78 0.309 1.424
Toluene 33.9 0.099 1.494

4.4 Spectral Response to Vapors

For chemical sensing with the colloidal crystal film, we used measurements of the
reflectivity spectra. It is known that the resolution of optical resonances is better in
reflectance rather than in transmission mode*’. Possible packing defects in the film
are more pronounced in transmission measurements contributing to diffuse scatter-
ing. In reflection mode, the top (111) planes contribute the most to the spectrum,
reducing the contributions from packing defects. Different vapor concentrations
were generated by bubbling dry nitrogen through pure solvents and diluting the
resulting vapors with dry nitrogen at different ratios, keeping the total flow constant
at 400 cm®/min at a constant laboratory temperature. Thus, the concentrations of
vapors were different fractions of the saturated (maximum) concentrations of
vapors Py under lab conditions.

For the evaluation of the response of the sensor, we selected several vapors of
different polarity. The vapors included water (H,0), acetonitrile (ACN), toluene,
and dichloromethane (DCM). Solvent polarity and refractive index of tested vapors
are listed in Table 4.3°*7. The spectral range for the evaluation of the vapor
responses of the colloidal crystal film was selected as 700-995 nm, which covered
only the fundamental Bragg diffraction peak on the (111) planes of the colloidal
crystal film to further reduce effects from possible stacking defects in the film as
suggested in the literature**.

The spectral reflectivity of the sensing film before and after the exposure to
different vapors (all at P/Py = 0.1) is illustrated in Figs. 4.7 and 4.8. Similar to other
photonic nanostructured sensors®'?**3 the spectral shifts upon response to low
vapor concentrations are relatively small. Thus, to accentuate the subtle differences
due to vapor response, we measured the differential reflectance spectra AR as
described by equation (4.1).

Changes in the differential reflectance spectra AR of the sensing film upon
exposure to different vapors at various concentrations are presented in Fig. 4.9.
These spectra illustrate several important findings. For polar vapors such as
water and ACN (see Fig. 4.9a, b respectively), the differential reflectance spectra
have a stable baseline and consistent well-behaved changes in the reflectivity as
a function of analyte concentration. The response of the colloidal crystal film
to nonpolar vapors such as DCM and toluene (see Fig. 4.9c, d respectively) is
quite different compared with the response to polar vapors. There are pro-
nounced analyte concentration-dependent baseline offsets that are likely due to
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Fig. 4.7 The spectral reflectivity of the sensing film measured over the range 400-1,000 nm before
(solid line) and after (dotted line) the exposure to different vapors (all at P/P, = 0.1): (a) water,
(b) ACN, (¢) DCM, and (d) toluene

the significant distortions of the optical lattice upon exposure to nonpolar vapors.
These distortions are likely to be caused by the reversible slight swelling of the
core of the submicron spheres by the vapors at their high tested concentrations.

4.5 Dynamic Response to Vapors

The reversibility of interactions of the composite colloidal crystal film with different
vapors was also evaluated. Figure 4.10 illustrates the dynamic response of the
sensing film at several wavelengths (770, 835, and 870 nm) upon triplicate expo-
sures to water vapor at four concentrations (0.02, 0.04, 0.07, and 0.1 P/P,). The
response and recovery kinetics upon exposure to water vapor were fully reversible
and rapid (under 5 s). A comparison of dynamic response of the sensing film at
five different wavelengths upon exposures to water and toluene vapors at four
concentrations is presented in Fig. 4.11. These data illustrate that the direction,
magnitude, and kinetics of the responses to these vapors were quite different.

A comparison of the dynamic response profiles plotted at several wavelengths
(770, 835, and 870 nm) for all four tested vapors at 0.02 P/P is shown in Fig. 4.12.
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Fig. 4.8 Changes in the peak position and intensity of the spectral reflectivity of the sensing film
measured over the range 800-850 nm before (solid line) and after (dotted line) the exposure to
different vapors (all at P/P, = 0.1): (a) water, (b) ACN, (c) DCM, and (d) toluene

ACN vapor had the most pronounced permutation of the relatively rapid and
relatively slow response and recovery kinetics. Such behavior could be due to the
combination of physical and chemical adsorption. Physical adsorption effects are
typically pronounced with rapid response and recovery kinetics because of the
relatively low energies of physical interactions between vapors and the sensing
surface. Chemical adsorption effects have much slower recovery kinetics because
of the relatively high energies of chemical interactions between vapors and the
sensing surface. The recovery from all tested vapors was reversible with the slowest
recovery after the exposure to ACN on the order of several hours from the highest
tested vapor concentration of 0.1 P/P,,.

4.6 Quantitation of Vapor Concentrations

To evaluate the quantitation capabilities of the experimental design, univariate
calibration curves were constructed at 770 nm for four tested vapors as shown in
Fig. 4.13. Upon exposure to the highest tested concentration of DCM and toluene
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Fig. 4.11 Comparison of the dynamic response of the sensing film at five different wavelengths
upon replicate (n = 3) exposures to water and toluene vapors at four concentrations. Wavelengths:
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vapor, right column is the response to toluene vapor. Concentrations of vapors: 0.02, 0.04, 0.07,
and 0.1 P/P,,

(0.1 P/Py), the colloidal crystal film exhibited an additional increase in the response
sensitivity likely due to the swelling of the core of the core/shell submicron
particles. This effect was more pronounced upon exposure to toluene.

Detection limits for all tested vapors were further calculated according to a
widely accepted approach®®. According to this approach, the detection limit was
calculated at the signal-to-noise value of three (S/N = 3) from measurements of
the spectral response in presence of a blank gas (dry N,) and 0.02 P/P, vapor
concentration. The calculated detection limits were 11, 62, 15, and 20 ppm for
water, ACN, DCM, and toluene vapors, respectively. The achieved detection limits
were within the range of interest or better than those needed for their determinations
for industrial applications. The permissible exposure limits as time-weighted
average for general industry are 40, 50, and 100 ppm for ACN, DCM, and toluene,
respectively*®.

ACN and DCM are also known to be chemical warfare agent (CWA) simulants.
ACN is a known simulant for blood CWAs, while DCM is a simulant for choking
CWAs**° For determinations of ACN and DCM as CWA simulants, the detection
limits need to be improved®'. Such improvements may be possible by
the application of more stable light source and detector to reduce noise in the
measured signal.



90 R.A. Potyrailo et al.

(Y
o

Delta R (%)

0 30 60 90 120 150 180 210 0 30 60 90 120 150 180 210
Time (s) Time (s)

0 30 60 90 120 150 180 210 0 30 60 90 120 150 180 210
Time (s) Time (s)

Fig. 4.12 Dynamic response profiles at different wavelengths upon replicate (n = 3) exposures to
vapors at 0.02 P/P, concentration: (a) water, (b) ACN, (¢) DCM, and (d) toluene. Wavelengths:
770 nm (circles), 835 nm (squares), and 870 nm (diamonds). Reprinted from Ref. 15 with
permission. © 2008 Institute of Electrical and Electronics Engineers

Discrimination of vapors using a single sensing colloidal crystal film was done
using a principal components analysis (PCA) model generated with mean-centered
differential reflectance AR spectra over the 700-995 nm range. Mean centering of
each AR spectrum was accomplished by subtracting the mean of the spectrum from
the respective original spectrum. PCA is a multivariate data analysis technique that
was used to project the AR spectra onto a subspace of lower dimensionality with
removed collinearity. PCA achieves this objective by explaining the variance of
the data matrix X in terms of the weighted sums of the original variables with no
significant loss of information. These weighted sums of the original variables are
called principal components (PCs). Upon applying the PCA, the data matrix X
is expressed as a linear combination of orthogonal vectors along the directions of
the PCs*:

X =t;pf +tp] +--- 4+ top} +E, (4.2)
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where t; and p; are the score and loading vectors, respectively, K is the number of
PCs, E is a residual matrix that represents random error, and T is the transpose of
the matrix.

Results of the multivariate analysis of the AR spectra as scores plots are presented
in Fig. 4.14. Initially, PCA of the AR spectra was performed for all tested concen-
trations, including the highest tested concentration of 0.1 P/P, (see Fig. 4.14a).
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The polar and nonpolar vapors at different concentrations were separated in PCA
space. The best selectivity was obtained between toluene and DCM vapors at
low concentrations, while water and ACN vapors were almost unresolved. At the
highest tested vapor concentration of 0.1 P/P,, toluene and DCM vapors likely
induced film swelling that resulted in the decrease in the vapor response selectivity.
Overall, two first PCs described more than 98% of total variance in the spectral data
with PC, contribution of only 5% from the original spectral data. This relatively
small contribution of PC, was likely due to the film-swelling effects at high vapor
concentration.

Thus, we further evaluated the vapor response selectivity of the composite
colloidal crystal film when the largest tested concentration of vapors (0.1 P/P)
was not considered in the PCA model (see Fig. 4.14b). Again, two first PCs
described more than 98% of total variance in the spectral data. However, at low
vapor concentrations, PC, had a very significant contribution of 16% from the
original spectral data. This large contribution conclusively demonstrates the high
efficiency of the PCA model to discriminate low concentrations of different vapors
using this single sensing film.

Upon exposure to high concentrations of nonpolar solvent vapors characterized
by a refractive index less than that of polystyrene, the vapor induced swelling of the
polystyrene can cause an increase in the lattice spacing in the colloidal crystal film.
This effect could be attenuated through the use of a core material having a refractive
index less than that of polystyrene. Such a situation should lead to the reduction in
the measured signal changes when measurements are done at a single wavelength.
However, upon vapor exposure, the composite colloidal crystal film acts as a mixed
phase where the refractive index distribution is affected by both the core and shell
of each colloidal sphere. The full spectrum measurements of vapor-induced distor-
tions of the diffraction peak shape significantly reduce this effect. Indeed, in the
past, full-spectrum measurements of vapor interactions with thin polymeric films>?
have been successfully employed to determine separately vapor-induced changes in
polymer thickness and refractive index.

4.7 Conclusions

We have shown a new concept for selective chemical sensing based on composite
core/shell polymer/silica colloidal crystal films. The vapor response selectivity is
provided via the multivariate spectral analysis of the fundamental diffraction peak
from the colloidal crystal film. Of course, as with any other analytical device, care
should be taken not to irreversibly “poison” this sensor. For example, a prolonged
exposure to high concentrations of nonpolar vapors will likely to irreversibly
destroy the composite colloidal crystal film. Nevertheless, sensor materials based
on the colloidal crystal films promise to have an improved long-term stability over
the sensor materials based on organic colorimetric reagents incorporated into
polymer films due to the elimination of photobleaching effects. In the experiments
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reported here, vapor discrimination was achieved with individual vapors. Our
immediate future experiments are planned with vapor mixtures keeping in mind
that existing sensors and even sensor arrays cannot quantify multiple individual
components in very complex mixtures” without additional time-domain data
processing.
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Chapter 5

Methods of Cavity-Enhanced Laser Absorption
Spectroscopy Using Microresonator
Whispering-Gallery Modes

A. T. Rosenberger

Abstract Theoretical analysis of, and experimental results using, chemical sensing
techniques based on microcavity-enhanced optical absorption are presented. Two
methods are described in detail, and several extensions and enhancements of these
methods are discussed briefly. Both techniques involve novel applications of tun-
able diode laser absorption spectroscopy in which cavity enhancement is provided
by a dielectric microresonator (<1 mm in diameter) with whispering-gallery modes
(WGMs) excited by tapered-fiber coupling. The evanescent component of a WGM
allows for interaction with the analyte. The first method is used for the detection of
trace gases in the ambient air by measuring the coupling-fiber throughput as the laser
scans in frequency. Centimeter effective absorption path lengths are measured, in
agreement with theory. The second method employs the observation of thermal
bistability to enable measurement of absorption due to a coating applied to, or
molecules adsorbed on, the microresonator’s surface. Absorption by the water layer
on a fused-silica surface agrees with theory, and results for thermal accommodation
coefficients and thin-film absorption are also presented.

5.1 Introduction

Dielectric microresonators supporting whispering-gallery modes (WGMs) are
becoming increasingly useful for numerous applications in optics. These resonators,
often made of fused silica because of its extremely low absorption and scattering
losses, can be spherical, cylindrical, disk-shaped, or toroidal; they are typically a few
hundred pm in diameter. Light in a WGM circulates around the circumference of the
resonator, localized near the surface (for example, at the equator of a sphere) by total
internal reflection. The impact of these devices is based on certain attractive
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properties of WGMs, such as high quality factor (Q) and low mode volume, and
on the possibility of efficient coupling of light into and out of these modes'. The high
O of a WGM means that light makes many round trips in the resonator before being
lost from the mode by outcoupling, scattering, or absorption. This feature, combined
with small mode volume and efficient coupling using prisms, angle-polished fibers,
or tapered fibers, makes high intracavity power enhancement easy to achieve.
Various applications such as filtering, lasing, modulation, nonlinear optics, sensing,
and spectroscopy are enabled by these properties of WGMs?.

Part of the WGM field extends outside the dielectric, and it is this evanescent
portion that interacts with the surrounding medium or with a surface layer, making
the WGM a sensitive probe of the microresonator’s environment. Two sensing
methods will be described here. The first method is microcavity-enhanced
laser absorption spectroscopy of molecules in the ambient gas or liquid®*, to be
discussed in the following three sections. Section 5.2 will give a theoretical analysis
of the operation of a chemical sensor based on this technique; Section 5.3 will
present results for its use in detection of atmospheric trace gases; and a discussion
of possible extensions and enhancements will follow in Sect. 5.4. The second
method is based on using the temperature sensitivity of WGM resonance frequen-
cies to characterize surfaces and thin films’. Section 5.5 is devoted to this technique,
and in Sect. 5.6 the chapter concludes with a summary and outlook.

5.2 Theoretical Analysis of Microcavity-Enhanced
Absorption Sensors

In the application area of label-free chemical detection and spectroscopy, several
different methods of using WGM microresonators have previously been reported.
Analyte molecules in the ambient gas or liquid or on the resonator’s surface can be
detected by measuring the frequency shift of a WGM caused by the analyte’s pertur-
bation of the ambient’s index of refraction®’. In addition, analyte absorption will
change the effective O of the WGM, and the associated modification of mode linewidth
can be measured®. One can also envision using cavity-ringdown spectroscopy’. The
method described in this section is more closely related to other earlier work'” in which
what is measured is the analyte absorption effect, for continuous-wave input, on either
the depth of the throughput dip or the strength of the drop signal. As explained below,
dip-depth detection can be more sensitive than other tunable single-frequency meth-
ods, and drop-signal detection lends itself well to broadband spectroscopy.

5.2.1 Tunable Single-Frequency Operation

Consider a microcavity in which light is coupled into a WGM from an adiabatically
tapered fiber tangentially in contact with the resonator. Tunable single-frequency
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Fig. 5.1 Four-mirror ring cavity model. Left, microcavity and tapered fiber in contact. Light can
couple from the fiber into the resonator and back into the fiber. Right, the four-mirror ring cavity
equivalent. The top mirror is partially transmitting; all others have 100% reflectivity. Reprinted
from Ref. 3 with permission. © 2008 Optical Society of America

light is injected at one end of the tapered fiber and the throughput spectrum is
detected at the other end. The throughput will display a Lorentzian dip for each
WGM resonance that is excited, because some power is lost to scattering and
absorption in the resonator’s WGM.

The microcavity can be modeled as a four-mirror ring cavity, as depicted in
Fig. 5.1, in which one of the mirrors is partially transmitting while all the others are
assumed to be perfect reflectors. The ring cavity model is a valid analog to a fiber-
coupled microresonator when only a single fiber mode is excited. For light incident
on a microresonator, this is accomplished by making the first fiber taper transition
adiabatic. However, light coupling out of the microresonator can couple into many
fiber modes, and any light coupled into higher-order modes will be lost if the second
taper transition is also adiabatic. Fortunately, it is possible to make this lossy
coupling into higher-order fiber modes negligibly small by properly choosing the
diameter of the tapered fiber' .

A round-trip power loss L, where o is the loss coefficient and L is the micro-
resonator circumference, is assumed; it models the intrinsic loss (primarily surface
scattering) of a WGM microresonator. The reflection and transmission coefficients
r and it, relating to the field mode amplitudes, are taken to be real and imaginary,
respectively, without loss of generality; this corresponds to the usual choice for
fiber or prism coupling'®'*'?. The assumption of negligible power loss into radia-
tion modes requires that these coefficients satisfy the relation > = 1 — r2. Because
Q is so high, even under conditions of loading by the coupler, the intrinsic round-
trip loss and the coupling loss (mirror transmissivity or probability of photon
tunneling between fiber and microresonator) will always be small, so ol << 1
and T = £ << 1 will be assumed throughout this chapter.

By summing the field over round trips, the net reflected power fraction (fiber
throughput fraction) is found to be
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where 6 = 2nnL(v — vg)/c is the round-trip phase accumulation due to detuning of
the input frequency v from resonance v, (¢ is the speed of light and n is the
resonator’s index of refraction). The deviation of the throughput fraction from
unity gives the dip profile:

TaL ToL
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This function is the usual Airy profile, with maxima at 6 = p27,p =0, 1,2, .... The
spacing of 2r between adjacent modes is the free spectral range (FSR) in phase.
(Recall that the FSR in frequency is given to good approximation by c¢/(nL).
Because many higher-order WGMs can be excited, the actual spacing between
adjacent modes is much less than the FSR.) The full width at half-maximum of a
WGM resonance is thus seen to be given by Ad =T + oL, the total round-trip
loss. The final expression in (5.2), valid when 6 << 1, shows the Lorentzian profile
of a dip.

The dip depth on resonance (6 = 0) is determined by the ratio of the coupling loss
to intrinsic loss, x = T /oL, and is given by

(5.3)

If x = 1, critical coupling is obtained and the dip depth attains its maximum value of
100%; the microresonator is said to be undercoupled if x < 1 and overcoupled for
x > 1. While the coupling loss remains constant, the effective intrinsic loss can be
changed by interaction of the evanescent fraction (f) of the WGM with the surrounding
medium. The effective loss coefficient can then be written as o = o + for, + fots,
where the three terms denote true intrinsic loss, absorption (and perhaps also
scattering) by the analyte, and absorption in the solvent (or ambient).

Absorption by the analyte causes a change in dip depth that, when small (weak
analyte absorption), is proportional to the change in analyte absorption coefficient,
in analogy with Beer’s law. A theoretical effective absorption path length L can
then be obtained from the dip-depth dependence on the absorption coefficient of the
analyte

dM, 1—x\ f
— ——da, = —L! do,. 5.4
MO <l +x> o +fu5 o eff o ( )

In the absence of solvent absorption, this effective absorption path length can be
expressed as
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This effective length is defined in the low-analyte-absorption limit, oLl << 1
(or fa, << w;), which is the condition for (5.4) to hold. Note that in the strongly
undercoupled or overcoupled limits (x << 1 or x >> 1) the relative detection
sensitivity is determined by the intrinsic loss only. This can be advantageous,
since having the tapered fiber in contact with the microresonator tends to produce
overcoupling, especially when the system is immersed in a liquid. Thus in the
strongly overcoupled case, this method has greater relative sensitivity (here, frac-
tional change in dip depth) than the frequency-shift, mode-width, or ringdown
methods, all of whose relative sensitivities are determined by the total loss. Recall
that the total loss determines the linewidth and the cavity lifetime, and in the
overcoupled limit coupling loss dominates. The relative frequency-shift sensitivity
is measured as a fraction of the full linewidth, the change in mode width is relative
to the full width, and ringdown measures the fractional change in the overall
lifetime; however, the relative change in dip depth depends on the ratio of analyte
absorption to intrinsic loss only.

An experimental effective absorption path length L can be found by measuring
the dip depth in the absence of analyte (M) and in the presence of analyte (M + AM)

e 1 M
Lo = a—alnm. (5.6)
As with (5.4), this holds for small changes in dip depth or o, LS << 1. Comparison
of experimental and theoretical effective absorption path lengths for detection of
atmospheric trace gases shows good agreement”, as discussed in Sect. 5.3.

This method also allows for sensitive detection of an analyte in a strongly
absorbing solvent. In (5.4), if fo;, >> «;, the effective absorption path length can
still be as large as 1/as. In effect, solvent absorption can shift the sensor from one
sensitive regime to another — from strongly overcoupled to strongly undercoupled,
enabling absolute analyte sensitivity, i.e., actual signal amplitudes, that would
be difficult to achieve in single-pass direct absorption through the same effective
path length.

5.2.2 Broadband Operation

In modeling this mode of operation, a microsphere, with a prism coupler used to
excite precessing modes'?, is taken to be analogous to a ring cavity with two
identical partially transmitting mirrors. Here we will concentrate on the transmitted
signal (drop power output, enabled by precession and detected by a spectrometer)
rather than the reflected signal (throughput) (see Fig. 5.2).
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Fig. 5.2 Hemispherical prism coupling scheme. The microsphere is in a V-groove channel for the
solvent and analyte. Left, polar view showing input and output coupling. Right, equatorial view
illustrating how precessed light is collected at the drop port. Reprinted from Ref. 3 with permission
© 2008 Optical Society of America

First consider single-frequency response. Summing over round trips and arbi-
trarily taking the second partially transmitting mirror to be at half the round-trip
distance from the input mirror (the final result will not depend on this choice), gives
the drop power fraction
T e—L/46id/2 |2

T2 (LAs)?
1 — 2e-L/2gid D :

- (T +%ocL)2—|—4sin2%5 - (%A(S)z—i—(Zsin%é)z.

Dy — ‘ 5.7)

In this system, the mode width is Ad = 2T + «L and the resonant drop fraction is
Do.

Now, consider the case where the input is broadband and the drop signal is
detected by a spectrometer, which integrates over a frequency interval that we will
take to be equal to the FSR (for convenience; again, the final result will not depend
on this choice, and the spectrometer resolution interval may be greater than or less
than the FSR, as long the conditions noted below are satisfied). Assuming the input
power, the reflection and transmission coefficients, and the intrinsic loss all to be
independent of frequency over this interval, the integrated drop fraction Dy, the
fraction of the incident power in the integration interval that is transmitted out the
drop port, is given by

b Dy Dy = 4T2?/(A8)*  for Ad >> 1 58
1= . .
1+ (&)2 DoAS/4 =T? /A5 for AS << 1

The spectrometer signal will be proportional to this integrated fraction times the
incident power in the detection interval. Note the functional dependence of the
detected signal on the linewidth (or total loss) Ad = 2T + «L in the two limiting
cases of large and small linewidth. The first limiting case says that when the
linewidth fills the integration interval, the drop fraction equals what would be
found by using a single-frequency source tuned to WGM resonance; this holds
for either low Q or many overlapping modes in the integration interval, so that
integration introduces no additional linewidth dependence. The second limiting
case is the usual one for well-separated modes, and is the same as what results from
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approximating each WGM’s narrow transmitted lineshape as a Lorentzian; this
holds as long as the integration interval is wide compared to the WGM linewidth.

Let the effective loss coefficient now include, in addition to intrinsic loss, a
contribution due to absorption (and scattering) by the analyte contained in the
evanescent fraction f of the WGM: o = o; + fa,. The effect of the analyte on the
resonant (single-frequency) drop signal Dy,, when analyte absorption is a small
fraction of the total loss, can be written in terms of an approximate effective
absorption path length L. as defined below:

412 Do AL
Dy, = 5= 5, Wwhere Lo = -———.
(2T + sl +fol)” (1 4 JotaLerr) 2T + ol

(5.9)

Here, L. is the effective absorption path length as defined in the low-analyte-
absorption limit. However, the last expression for Dy, is valid even for large analyte
absorption, that is, there are no restrictions on the size of o, Lg as long as fo,L << 1.

Then, for broadband input, the integrated drop fraction in the presence of analyte,
D, will also be given by (5.9) in the large linewidth limit. For precessing-mode
drop-port output collected without being spatially filtered by an aperture'®, this
limit applies for the following reason. The incident focused light (Fig. 5.2)
incorporates a bundle of wavevectors and so excites precessing modes over a
range of angles with respect to the equatorial plane. The round-trip distance depends
on this angle in a spheroid, so the precessing modes are frequency shifted by
amounts depending on angle. The result is many modes (not only a range of different
angles, but also ranges of different radial orders and different polar orders) that
overlap to fill the integration interval, so when the analyte absorption broadens the
linewidth and reduces the transmission of each mode, the broadening is not noticed,
because the integration interval remains filled. Thus only the decrease in amplitude
is observed, just as in the single-frequency resonant case. The overlapping of modes
also means that the exact value of the spectrometer resolution interval does not
matter. This large-linewidth-limit functional dependence of the integrated drop
signal on oL as given in (5.9) has been tested in recent experimental work !>,
described briefly below in Sect. 5.4.

5.3 Microcavity-Enhanced Detection of Atmospheric Trace
Gases

So far, in label-free chemical sensing applications, the interaction of a WGM’s
evanescent component with an analyte in the ambient or adsorbed on the micro-
resonator’s surface has led to the development of two sensing methods. These are
monitoring of the WGM resonance frequency shift due to the analyte’s change of
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the effective index of refraction®’ and measurement of the amount of Q spoiling
(increase in WGM linewidth) resulting from analyte absorption®.

Another method that we introduced earlier'® and described in Sect. 5.2 is based
on recording changes in the resonant dip depth observed in the coupling-fiber
throughput'®. In this implementation®, we use a cylindrical microcavity in which a
WGM is excited around its circumference using an adiabatically tapered fiber tangen-
tially in contact with the cylinder. Tunable diode laser (TDL) light is injected at one
end of the tapered fiber and the throughput at the other end displays a Lorentzian dip
every time a WGM resonance is excited. The analysis of such an efficiently coupled
microcavity is well known'®"?. Absorption by a molecular trace gas in the air
surrounding the microresonator will change the depth of a resonant dip, and this
change is what we measure’ This method enables TDL absorption spectroscopy
experiments in which the long effective absorption path lengths that result are
confined within less than a cubic millimeter.

Although the cylindrical microresonators provide a lower sensitivity than
the microspheroids that we used earlier'® (however, see further discussion in
Sect. 5.3.3), they offer some very attractive advantages. First, they are far easier
to mount in a strain tuner, and are much less susceptible to mechanical failure than
microspheroids tuned by compression. Second, alignment is easier since there is
only one degree of freedom to adjust (making the taper perpendicular to the
cylinder axis) vs. two for the spheroids. Third, the mode spectrum is sparser,
making locking of a WGM to the laser easier. And, finally, because the micro-
cylinder is just a standard optical fiber, different resonators are nearly identical in
diameter, providing better repeatability of results.

For chemical sensing applications, we model the microresonator as described in
Sect. 5.2.1, and monitor the depth of a resonant dip in the fiber throughput. This dip
depth is given by (5.3). As described in Sect. 5.2.1, absorption by the analyte causes
a small change in dip depth that is proportional to the analyte absorption coeffi-
cient’, as in (5.4). When a WGM is frequency locked!” to the input laser, the WGM
stays on resonance with the laser and, as the laser scans in frequency, the throughput
of the bitapered fiber displays the locus of the bottom of the WGM resonance dip as
it follows the laser scan. When an absorption line of the surrounding gas is present
within the scan, there is a change in the WGM dip depth that traces the contour of
the respective absorption line. Since in such a setup the microresonator is always on
resonance, light interacting with the gas executes many round trips around the
circumference, resulting in a long effective interaction path length.

The theoretical effective absorption path length was given in (5.5); the experi-
mental effective absorption path length takes the form shown in (5.6) and is found
by measuring the dip depth in the absence of analyte (M) and in the presence of
analyte (Mo + AM,). Equation (5.6) thus provides a way to express the relative
sensitivity (fractional change in dip depth) of the WGM gas sensor based on the
experimental effective absorption path length, the length of a hypothetical absorp-
tion cell that has the same sensitivity. The model is tested by comparing experi-
mental and theoretical effective path lengths.
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Fig. 5.3 Experimental setup. Light from a frequency-scanned cw diode laser is launched into a
bitapered fiber to excite WGMs of the microresonator. The microresonator is held in a PZT fixture
for tuning and locking purposes (insef). Reprinted from Ref. 4 with permission. © 2008 Optical
Society of America

5.3.1 Experimental Setup

Figure 5.3 shows the experimental setup®. A cylindrical vacuum chamber with a
transparent top plate and side windows for viewing the optical setup is connected to
a reference cell that is used for calibration. The gas mixes and pressures in
the chamber and cell can be varied independently. Typically, a low partial pressure
of the molecular gas of interest is added to air at atmospheric pressure in the main
chamber. Light from a cw TDL is coupled into the reference cell and into a single-
mode optical fiber. The fiber passes through a polarization controller that is adjusted
to ensure that WGMs of a single polarization (TE or TM) are excited. Then the fiber
is fed into the vacuum chamber where its adiabatic bitaper is brought into contact
with the microresonator. The position and the orientation of the coupling fiber are
controlled, via bellows-sealed feedthroughs, by a positioner located outside the
chamber. The 125-um-diameter cylindrical fused-silica microresonator is mounted
in a fixture (inset, Fig. 5.3) that allows tuning of the WGMs by stretching the
resonator when a voltage is applied to the piezoelectric transducer (PZT). The
microcylinder is just a standard optical fiber whose jacket has been softened by
soaking in acetone and then pulled off. The fiber is then soaked in clean acetone and
wiped with lens paper and methanol. This preserves the optical quality of the
microresonator’s surface. After the coupling fiber exits the chamber, its output is
collected onto a detector. The signal from the detector is split, part of it being fed
into a lock-in stabilizer in order to lock individual WGMs to the laser.
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The locking is done as follows'’. A WGM is tuned to be in resonance with the
TDL by adjusting the PZT bias voltage, and the lock-in stabilizer is switched on.
The lock-in stabilizer applies a 518-Hz dither voltage to the PZT and peak-locks the
WGM to the laser. Then as the laser scans in frequency the lock-in stabilizer tunes
the dc bias voltage on the PZT, maintaining the WGM on resonance with the laser
over the entire scan range. When locked, the maximum excursion from true
resonance is less than 5% of the WGM'’s linewidth. This tuning jitter results in
unfiltered noise on the signal that is less than 1% of the dip depth.

The rest of the detector signal is noise filtered and amplified by a lock-in
amplifier. The output of the lock-in amplifier is monitored by an oscilloscope,
and recorded as the laser scans across the gas’s absorption line. The result is a
spectral profile of the gas absorption, impressed on the depth of the locked resonance
dip. This is then analyzed using (5.6) to find an experimental effective absorption
path length.

5.3.2 Results

Experimental results are reported here for a few trace gases, having absorption
features in the vicinity of 1.65 pum, in air at atmospheric pressure. The gases
investigated were methane (CH,)'®1?, methyl chloride (CH5CD'®, and ethylene
(C2H4)19. The transitions involved belong to overtone and combination bands
involving the C-H bonds. For example, the absorption lines of methane in
this wavelength range correspond to the C-H asymmetric stretch vibrational over-
tone 2v3'%2°. There are three lines of approximately equal strength that are roughly
equally spaced at intervals of about 400 MHz and pressure broadened by air to about
4 GHz each®. The methyl chloride lines probably belong to the perpendicular
component of the 2v, band'®; however, the assignment for ethylene is less certain'®.

These results are presented in Fig. 5.4 and the details are summarized in
Table 5.1. For each gas in Fig. 5.4, the dip-depth variation (change in M), at 50x
amplification) shows the detected absorption profile. These are not to scale, in the
sense that the full dip is far too large to show at this amplification. Straight lines are
added to make the variation clear; the slope of these lines (again, amplified 50x)
may be an effect of the differential tuning of adjacent WGMs resulting in slightly
varying mode overlap, because there is no variation in coupling (or in x) over the
10-GHz frequency scan range. When the gas compositions and pressures are the
same in the test chamber and in the reference cell, both give the same lineshape. For
example, the top traces in Fig. 5.4 (methane) can be fitted well by a sum of three
unresolved Lorentzians.

InTable 5.1, the theoretical effective absorption path length is calculated from (5.5)
using, for example, in the case of methane, x = 0.28 (calculated from the dip
depth M,; the dip gets shallower with analyte absorption, so the WGM is under-
coupled), f = 1.6% (estimated from a computation of the field distributions at the
same wavelength in a microsphere of the same diameter), and o; = 0.0061 cm ™
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Fig. 5.4 From top down: the measured absorption profiles of methane, methyl chloride, and
ethylene obtained using a WGM locked to the laser. In each case, the top trace shows the amplified
variation in dip depth and the bottom trace is the transmission profile of the gas in a 16-cm
absorption cell. The frequency axis shows the tuning range. Reprinted from Ref. 4 with
permission. © 2008 Optical Society of America

Table 5.1 Summary of results from Fig. 4, for gases in air at atmospheric pressure. Reprinted from
Ref. 4 with permission. © 2008 Optical Society of America

Gas Ll (mm) L (mm) WGM Q A (nm) Partial pressure (atm)
CH,4 15.0 £ 3.0 17.7 £ 1.7 7 x 10° 1,653.722 0.01
CH;Cl 72+1.5 6.3+ 1.1 3 % 10° 1,651.59 0.01
C,H, 13.6 £2.7 13.2 £2.6 5 x 10° 1,654.23 0.02

(found from the values of Q and x). The experimental effective absorption path length
was obtained using (5.6) in which, again for methane, My = 68.4% and AM, =
—0.7%. The value of the methane absorption coefficient that was used for this
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concentration, o, = 0.0058 cm™ !, was extracted from the reference cell transmission
measurements, and is in reasonable agreement with the value expected from
parameters found in the HITRAN database®. Similar calculations were done for the
other gases.

For each trace gas in Table 5.1, there is good agreement between the theoretical
and the experimental effective absorption path lengths. For the theoretical values,
the main source of error is in calculating the evanescent fraction, because it takes on
different values for different modes, and the WGM that is used is not definitively
identified. Uncertainty in the measured value of o, and the residual noise on the
traces corresponding to the locked WGMs are responsible for the error in determining
the experimental effective absorption path length.

5.3.3 Summary

Cavity-enhanced laser absorption spectroscopy using microresonator WGMs has
been demonstrated by locking the WGM resonances to the laser. Atmospheric trace
gases in the evanescent fraction of the locked WGM are detected. The gas mole-
cules remain in the ambient air and are not adsorbed onto the microresonator
surface. The relative detection sensitivity is characterized by an effective absorp-
tion path length, and its experimentally determined value is in good agreement with
the theoretical prediction. The major advantages of our setup are miniaturization
and relatively low cost. Although the detection volume is less than a cubic milli-
meter, relatively large effective absorption path lengths on the order of centimeters
are obtained.

From Fig. 5.4, the detection limit can be estimated to be about one-tenth of the
concentrations shown or about 1,000 parts per million. This is an order of magni-
tude higher than that estimated for a microsphere in Ref. 16, because the Q is lower
by a factor of 20 — 5 x 10° vs. 10®. The other advantages of the microcylinder
mentioned in the introduction to this section outweigh this sensitivity deficit and, in
addition, we now have very good agreement with theory. Nevertheless, other
microresonator geometries can also be envisioned for enhancing the sensitivity of
the setup. Using a fiber fusion splicer, for example, a microspheroidal resonator
with two stems can be obtained. Mounting it into the same PZT device would enable
tuning of the WGMs in the same fashion as the microcylinder21. However, the
curved surfaces of the microspheroid should, in principle, result in higher-Q WGMs
with greater detection sensitivities, i.e., longer effective absorption path lengths.

5.4 Extensions of Method and Further Enhancements

The cavity-enhanced evanescent-wave sensing method described in Sect. 5.2 and
applied to gases in Sect. 5.3 can also be employed for the detection of chemicals in
liquid solution. In addition, the intracavity enhancement provided by the high-Q
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microresonator can be further enhanced by other techniques, thereby increasing
the sensitivity. Some of these extensions and enhancements are briefly described in
this section.

5.4.1 Sensing in Liquids: Laser and Broadband

Both the modes of operation described in Sect. 5.2 may be used for the detection of
chemicals in liquid solution. Because the analyte’s absorption linewidth is very
broad, overlapping several (or many) WGMSs, no tuning of the microresonator, or
locking of a WGM to the scanning laser is necessary. In fact, a broadband source
such as a light-emitting diode (LED) may be used.

Microcavity-enhanced absorption sensing experiments were performed on two
dyes dissolved in methanol, using a cw tunable Ti:sapphire laser at 800 nm and a
TDL at 1,550 nm?2. In both cases, the experimental sensitivity was such that
100-pM changes in concentration could be detected. This is especially remarkable
at the longer wavelength, because at 1,550 nm methanol is strongly absorbing, with
an absorption coefficient of about 8.8 cm™'. This provides further confirmation of
the theory of Sect. 5.2.1°. However, the experimental sensitivities are approximate-
ly two orders of magnitude greater than predicted by the theory. This might be a
result of adsorption of dye molecules onto the surface of the microresonator, which
could be tested by using certain surface treatments. Another possible explanation is
multiple-fiber-mode excitation, described in Sect. 5.4.2.

The second implementation, described in Sect. 5.2.2, uses a broadband source
and spectral detection, using a spectrometer with resolution of the order of the
resonator’s FSR (the FSR is about 200 GHz for a 330-pum diameter microsphere, or
0.2 nm for wavelengths around 550 nm). Precessing modes in a microsphere are
employed to give a drop spectrum that is modified by analyte absorption. In this
case, the total loss determines the sensitivity, but with prism coupling it is more
likely that the system will be in the undercoupled limit. The setup shown in Fig. 5.2
has been used for the detection of Lissamine Green B dye in pH 5 citrate buffer
using a 635-nm LED light source'”. Effective path lengths of about 1 cm were
observed, and the behavior of the drop signal as a function of concentration
(hence o) was in most cases exactly as predicted by (5.9).

5.4.2 Prospective Methods for Sensing Enhancement

Two methods of further enhancing detection sensitivity rely on the use of multiple
resonators or multiple fiber modes. The first will just be mentioned briefly, because
although it is absorption based it uses a frequency shift. When two microresonators
have resonances that are coincident in frequency, and the second resonator is
brought near to the first resonator, which is in contact with the coupling fiber, the
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coupling between resonators will split the mode and produce the analog of electro-
magnetically induced transparency. This coupled-resonator-induced transparency
(CRIT) response™ is sensitive to absorption in the ambient, and the presence of
absorbing molecules will cause the frequency splitting to change®*. This provides
another sensing method that is enhanced by the CRIT response and benefits from
the fact that the splitting is independent of any overall frequency shift.

The second enhancement method involves multimode excitation of a single
WGM. If one uses a tapered coupling fiber whose taper-down transition is nonadi-
abatic, but whose taper-up transition is adiabatic, then as light propagates from the
single-mode untapered fiber, where it is core guided, into the taper waist region,
where it is cladding guided, higher-order fiber modes can be excited, most likely the
HE,, mode in addition to the fundamental HE;;. These modes have the same
frequency but different propagation constants. They couple to the same WGM,
but their relative input phase will depend on the position of the microresonator
along the taper waist region. Light will couple out of the WGM back into the taper
modes, but only the HE;; will then couple into the core-guided mode of the
untapered fiber for detection, because the second taper transition is adiabatic. For
the proper combination of relative phases and coupling strengths, we have shown
that the absorption sensitivity can be enhanced by about two orders of magnitude
over the usual single-fiber-mode case. The throughput dip depth is no longer a good
indicator of intracavity power, and thus a small change in effective intrinsic loss can
make a large change in the dip signal. It may be that the experimental disagreement
from theory for liquid sensing in Sect. 5.4.1 is a result of this multiple-fiber-mode
coupling effect.

5.4.3 Gold-Nanorod-Enhanced Sensing

We have developed a technique for growing gold nanorods directly on the surface
of a microresonator, using semiconductor (HgTe) nanoparticles as seeds®. This
method has proven to give a better nanorod yield than the use of gold nanoparticle
seeds. When the nanorods have an aspect ratio (length to width) of about 5 or more,
their longitudinal surface plasmon resonance is shifted from the visible into the
infrared (~800 nm). This enhances the coupling of light from a tapered fiber into
WGMs?*?7. The strong surface field enhancement provided by the longitudinal
plasmon resonance effectively increases the strength of the WGM’s evanescent
component, giving a large increase in fiber-microsphere coupling; the strength of
this coupling is measured by the probability of tunneling into the WGM experi-
enced by a photon as it travels down the fiber past the sphere. Remarkably, the
coupling can be increased by a factor that is typically between 100 and 1,000, while
the intrinsic loss (surface scattering) increases by less than a factor of three.

The enhanced evanescent field, as confirmed by the coupling enhancement
results noted above, has been shown to significantly enhance detection sensitivity
in preliminary experiments using dye in water solution at 800 nm. In addition, a
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nanorod-coated microresonator can be used for surface-enhanced Raman
scattering (SERS). SERS greatly increases the number of molecular species that
can be detected, because the molecule no longer has to be resonant with the
driving laser.

544 Summary

The enhancement techniques briefly described in this section are just a few of those
that can be used to make cavity-enhanced evanescent-wave chemical detection even
more sensitive. The use of dielectric microresonators with tapered-fiber coup-
ling enables performance that is difficult to achieve in other configurations, while
minimizing the sensor size.

5.5 Surface and Thin-Film Characterization

It is well known that the WGM s of dielectric microresonators can serve as sensitive
probes of their environment, through the environment’s interaction with the
WGMs’ evanescent components. In addition to microcavity-enhanced laser absorp-
tion spectroscopy of molecules in the ambient gas or liquid, another effect that can
be used as an environmental probe is the temperature sensitivity of WGM resonance
frequencies®™°. A high-Q microresonator can easily measure mK temperature
changes; while this can be a complication for some applications, it can also be put
to use in detecting heat absorbed and heat lost by the microresonator. At wavelengths
around 1,570 nm, the resonance frequency will shift down by approximately
1.6 GHz for each Kelvin increase in temperature, due primarily to the change in
refractive index’’, to which is added the effect of thermal expansion.

The experiments reported here are extensions of some of our earlier work’>.
First, a microsphere is heated by focusing a laser beam onto it; upon turnoff of the
heating beam, the microsphere relaxes back to room temperature. From its relax-
ation rate, observed via the WGM frequency shift using a weak TDL, we can
calculate the thermal conductivity of the surrounding air. Doing this for a range of
pressures allows us to determine the thermal accommodation coefficient of air on
the surface (roughly the probability that a gas molecule will equilibrate with the
surface after one collision). The surface in these experiments is either bare fused
silica or a polymer film coating. This is a novel method for measuring accommo-
dation coefficients. In a second experiment, use of the diode laser at higher power
(without an external heating beam) produces thermal bistability; since the experi-
ment with external heating determined the heat loss, the bistable response gives us
the heat supplied by the fraction of total optical power lost due to absorption. This
absorption results primarily from a water layer on the surface of a bare sphere, and
for a coated sphere it is due to the polymer film. The precision of these
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Fig. 5.5 Experimental setup. The diode laser is frequency scanned by one waveform generator,
while the other controls the modulation. The light couples from a tapered fiber into and back out of
microsphere WGMs, and the throughput is detected. A polarizing beamsplitter (PBS) separates
throughput of the two polarizations. A diode-pumped solid-state laser can be used as an external
heat source for the microsphere, and the vacuum chamber allows control over the ambient pressure.
Reprinted from Ref. 5 with permission. © 2008 International Society for Optical Engineering

measurements is quite good (~5%), so the prospect of using these techniques for
thin-film characterization is promising.

5.5.1 Experiments

The experimental setup is shown in Fig. 5.5. The microsphere is mounted in a
cylindrical vacuum chamber that has a transparent top plate and side windows for
viewing. The pressure in the chamber can be varied from above atmospheric to
about 2 mTorr. Light from a cw TDL is coupled into a modulator, from which it
exits into a single-mode optical fiber that passes through a polarization controller
before being fed into the chamber, where its adiabatic bitapered region is brought
into contact with the microsphere. The position and orientation of the coupling fiber
are controlled, via bellows-sealed feedthroughs, by a positioner located outside the
chamber. The polarization controller is adjusted to ensure that WGMs of a single
polarization (TE or TM) are excited, and after the fiber is fed out of the chamber the
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two polarizations in the throughput can be detected separately. The modulator is
normally off, but can be turned on to provide a square-wave intensity modulation;
the throughput response to the square-wave input tells us whether a WGM is
undercoupled or overcoupled (intrinsic or coupling loss dominant, respectively)
without changing the geometry of the system. The microsphere is actually a prolate
spheroid of average radius about 300 pum, fabricated from optical fiber in such a
way as to have very thin stems both above and below. The double stem helps to
make the mounting more rigid, since the stems are so thin (tapering to just a few
pm). The 532-nm heating beam of about 1 W comes from a frequency-doubled
Nd:YVO, laser, and is focused through a side window onto the microsphere.

The diode laser is scanned up and down in frequency by a triangle wave, so
that the scan should be linear in time and have the same rate in both directions.
In the thermal accommodation coefficient experiments, the external beam heats the
microsphere to a few K above room temperature and is then turned off. The diode
laser is kept at fairly low power (~7 ntW) so that it does not appreciably heat the
microsphere. Displacement of a WGM’s throughput dip from one scan trace to the
next is analyzed to find the relaxation time constant as the microsphere returns to
room temperature. Results from the two scan directions are averaged to reduce error
due to residual scan nonlinearity. This is done over a wide range of pressures
(about four orders of magnitude). The time constant provides the measured thermal
conductivity of the surrounding air, and fitting the thermal conductivity vs. pressure
curve determines the thermal accommodation coefficient, as described in Sect. 5.5.2.

The thermal bistability experiments use the same system, minus the external
heating laser. Now the diode laser power incident on the microsphere is on the order
of 150 pW, so that the diode laser will heat the microsphere if it is scanned slowly
enough across a WGM resonance. Since the relaxation time constant is known from
the previous experiment, fitting the bistable throughput trace to a simple model will
determine the single free parameter, which is the fraction of the total power loss that
is due to absorption (assuming the absorbed power is converted to heat rather than
reradiated). This is described in Sect. 5.5.3. Because the absorption in fused silica is
so low in this wavelength range, we assume that all the absorption takes place in the
water layer on the surface of the bare sphere or in the polymer layer on the coated
sphere. Then from the known absorption coefficient for bulk water, we can estimate
the thickness of the water layer. Likewise, knowing the thickness of the polymer
film, we can find its absorption coefficient.

5.5.2 Accommodation Coefficients

Analysis of these experiments is simplified by the fact that the thermal conductivity
of fused silica is much greater than that of air. Therefore, the microsphere can be
treated as being in thermal equilibrium (uniform internal temperature distribution)
at all times because of its very fast internal relaxation®. We assume that heat loss
through the stems is negligible because of their small masses and long conduction
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paths. Because the microsphere is so small, convection is negligible®*, and so heat
loss occurs through conduction by the surrounding air and by radiation. Define T to
be the deviation of the microsphere’s temperature above room temperature Tg (in
this section, 7, will be used to denote coupling loss), and the relaxation equation can
be written as follows for T << Tg:

1

dT 1
= (4naky, + 16na*eaTy)T = — =T, (5.10)
T

dt me

where m is the microsphere’s mass, ¢ is the specific heat of fused silica, a is the
microsphere’s radius, k,;. is the measured thermal conductivity of air, ¢ is the
emissivity of fused silica, ¢ is the Stefan—Boltzmann constant, and 7 is the thermal
relaxation time constant. Because the temperature variation is small, any tempera-
ture dependence of these parameters can be neglected. However, k,;, will depend on
pressure; the measured value will begin to decrease as the molecular mean free path
becomes comparable to the size of the microsphere. The pressures used are such
that our data are predominantly in the slip-flow or temperature-jump regime,> that
is, the pressure is higher than the free-molecular-flow regime. This means that the
pressure dependence of k;, is given by

katm
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Fig. 5.6 Pressure dependence of thermal conductivity of air, measured using a PDDA-coated
microsphere of effective radius 298 um. The fit to (5.11), shown as the curve, gives a thermal
accommodation coefficient of 0.92 for air on PDDA. Reprinted from Ref. 5 with permission. ©
2008 International Society for Optical Engineering
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In (5.11), kaym is the thermal conductivity of air at atmospheric pressure; R is the gas
constant per unit mass of air; ¢, and ¢, are the heat capacities of air at constant
pressure and volume, respectively; p is the air pressure; and o is the thermal
accommodation coefficient for air on the surface of interest. Fitting a plot of
kair vs. p then determines the value of «, the single free parameter.

Experimental values for k,;, vs. p were found for two fused-silica microspheres,
one bare and the other coated with a polyelectrolyte layer (Fig. 5.6). The second
microsphere was dipped in a 0.5% solution of poly(dimethyldiallylammonium)
chloride (PDDA) for about 30 min to produce a polyelectrolyte surface layer
approximately 1-nm thick®®. Because the microresonators were so prolate, an
effective radius was chosen that gave the best fit of (5.11) to the data. For example,
the bare sphere had a minor radius of 295 pm, a major radius of 375 um, and an
effective radius of @ = 325 pm. Similarly, the PDDA-coated sphere had an effective
radius of a = 298 pum. For the accommodation coefficient of air on fused silica, we
find « = 0.84 £ 0.03, in good agreement with previous measurements for nitrogen
and oxygen on glass®’. Our value found for the accommodation coefficient of air on
PDDA is o = 0.92 £ 0.03, slightly larger than on fused silica, as might be expected
from the more porous structure of the PDDA surface.

For the PDDA-coated sphere, since the coating thickness is much less than the
effective radius, we use the specific heat of fused silica in (5.10). The emissivity of
PDDA is not known, so the value for fused silica was used (¢ = 0.87); the results are
not sensitive to the exact value, because the radiation loss is smaller than the heat
loss by conduction. Looking at the data in Fig. 5.6, no obvious effect of heat loss
from the stems is seen. If stem loss were significant, the measured value of ky;,
would begin to fall off at a higher pressure than it does. Perhaps, however, the
somewhat larger scatter and error in the data at high pressures may be a conse-
quence of some stem loss, as well as residual heating by the diode laser. The fit of
(5.11) to the data is quite sensitive to the value of «, so its error is only on the order
of 3% despite the larger errors in k,;;. The fit remains good even to the lowest
pressures of 0.1 Torr, indicating that the transition to free-molecule behavior has
not yet been seen. At even lower pressures, estimated for these spheres to be on the
order of 10 mTorr™, the data points should begin to fall below the curve of (5.11).
This appears to be an entirely new method for measuring the accommodation
coefficient; nothing similar is mentioned in the literature>”.

5.5.3 Thermal Bistability

In these experiments, power absorbed from the WGM-exciting diode laser,
operating at higher power, heats the sphere. The laser is scanned slowly in frequency
across a resonance. The scan rate is slow enough that the assumption of internal
thermal equilibrium in the microsphere holds, except perhaps during the fast through-
put power jumps (see Figs. 5.7 and 5.8). In equilibrium, the power absorbed depends
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on the detuning from the temperature-dependent resonance, the depth of the reso-

nance dip, and the incident power. Thus a heating term can be added to the right-hand
side of (5.10) to describe the microsphere’s temperature as a function of time>:

ﬂ 2
dT  BMoPinc 2

dt mc

T
Rt (5.12)
(v() — vo + bT)* + (%)

where M, is the fractional dip depth®, Py, is the incident power (equal to throughput
power when off resonance), Av is the linewidth of the Lorentzian WGM at vo—bT
where b is the 1.6 GHz K~ ' temperature shift, and the only free parameter, f, is the
fraction of the total power loss (MyP;,.) that is due to absorption. Fitting a
throughput trace to a tuning curve derived from (5.12) gives the value of f.
Now from (5.3), where the loss ratio is x = T./2mao;, and the measured
(loaded) quality factor

Vo 2nn

0= &= Mt om 19

where n is the index of refraction of fused silica and A is the wavelength, the
intrinsic loss coefficient «; can be found. There are two solutions, corresponding to
the undercoupled (x < 1) and overcoupled (x > 1) cases, which is why the
modulator is needed in the experiment to determine the coupling regime. Then
the effective absorption coefficient is o,ps = fo;. An approximate expression for the
relation between the effective absorption coefficient of the water layer or thin film,
of thickness 6, and its bulk absorption coefficient oy, has been given®®:

1/2
P <ﬂ> Yabs (5.14)

nd 4oy,

Using (5.14) and the determined value of oy, we can estimate 9 if oy, is known, and
vice versa. Two examples of thermal bistability data, fit to a calculated tuning curve
based on (5.12), are shown below. Figure 5.7 is for the bare sphere, and Fig. 5.8 is
for the PDDA-coated sphere. In the figures, the laser scans slowly across a TM-
polarized WGM dip (taking several thermal relaxation times to scan Av), first down
in frequency, then reversing at the vertical dashed line, and scanning back up in
frequency across the same mode. The continuous smooth lines are the theoretical fits.

The fitting to the data in Figs. 5.7 and 5.8 gives the values of o, to about 5%
precision. The value found for the bare sphere is consistent with the values found at
other pressures and for overcoupled modes. Using (5.14) and the known bulk
absorption coefficient of water (at these wavelengths, water has o, ~ 800 m~H'
we estimate d /=~ 6.7 pm from Fig. 5.7. This corresponds to water coverage on the
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fused-silica surface of about 5-6% of a monolayer. A typical value is about
one monolayer; our values may be lower than this because the sphere had been
held at a low pressure for some time before the measurements were made. Applying
the same analysis to Fig. 5.8, we estimate ¢ ~ 0.66 nm. This value indicates that the
absorption coefficient of the PDDA film is of the same order of magnitude as that
of bulk water.

5.5.4 Summary

The temperature sensitivity of the resonant frequencies of WGMs in a microsphere
has been employed to measure the thermal conductivity of the ambient air as a
function of pressure, and these results have enabled a quantitative explanation of
thermal optical bistability observed in the microsphere under conditions of larger
incident power. Measuring the thermal relaxation time to determine k;, vs. p, and
fitting the results to the temperature-jump model of (5.11), determines the value of
the thermal accommodation coefficient of air on the microsphere surface. Since
these measurements can easily be done with various gases, using different surface
coatings (thin compared to the wavelength), a large number of gas-surface interac-
tions can be studied. This optical technique using microresonators is very well
suited to making these measurements, and so adds a new method for the study of the
interaction of gases with surfaces.

Measuring thermal bistability and fitting the observed mode profiles to the
model, combined with the intensity modulation that permits determining the cou-
pling regime without having to move any part of the setup, allow us to characterize
the system losses. The coupling loss and intrinsic loss can be determined separately,
and the intrinsic loss separated into its scattering and absorption components™”. The
absorption component is predominantly due to the surface water layer on a bare
sphere, or to the coating on a sphere to which a thin film has been applied. This
technique then also permits the measurement of the absorption coefficient of the
film, and it can be applied to films of any refractive index and absorption coefficient,
provided only that the film is thin enough.

5.6 Conclusions

The methods and results presented in this chapter describe the utility of chemical
sensing techniques based on microcavity-enhanced optical absorption. In Sect. 5.2,
a theoretical analysis was given for both tunable single-frequency operation and
broadband operation. Using a single tunable frequency and measuring the effect of
analyte absorption on the depth of the throughput dip was shown to give better
relative sensitivity in some cases than methods such as frequency shift or cavity
ringdown. It was further shown that this method makes it possible to measure weak
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analyte absorption against the background of a strong solvent absorption. It was
also shown that using a broadband source and spectral detection of the drop-port
output gives nearly as great a sensitivity as the tunable single-frequency method.
For both methods, it was shown how experimental results can be easily compared to
the theory.

The tunable single-frequency method was used, with the added modification of
locking the WGM to the laser, for the detection of atmospheric trace gases. In this
case, good agreement was found between experiment and theory. The low-Q
cylindrical microresonators used in Sect. 5.3 provide centimeter effective absorp-
tion path lengths, but high-Q microspheres used in similar experiments have given
effective path lengths as large as 10 m*. Tunable single-frequency sensing experi-
ments in liquids, described in Sect. 5.4.1, have confirmed the ability to detect an
analyte in a strongly absorbing solvent. In liquids, effective path lengths of several
meters were found; this is nearly two orders of magnitude greater than the theoreti-
cal expectation, perhaps because of an inadvertent enhancement by one of the
methods mentioned in Sect. 5.4.2. There are several ways to further enhance the
sensitivity of microcavity-enhanced absorption sensing, and some of these will be
quite easy to implement, such as growing a sparse distribution of gold nanorods on
the microresonator surface.

The broadband analysis was confirmed by the experimental results mentioned in
Sect. 5.4.1. This method can also be further enhanced by some of the techniques
described in Sects. 5.4.2 and 5.4.3. The conclusion is that these methods of
microcavity-enhanced optical absorption sensing provide compact, inexpensive,
and sensitive detectors for molecular species in the ambient gas or liquid, and that
further increases in sensitivity can be implemented to make them even more
competitive. The molecular-transition specificity that is implicit in absorption spec-
troscopy is a limiting restriction, but the surface-enhanced Raman sensing that is
enabled by metallic nanoparticles on the microresonator surface can significantly
increase the number of molecular species that could be detected.

The sensing methods summarized thus far are intended for absorption detection
of molecules in the ambient, but molecules (or indeed thin films) on the micro-
resonator surface can also be detected. In particular, if the surface is covered to such
an extent that the optical energy absorbed heats the microresonator, the resulting
thermal bistability in the frequency-scan response can be used to determine the
absorption and/or thickness of the thin-film coating. This and surface characteriza-
tion by measurement of the thermal accommodation coefficient were described in
Sect. 5.5. These methods offer quite precise measurement, provided that certain
reasonable and easily implemented assumptions are satisfied.

In conclusion, when a WGM is excited in a dielectric microresonator, its
evanescent component provides a convenient probe of the microresonator’s sur-
roundings. Various ways to implement evanescent-wave sensing have been devised,
but the emphasis of this chapter has been on microcavity-enhanced absorption
spectroscopy. The techniques described here have broad applicability, can even
be used with broadband sources, and lend themselves well to further enhancement
methods. We are looking forward to continuing our development of these sensors.
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Chapter 6
Rapid Chemical Vapor Detection Using
Optofluidic Ring Resonators

Yuze Sun, Siyka I. Shopova, Ian M. White,
Greg Frye-Mason, and Xudong Fan

Abstract The optofluidic ring resonator (OFRR) is a novel gas sensing technology
platform. In an OFRR gas sensor, the OFRR interior surface is coated with a layer
of vapor-sensitive polymer. The interaction between the polymer and the gas
molecules flowing through the OFRR results in a change in polymer refractive
index and thickness, which can be detected by the circulating waveguide modes
supported by the circular cross section of the OFRR. Due to the excellent fluidics of
a capillary, the OFRR is capable of detecting chemical vapors rapidly with very low
sample volume. In addition, the OFRR is highly compatible with gas chromatography
(GC) and is a promising platform for development of micro-GC (LGC) with unique
multipoint, on-column detection capability. In this chapter, we will discuss the
fundamental operational principles of the OFRR gas sensor, followed by examples
of rapid detection of several representative vapor analytes. The development of an
OFRR-based pGC system and its applications in explosive separation and detection
will also be presented.

6.1 Introduction

Chemical vapor sensors play an ever-increasing role in the environmental moni-
toring, homeland security, defense, and health care. The desirable characteristics of
a chemical vapor sensor include ultrahigh sensitivity, specific and rapid response
to certain vapor molecules, as well as the ability for on-the-spot chemical analysis,
which usually requires the sensor to be small, portable, reusable, stable, robust,
and cost effective. Toward this end, various sensing techniques have been studied
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extensively, including electrochemical gas sensors', microcantilever-based sen-
sorsz, and surface acoustic wave sensors-.

Optical sensors are another powerful tool in gas detection and analysis. Various
optical techniques have been employed, which include optical absorption measure-
ment (such as direct absorption measurement”, Fourier transform infrared spec-
troscopy6’7, photoacoustic spectroscopyx, and cavity ring down spectroscopyg, also
see Chap. 5), photoluminescence measurement'’, Raman spectroscopy'' and sur-
face-enhanced Raman spectroscopy'?, and refractive index (RI) measurement.

The RI measurement is advantageous over other detection methods such as
absorption and fluorescence in that the sensing signal depends on the sample
concentration rather than the total amount of the sample. Therefore, it can be
employed in a number of miniaturized vapor sensors. The RI measurement relies
on the RI changes when the polymer interacts with gas molecules. A variety of
optical structures have been developed to detect the RI changes, such as wave-
guides'?, fiber gratings'*™"” (also see Chaps. 3 and 7), Fabry—Pérot cavities'®'
(also see Chap. 7), interferometers®™', and surface plasmon resonance?~.

Recently, optical ring resonators are under investigation as a promising chemical
vapor sensing technology®>~%°. One of the major advantages of the ring resonator is
its compact size. In a ring resonator, the light propagates in the form of whispering-
gallery modes (WGMs) or circulating waveguide modes®®. Although the ring
resonator is only a few tens to a few hundreds of micrometers in diameter, the
effective detection length can significantly be enhanced due to the high O-factors of
the WGMs. Therefore, the ring resonator technology enables large density of sensor
arrays for portable devices with multiplexed detection capability. Like many other
optical chemical vapor sensors, the ring resonator vapor sensor relies on the
polymer to provide selectivity toward analytes. In the presence of vapor molecules,
the polymer undergoes RI and/or thickness change®>?, resulting in a WGM
spectral shift. Therefore, by directly or indirectly monitoring the WGM spectral
position in real time, both quantitative and kinetic information regarding the
interaction between vapor molecules and the polymer can be extracted.

So far, there are four basic ring resonator configurations that can potentially be
used as a vapor sensor, the first three of which are shown in Fig. 6.1. They include
(1) chip-based planar ring resonators made of solid dielectric materials such as
SiON and coated with a vapor-sensitive polymer as the cladding (Fig. 6.1a)*>;
(2) chip-based polymer ring resonators, in which polymer is used as the building
block of the ring resonator and also as the sensing material (Fig. 6.1b)25’26; and (3)
free-standing microspheres or cylinders whose exterior surface is coated with a
layer of polymer (Fig. 6.1c). While these ring resonators have been investigated for
sensitive detection of alcohol>>?’ s ammonia24, and explosives26 (also see Chap. 2),
they suffer from cumbersome and ineffective gas fluidics, which is also commonly
seen in many other optical vapor sensors. In some cases, these sensors are placed
in a large chamber with a gas flow rate as high as tens of liters per minute'**'. This
not only requires a large amount of gas samples, but also significantly slows down
the sensing response and recovery time (a few to a few tens of minutes may be
needed”**?). Both may deteriorate the sensor performance, especially in the
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Fig. 6.1 Various configurations of ring resonator vapor sensors

situation where fast response and short recovery time are needed and where only
low sample quantity is available.

Very recently, we developed the fourth ring resonator configuration for rapid
chemical vapor sensing based on an optofluidic ring resonator (OFRR)*". As
illustrated in Fig. 6.2, the OFRR utilizes a thin-walled glass capillary whose circular
cross section forms a ring resonator to support WGMs. The OFRR serves as both a
microfluidic channel to deliver samples and a ring resonator to detect the gaseous
analyte passing through the capillary. In contrast to OFRRs used as label-free
biosensors and microfluidic lasers (see Chaps. 14 and 19), when used for chemical
vapor sensing, the OFRR interior surface is coated with a thin layer of vapor-
sensitive polymer. The WGM has significant optical presence in the polymer layer
and detects the RI and/or thickness change in the polymer when it interacts with gas
molecules.

The OFRR has several distinctive advantages in comparison with the other three
types of ring-resonator-based vapor sensors. Since the OFRR achieves dual use of
the capillary as a fluidic channel and as a sensing head, it requires only a few pL
sample volume, in contrast to a typical level of a few liters used in planar-ring-
resonator-based vapor sensors that use a chamber and extra delivery channels®.
Additionally, the sensing events take place on the inner surface of the capillary. The
circular nature of the capillary ensures the most efficient interactions between the
vapor molecules and the polymer layer. Consequently, rapid detection becomes
possible?”*®. Moreover, the OFRR is highly compatible with GC technology that
is widely used in analytical chemistry for sample separation and identification,
which can be explored for the development of uGC system?’. In turn, many GC
technologies, such as coating methods®?, can be adapted for OFRR vapor sensor
studies. In this chapter, we will first discuss the operation principles of the OFRR
chemical vapor sensors, followed by examples of rapid gas detection and OFRR-
based nGC development.
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Fig. 6.2 Cross-sectional view of the OFRR chemical vapor sensor

6.2 Theoretical Model of the OFRR Vapor Sensor

The OFRR has a layer of polymer on its interior surface. When interacting with
vapor molecules, the polymer undergoes RI changes and/or thickness
changes??*%2328:33:34 " which result in a spectral shift in the WGM. This detec-
tion scheme is similar to what is used in OFRR biosensing, where the WGM spectral
position is monitored (see Chap. 14). The WGM spectral position can be solved by
considering the four-layer Mie model, as illustrated in Fig. 6.3, which is different
from the OFRR used for biosensing, where only a three-layer Mie model is needed.
The radial distribution of the WGM for the four-layered OFRR is given by>”

ATy (knyr) (r<OD/2-d—1)
BJ,(knyr) + CHY (knor)  (OD/2 —d —t < r < OD/2 — d)
DJ(knsr) + EHY (knsr)  (OD/2 —d < r < OD/2)

FHSY (knyr) (r > 0D/2)

En(r) = . (6.1)

where J,,, and H,(,,1 ) are the mth Bessel function and the mth Hankel function of
the first kind, respectively. The RI of the core, the polymer, the ring resonator wall,
and the surrounding medium are described by ny, n,, n3, and ny. k = 27/, where A is
the WGM wavelength in vacuum. The WGMs have two polarizations, a-mode and
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Fig. 6.3 Four-layer model for the OFRR vapor sensor. OD: ring resonator outer diameter; f:
polymer thickness; d: ring resonator wall thickness; ny, n,, n3, and ny4 are the refractive indices for
the medium inside (air), polymer, silica ring resonator, and medium outside (air), respectively

b-mode, with the magnetic field and the electric field being along the cylinder
longitudinal direction, respectively.
The OFRR sensor sensitivity can be described by

g_dr_04 o 0L Om Ot 0k Om (6.2)

where dA/dp is the WGM spectral shift due to the change of the vapor molecule
density in the polymer matrix, p. dA/0t and OA/0n, refer to the WGM thickness
sensitivity (S,) and RI sensitivity (Sgy), respectively, which are the intrinsic proper-
ties associated with the optical modes of the coated ring resonator. 9¢/Jp and
Ony /Op are the polymer swelling/shrinkage and the RI change due to the vapor
molecule absorption, which depend on the polymer—analyte interaction. Note that
the RI change can be caused by either the polymer volume change induced by vapor
molecules, or by the doping effect due to the presence of vapor molecules in
the polymer matrix**, as described, respectively, by the second and the third term
on the right-hand side of (6.2).

RI sensitivity for the polymer RI change, Sy, is related to the fraction of light in
the polymer, 7, by>**

oA )
Sri = o (6.3)
ny Neff
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where nege = mA/2nR (R, ring resonator radius) is the WGM effective RI. However,
the thickness sensitivity is more complicated, which will be discussed later in
Sect. 6.3. While the polymer thickness change due to vapor molecules adsorp-
tion and the thickness-induced RI change may have to be determined experi-
mentally”*****, the RI change due to the doping effect can be modeled by the
Lorentz—Lorenz equation®

(n2 + 2)2 1
oy =~2-—" (5 6.4
np 61, 380( P)OC, (6.4)

where o is the vapor molecule polarizability. Equation (6.4) relates the RI change in
the polymer layer to the vapor molecule density in the polymer matrix, which is
further related to the vapor concentration in free space, po, by K = p/p,, where K
is the partition coefficient ranging from a thousand to hundreds of thousand®**’. Tt
should be noted that the polymer RI change and thickness change may not work
additively. For example, while the doping-induced polymer RI change is always
positive, its thickness-related RI decreases when the polymer swells upon interac-
tion with the analyte.

6.3 Theoretical Analysis of the OFRR Chemical
Vapor Sensor

Using the model presented in Sect. 6.2, we systematically investigate two cases
where the polymer RI is lower and higher than that of the wall.

6.3.1 Low RI Polymer Coating

When the polymer RI is smaller than or close to that of the ring resonator, the
polymer layer can be regarded as an extension of the ring resonator wall, regardless
of the polymer thickness. Initially, when the polymer layer is thin, only the
evanescent field exists in the polymer layer and the RI sensitivity is low. With the
increased polymer thickness, higher order modes start to move inward, resulting in
a higher RI sensitivity for those modes while the lower order modes are not affected
much. This behavior is shown in the insets of Fig. 6.4a. The thickness sensitivity, S,
can be deduced from the slope of the curves in Fig. 6.4a. S, is always positive.
However, it drops gradually to zero when polymer thickness increases, meaning
that the sensor is insensitive to any polymer thickness change for the thick polymer
layer. The RI sensitivity, Sgy, is plotted in Fig. 6.4b, which increases monotonically
with the increased polymer thickness. The maximum of Sg; depends highly on
the mode order. The higher order the mode, the higher Sg; it can achieve. This is a
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Fig. 6.4 (a) k* as a function of polymer thickness for the first three WGMs. The relevant
parameters are OD = 95 ym, d =3 um, n; = 1, n, = 1.47, n3 = 1.45, ny = 1, m = 257. All for
b-mode. Inset: Intensity radial distribution for the first three modes when the polymer thickness is
0.5 pm (a) and 2.9 pm (b). Vertical lines indicate the boundaries of the ring resonator and the
polymer layer. (b) The corresponding RI sensitivity. The RI sensitivity for the third WGM of
different polarization (a-mode) is also plotted. Reprinted from Ref. 29 with permission. © 2008
Optical Society of America

result of (6.3), as higher order modes have more fraction of light in the polymer.
Polarization-dependent Sg; is also given in Fig. 6.4b, showing that the b-mode has a
slightly higher sensitivity than the a-mode, opposite to the OFRR biosensors where
the evanescent field in the core is used for sensing (see Chap. 14)*'.

For the OFRR-based vapor sensor, the ring resonator wall thickness has a
significant impact on the sensor performance. Since the polymer layer is treated
as the extension of the ring resonator, the relative thickness between the wall and
the polymer determines the radial intensity distribution of the WGMs. As a result,
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Fig. 6.5 RI sensitivity as a function of the OFRR wall thickness for the first three WGMs. The
polymer thickness is fixed at 1 pm. Other parameters are the same as in Fig. 6.4. Reprinted from
Ref. 29 with permission. © 2008 Optical Society of America

the fraction of light and hence the RI sensitivity is lower with a thicker-walled ring
resonator, as shown in Fig. 6.5. Eventually, the RI sensitivity drops to zero when the
wall is sufficiently thick, in which case, the WGM is predominantly confined within
the wall.

6.3.2 High RI Polymer Coating

When a polymer of sufficiently high RI is used as the coating material, the WGMs
exhibit completely different behavior. Initially, the light is confined within the ring
resonator wall as a wall mode. With the increased polymer thickness, the polymer
starts to support a new set of WGMs that interact with the wall modes to form a
so-called photonic molecular mode that has characteristics from both wall mode
and polymer layer mode****. Figure 6.6a shows the dispersion for the three lowest
modes in such a polymer-coated ring resonator. The energy splitting occurs when
the first-order wall mode (shown as the dashed line in Fig. 6.6a) intersects the
polymer modes. Eventually, when the polymer is sufficiently thick, polymer modes
and wall modes are decoupled. This is equivalent to creating a new polymer ring
resonator in a capillary and the glass capillary simply acts as the physical substrate.
Figure 6.6b shows such a transition for the second-order mode.

The RI sensitivity, Sgy, of the above sensor structure is given in Fig. 6.7. Whereas
the sensitivity for the first-order mode increases monotonically with the increased
wall thickness, the sensitivity for the second and third order modes oscillates
significantly. In particular, Sg; becomes nearly zero at certain regions that
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correspond to the plateaus in Fig. 6.6a, where the mode possesses the dominant
characteristic of the wall mode (e.g., the mode in the second figure of Fig. 6.6b).
After the decoupling process, all modes approach their respective maximal sensi-
tivity. The thickness sensitivity, Sy, is generally positive. However, at the region of
plateau in Fig. 6.6a, it becomes nearly zero, meaning that the OFRR sensor is
insensitive to any polymer change induced by chemical vapors.

6.4 Demonstration of Using the OFRR for Chemical
Vapor Sensing

6.4.1 OFRR Vapor Sensor Preparation

An OFRR of approximately 75 pm in outer diameter (OD) is produced by rapidly
pulling a capillary preform (Polymicro Technologies, Phoenix, AZ) under heat,
followed by HF etching to further reduce the wall thickness to around 4 pm. The
OFRR pulling system is home-built and has been detailed in Chap. 14. The wall
thickness is determined from measuring the bulk RI sensitivity using different
concentrations of ethanol-water mixture with known RI**,

The OFRR interior surface is then coated with various polymers, such as
moderately polar methyl phenyl polysiloxane (OV-17) or highly polar polyethylene
glycol (PEG), for the detection of different types of chemical vapors. The coating
procedures are adapted from well-developed static coating procedures for GC
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microfabricated columns®”. Briefly, the polymer dissolved in an organic solvent
such as toluene, methanol, or acetone is first filled into the OFRR by capillary force.
Then both ends of the OFRR are sealed with a septum and the polymer solution is
left in the OFRR for 1 h. After this, low vacuum is applied at one end to gradually
evaporate the coating solvent out of the OFRR, followed by high vacuum for 12 h.
All the coating procedures are carried out at room temperature. The coating
thickness can be controlled by varying the polymer solution concentration. In our
experiment, the coating thickness is estimated to be 200 nm.

Smooth and uniform polymer surface after vacuum plays a key role to ensure
good OFRR sensing performance. We have observed in experiments that toluene
after vacuum is prone to leave a number of cavities of a few micrometers in diameter
on the surface. These cavities will induce additional scattering loss for the WGMs in
the OFRR, which greatly degrade the Q-factor, and hence the detection limit of
the OFRR vapor sensor. Moreover, these small cavities have different adsorption
characteristics compared to smooth polymer surface. Vapor molecules may be
retained for a longer time at the cavity, which increases the response time and
recovery time. Acetone and methanol are found to be better candidates for solvents
because they usually leave uniform and smooth surface after vacuum.

6.4.2 Rapid Chemical Vapor Sensing

In this part, we demonstrate OFRR’s capability as a rapid chemical vapor sensor.
During experiments, ethanol and hexane vapors are used as a model system and
represent polar and nonpolar analytes, respectively.

Figure 6.8 depicts the schematic of the experimental setup. Various concentra-
tions of analyte/air vapor mixture is injected into the OFRR capillary by a syringe
pump (Harvard Apparatus, MA) at a flow rate of ~1 mL min~'. Ultrahigh purity
hydrogen is flowed into the OFRR before injection of the vapor samples to establish
the sensing baseline and then after each sensing measurement to purge the analytes.
A switching valve (Upchurch Scientific, WA) is used to quickly switch between the
analyte channel and the purging channel. The detection part has been described in

H, purging gas Tunable
diode laser
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— [ p— Switching TTOFRR S '\';""““““"@
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Fig. 6.8 Experimental setup for rapid chemical vapor detection
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detail previously** (also see Chap. 14). In short, a 1,550-nm tunable diode laser
scanned in wavelength (scanning rate: 5—15 Hz) is coupled into the WGM via an
optical fiber taper or a waveguide in contact with the OFRR***>. When the light is
on resonance with the WGM, it is coupled into the OFRR, leaving an intensity dip
at the fiber output end, which is used to indicate the WGM spectral position. When
vapor molecules pass through the OFRR, they interact with the polymer layer,
causing an RI change and thickness change in the polymer layer, which leads to a
spectral shift in the WGM. The whole OFRR is placed on a plastic module covered
by a glass slide to minimize temperature fluctuations.
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Fig. 6.9 OFRR response to various part per million (ppm) concentrations of ethanol and hexane
vapors. The OFRR is coated with a 200-nm-thick OV-17 (a) and PEG-400 (b). Insets are the
sensorgrams taken by monitoring the WGM shift in real time. Reprinted from Ref. 28 with
permission. © 2008 Optical Society of America
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The inset in Fig. 6.9a shows the sensorgrams when ethanol or hexane vapor is
introduced to an OV-17 coated OFRR. H; is initially flowed through the OFRR to
establish the baseline. Then the valve is switched to the analyte channel. Upon the
interaction with the analyte, the WGM shifts to a longer wavelength and reaches
the equilibrium value within 10 s. Then the flow is switched back to H, to purge the
OFRR, as reflected by the decrease in the WGM spectral position. There are two
phenomena worthy of pointing out, which attest to the rapid and efficient nature of
the OFRR vapor sensor. First, purge is completed within 20 s, much faster than the
previous ring resonator designs and many other types of optical vapor sensors.
Second, thorough purge can be achieved, as evidenced by the fact that the WGM
returns to the baseline every time after purge.

Figure 6.9a plots the WGM shift obtained at the equilibrium for various con-
centrations of ethanol or hexane vapor by the OV-17-coated OFRR. The sensitivity
is nearly the same for ethanol and hexane for OV-17, which contains 50% modestly
polar phenyl groups and 50% nonpolar methyl groups. For a comparison, Fig. 6.9b
plots the sensitivity curve for ethanol and hexane using another OFRR coated with
PEG-400. Both parts (a) and (b) of Fig. 6.9 indicate that the WGM shift linearly
depends on the analyte concentration. Sensitivity for ethanol vapor with PEG is
0.5 x 1072 pm ppm !, ten times higher than that for hexane, as PEG-400 is highly
polar, hence having higher polar interactions and solubility for ethanol. To estimate
the limit of detection (LOD) for ethanol vapor, we use a WGM resolution of 0.1 pm,
which can be obtained without any active temperature control. Based on Fig. 6.9b,
an LOD of 200 ppm for ethanol vapor can be derived.

6.4.3 OFRR-Based pnGC

For gas sensors that rely on polymeric materials to achieve selectivity, it is challeng-
ing to discriminate and identify targets of interest from a mixture. Unlike antibodies
used in biosensors that have high specificity toward an antigen, the polymer would
respond to several analytes in a mixture that contains molecules with similar
polarity, molecular structures, or functional groups. Furthermore, when samples
include volatile organic background analytes, the target may be buried in the
background, especially when the target has very low volatility, such as in the
case of explosive detection.

Gas chromatography (GC) is a well-established and powerful analytical tech-
nique that has high selectivity in analyte detection. In GC, the selectivity is
achieved by separating and recognizing analytes in the sample mixture through
their unique retention times. However, traditional GC is bulky and power intensive,
and requires long analysis time. Research on pGC analyzers over the past decade
has shown the great potential for miniaturized, rapid, and low-power pGC systems.
To date, most pGC systems are implemented using microfabrication technology,
where rectangular microchannels are fabricated to replace the traditional circular
GC columns. The whole system, including injector, column, and detector
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(e.g., flame ionization detector), are sometimes fabricated on a single chip. Al-
though high aspect ratio rectangular cross-sectional columns have potential of greater
separation efficiency and can be less affected by flow restrictions than the conven-
tional narrow-bore circular columns, they suffer incompatibility with circular tubings
that are widely adopted in GC system and other related testing equipments™*®.

The OFRR offers an excellent solution to implement pGC. It has a circular cross
section by design, which is well compatible with all the GC-related equipments
that are currently in use. Moreover, OFRR achieves dual use as the separation
column as well as the detection body, which is in sharp contrast with other pGC
systems having separate column and detector. By placing an optical fiber taper or a
waveguide in contact with the OFRR, we are able to achieve multipoint real-time
on-column detection, which greatly simplifies the pGC system.

Here, we demonstrate the feasibility of the OFRR-based pGC, and further
explore its capability in the explosive detection. In experiments, a 10-cm long
OFRR is fabricated and coated with PEG-400 or PEG-1000 polymer using the
same procedure described previously in the gas sensing experiments. Gas samples
are extracted from the saturated vapor in the headspace of the analyte sample vials
with a solid-phase microextractor (SPME) at room temperature and introduced
into a GC injection system (HP 5890, injector temperature 250°C), which generates
a gas pulse. The gas pulse travels along a 1.8-m, 0.25-mm inner diameter (ID)
nonpolar passivated fused silica guard column (Supelco), which has minimal
interaction with the analyte. The guard column is connected with the OFRR via a
universal quick seal column connector (Varian). Ultrahigh purity hydrogen gas is
used as the carrier gas. The whole system setup is illustrated in Fig. 6.10.

To show the separation capability of the OFRR-based pGC analyzer, we simul-
taneously inject mixtures of various analytes. In conventional GC and pGC sys-
tems, separation occurs as the sample travels through a separation column that is
several tens of meters long for conventional GC and is on the order of a meter for
HGC. In this experiment, the distance between the OFRR inlet and the location
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Fig. 6.10 Experimental setup for OFRR-based GC. Reprinted from Ref. 27 with permission.
© 2008 American Chemical Society
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where the optical taper is placed is only 1.5 cm. Figure 6.11 shows separation of
ethanol/decane (a), toluene/decane (b), toluene/DMMP (Dimethyl methylphospho-
nate) (c), and decane/DMMP (d). The ability to separate several different samples
over a short distance is enabled by the small diameter of the OFRR. Note that the
sub-second peak width is achieved in ethanol detection. This peak width is limited
by the laser scanning rate used in the experiment. An even sharper peak can be
obtained with a higher scanning rate.

The repeatability of gas sample separation is presented in Fig. 6.12. The separa-
tion peaks of the mixed gaseous analytes match those for each individual analyte
quite well, irrespective of the analyte concentration, which correlates to the peak
height (Fig. 6.12a, b). Although manual sample injection may introduce a certain
degree of variation in retention time measurement, using a gas marker can signifi-
cantly improve such measurement, as demonstrated in Fig. 6.12c, in which decane
is used as a marker.

To explore the capability of OFRR-based nGC in explosive detection, 2,4-
dinitrotoluene (DNT) is chosen as a model system, due to its chemical structure

a b
2 3
Toluene
Ethanol Decane s \
- Decane
1r e
1
el
&
= 0 ! |
= 0 4 8 12 0 4 8 12
— C d
s 4
k3]
2. Toluene 5l DMMP
@ 4l DMMP yd
= -
@)
= o
1
1 -
0 1 1

020 40 60 80 100 120 0 2040 60 80 100 120

Time (s)

Fig. 6.11 Separation of different analytes after passing through the 1.5 cm of PEG-400 coated
OFRR. Reprinted from Ref. 27 with permission. © 2008 American Chemical Society
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Fig. 6.12 Chromatogram repeatability test: (a) separation between toluene and decane;
(b) separation between decane and DMMP; and (c) separation between decane and dodecane.
The insets in parts (a) and (b) are the chromatogram for each individual gas component. Variation
in peak height is due to the variations in SPME sampling time. Curves are sifted vertically for
clarity. Reprinted from Ref. 27 with permission. © 2008 American Chemical Society

similar to trinitrotoluene (TNT). Also it is an additive or contaminant in many
explosives and can be used as an indicator to predict the existence of TNT. UHP
helium is used as the carrier gas with a flow rate of 10.6 mL min~ ' measured at the
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Fig. 6.13 Highly repeatability separation and detection of DNT from nitrotoluene and DNT
mixtures. SPME extractions are performed at room temperature. (a) Nitrotoluene extraction
time ~3 s, DNT extraction time ~20 s. (b) Nitrotoluene extraction time ~1 s, DNT extraction
time ~30 s. DNT peak emerges at approximately 40 s. Curves are vertically shifted for clarity

outlet of the OFRR. Figure 6.13 shows the separation between DNT vapor and
2-nitrotoluene vapor. Although 2-nitrotoluene and DNT only have one nitro group
difference in structure, OFRR vapor sensors achieve very efficient separation
between them. We have performed numerous tests on separation between
2-nitrotoluene and DNT vapor mixtures with various mass ratios for numerous
times and all the data showed consistence in retention time. In addition, the signal
amplitude is proportional to the extraction time of SPME fiber in equilibrium
headspace of sample vial. From the sensorgram of DNT shown in Fig. 6.13, the
WGM starts to shift to a longer wavelength around 25 s after injection and reaches
its peak around 40 s. The signal completely returns to baseline quickly, indicating
that the polymer is completely regenerated for the following sensing activities. A
single sensing event is accomplished within only 1 min at room temperature,
showing great promise for detecting explosives in a rapid and simple manner,
especially considering that this detection system has not yet been optimized for
speed. Figure 6.14a plots the WGM spectral shift in response to various SPME
extraction times of DNT sample. A good linear response range is observed. The
total mass extracted by the SPME is quantified using a GC/MS system (Varian)
with calibrated liquid injections and shows a linear relationship with the SPME
extraction time, as shown in Fig. 6.14b. To estimate the detection limit of the OFRR
vapor sensor for DNT, we use a WGM resolution of 0.1 pm, which is mainly
determined by the temperature-induced WGM fluctuations. Based on the spectral
shift in Fig. 6.13 and calibration curve of adsorption mass on SPME fiber in
Fig. 6.14b, we estimate that the detection limit is approximately 300 pg for DNT
vapor, which corresponds to about 1 s of SPME extraction at room temperature.
While the initial demonstration of this unique on-column pGC analyzer shows
promise, it also highlights that there are many ways to optimize the performance of
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Fig. 6.14 (a) OFRR vapor sensor responses to DNT vapor samples extracted with various
sampling time at room temperature. (b) Calibration curve of DNT mass extracted by on SPME
fiber under various extraction times at room temperature

this technology. For example, optimization on the carrier gas flow rate, polymer-
coating thickness, OFRR size, detection position along the OFRR in order to
achieve better resolution, higher sample capacity, or both. Furthermore, this first
version of OFRR pGC analyzer is demonstrated for isothermal operation only and
the temperature for DNT detection has not been optimized. Although all RI-based
optical chemical sensors are sensitive to temperature change, it is not a fundamental
obstacle for OFRR-based pGC to have a temperature programming function. If the
temperature ramping is controlled, it may be possible to detect sharp peaks on the
moving baseline of the OFRR signal.

6.5 Conclusion

We have demonstrated rapid chemical vapor sensing based on the OFRR. The
OFRR architecture is an integration of an efficient fluidic channel and a microring
resonator sensing element defined by the tapered fiber in contact with the OFRR
capillary. The whole sensing system is simple, cost effective, and easy to be scaled
for multiplexed detection, which makes it a promising platform for the develop-
ment of miniaturized, rapid, sensitive, and selective gas sensors. Based on these
unique features of the OFRR, the OFRR pGC analyzer is also demonstrated with
the capability of efficient separation of vapor mixtures and highly reproducible
retention time for the individual analyte. Theoretical simulations on OFRR vapor
sensors are also carried out. Sensitivity, detection limit, and response time are
studied with respect to the sensing polymer RI, thickness, as well as ring resonator
dimensions. Our future work will focus on the optimization of OFRR structure and
polymer thickness to improve the detection limit that would benefit the detection of
explosives and other low volatility analytes.
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Chapter 7
Miniaturized Optical Fiber Inline
Interferometers for Chemical Sensing

Hai Xiao and Tao Wei

Abstract This chapter reviews the miniaturized optical fiber inline interferometers
for chemical sensing based on the detection of composition variation induced
refractive index changes. When used as chemical sensors, these miniaturized
devices have the common advantages of small size, all-glass ruggedized structure,
high sensitivity, fast response time, and large dynamic range. These advantages
make them particularly attractive for real-world applications where, in situ, contin-
uous monitoring is required. Specifically, two general types of interferometers
are reviewed including the low-finesse Fabry-Perot interferometer and the core-
cladding mode interferometer. The operation principles of these two types of
interferometers are described. The signal processing methods are discussed. The
representative structures, fabrication methods, and application examples of each
interferometer type are provided with certain level of details. The advantages and
disadvantages of each sensor structure are also highlighted in the discussions, with
the hope that innovative researches will be stimulated to solve the technical
challenges and explore future applications of these devices.

7.1 Introduction

Miniaturized and robust optical fiber sensors capable of accurate and reliable
measurement of refractive index of the surrounding environment have attracted
tremendous interest in recent years. One of the driving forces for the development
of these fiber optic devices is their broad applications in chemical sensing. When
placed in the liquid solution or gas mixture, these fiber sensors can detect the
chemical composition change by monitoring its refractive index variation. These
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devices can also be further coated with functional thin films to achieve improved
detection sensitivity and selectivity. The coated thin film can selectively interact
(e.g., adsorb or react) with the target analyte molecules. As a result, the film
changes its refractive index that can be sensitively monitored by the fiber device
to produce a signal.

Among the many fiber devices investigated for refractive index sensing, fiber
inline interferometers have attracted much interest recently. So far, a number of
fiber inline interferometers have been explored for refractive index sensing, includ-
ing the low-finesse Fabry—Perot interferometer (FPI) with an accessible cavity, the
core cladding mode Mach—Zehnder interferometer (MZI), and the core-cladding
mode Michelson interferometer (MI). These inline interferometers operate based on
the different principles but share the similar advantages of small size, all-glass
ruggedized structure, high sensitivity, fast response time, and large dynamic range.
These advantages make them attractive for various in situ monitoring applications,
especially in places where other bulky sensors are hard to reach.

7.2 Fiber FPI Sensor

Fiber FPI sensors have been well demonstrated for various sensing applications in
the past. The FP cavity can be either intrinsic' or extrinsic®. The two reflections at
the two end surfaces of the FP cavity form an interference signal. The deflection of
the cavity due to changes in environment causes a phase shift in the interference
signal. As a result, a fiber FP sensor is capable for measuring various parameters.
With advantages such as small size, immunity to electromagnetic interference
(EMI), and corrosion resistance, these fiber FP sensors are particularly attractive
for applications involving harsh environments™*.

Incident light

— b 123

Input fiber Reflect fiber

FP cavity

Fig. 7.1 Tllustration of a fiber FPI sensor
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7.2.1 FPI Principle

Although the two reflectors forming the Fabry-Perot (FP) cavity can be the surfaces
of any optical components, a very simple way of constructing a fiber FPI is to
directly use the cleaved endfaces of two fibers as shown in Fig. 7.1. Typically,
single-mode fibers are used because of their small numerical aperture (NA). The
small NA results in a small divergence angle of the exiting beam as it passes
through the cavity, which is preferable to produce a high-quality interference
signal. Multimode fibers have also been used for the construction of FPI sensors.
The main reason of using a multimode fiber is to allow easy and efficient coupling
from the light source to the fiber. As shown in Fig. 7.1, the incident light partially
reflects (/) at the endface of the input fiber. The remainder of the light propagates
across the cavity and partially reflects (/,) at the endface of the reflect fiber. The two
reflections interfere to generate a signal whose phase is linearly proportional to the
optical length of the cavity, defined as the product of the cavity length and the
refractive index of the medium filling the cavity.

When the reflectivity of the two end faces is low (e.g., 4% from an air-glass
interface), the multiplex reflections in the cavity have negligible contribution to the
optical interference. Under this circumstance, the FP cavity is commonly referred to
as the low-finesse cavity and the signal can be modeled using a two-beam interfer-
ence model, given by>°:

4rL
I=5L+05L+2 Illzcos( nin—i-(p()), (7.1)

where [ is the intensity of the interference signal; /; and I, are the reflections at the
cavity surfaces, respectively; ¢ is the initial phase of the interference; L is the
length of the cavity; n is the refractive index of the medium filling the cavity; and 4
is the optical wavelength in vacuum.

According to (7.1), if the FP cavity is made accessible to the external environment,
the device can be used as a chemical sensor by measuring the refractive index change
of a liquid solution or a gas mixture filling the open cavity. A unique advantage of such
a sensor is that the phase of the interference signal is a linear function of the refractive
index. Compared with other types of sensors, a fiber FPI refractive index sensor has the
unique advantage of constant sensitivity over a large dynamic range.

7.2.2 Signal Processing

Equation (7.1) states that the intensity of the interference signal is a periodic
function of the cavity length, the refractive index, and the wavelength. For most
chemical sensing applications, the interference signal needs to be processed to
obtain either the absolute value or the relative change of the refractive index that
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Fig. 7.2 Simulated interference spectra of a fiber FPI sensor

is related to the chemical environment of interest. Although many signal processing
methods have been studied in the past, the white light interferometry method
produces the highest accuracy.

White light interferometry commonly uses a broadband source to excite the
interferometer and an optical spectrum analyzer (OSA) to record the interference
signal in the spectral domain. Sometimes, a tunable laser is used to replace the
broadband source and a regular photodetector is used to replace the OSA. The
spectral signal is obtained by stepping the tunable laser over the entire available
wavelength range. In either way, an interference spectrum can be obtained similar to
what is given in Fig. 7.2.

According to (7.1), the two adjacent interference minimums have a phase
difference of 2x. That is

(4nLn/ivi + ©y) — (4rnln/ vz + @y) = 2, (7.2)

where 4,1 and /., are the wavelengths of the two adjacent valleys (Fig. 7.2) in the
interference spectrum. The optical length of the FP cavity, defined as the product of
the cavity length and the refractive index, can thus be found as

1 ;Lvl;tvz
L-n=-—7F. 7.3
" 2 /’LVZ - jvvl ( )

In theory, (7.3) can be used to calculate either the absolute refractive index (n) or
the absolute length (L) of the cavity if one of them is known. However, the
measurement based on (7.3) has a poor resolution because the period is not a
sensitive function of the optical path change®”’.
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In many cases, only the relative refractive index change is of interest and the
range of refractive index variation is small so the phase shift is less than 2x. In this
case, the phase ambiguity issue can be avoided. The relative refractive index
change can be calculated based on the spectral shift of the interferogram.

According to (7.1), the interference signal reaches its minimum (/,,;,) when the
phase of the cosine term becomes an odd number of . That is I = I, when

dnnL /Ay + o = 2m + )7, (7.4)

where m is an integer and 4, is the center wavelength of the specific interference
valley. In (7.4), taking the derivative of n with respect to 4,, one finds:

dn/dAy = [(2m + 1)7 — @) /4nL. (7.5)

Assuming the cavity length L is maintained constant during measurement, (7.5)
indicates that the refractive index is a linear function of the valley wavelength, or
the sensitivity of the FPI sensor is a constant. The amount of refractive index
change (n) can thus be computed based on the wavelength shift (A4, as shown in
Fig. 7.2) of a particular interference valley using the following equation derived
based on (7.5):

An=nAly /Ay, (7.6)

where the relative refractive index change is directly proportional to the spectral
shift of the interferogram. It is worth noting that (7.6) is also applicable to other
characteristic spectral positions such as the interference peak and the center point of
the interferogram (A, and A/, in Fig. 7.2, where the curve is relatively linear). The
advantage of using the center point in calculation is that its spectral position can be
resolved with a higher resolution compared to the valley or the peak that typically
has a flat bottom or top. In addition, curve fitting of the interference fringe can also
improve the measurement accuracy.

Comparing (7.3) and (7.6), one finds that (7.3) can be used to calculate the
absolute refractive index while (7.6) only provides the relative change of the
refractive index. However, the calculation based on (7.6) has a much higher
resolution than that obtained using (7.3).

7.2.3 Representative Devices and Application Examples

7.2.3.1 Holey Sleeve Hosted FPI Sensor

The fiber FPI sensor illustrated in Fig. 7.3 can be fabricated by inserting two
endface-cleaved optical fibers into a ferrule. The ferrule usually has a diameter
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slightly larger than that of an optical fiber to provide necessary alignment. After
assembly, these components are bonded together to construct the FPI device. Over
the years, the bonding methods have evolved from epoxy in the early days® to the
more recent thermal fusion using a CO, laser” or an electric arc’.

To minimize the temperature dependence and to improve the device robustness,
fused glass ferrules have been used to construct the FPI cavity. Figure 7.3 shows a
fiber FPI device made by thermal fusion of two single-mode fibers into a fused
silica tube using a CO, laser. The device has been demonstrated for temperature,
pressure, and strain sensing and successfully survived a high temperature (200°C)
and high pressure (8,000 psi) coexisting environment'’. Later, a short section of
microfused silica tube, with an outer diameter of 126 pm and an inner diameter of
50 pm, was spliced between two cleaved single-mode fibers to construct the FPI
sensor in which the tube served as a spacer''.

In general, the microassembly methods involve complicated procedures of
assembling multiple components together. The length of the cavity varies in each
device, and the performance is neither predictable nor controllable. The multiple
parts assembly also compromises the robustness of the device owing to the limited
strength of the joints. The microassembly-based fabrication processes commonly
result in a sealed FP cavity>''. The applications of such sealed FPI sensor have
been limited to the measurement of physical parameters such as displacement,
temperature, strain, pressure, acoustic waves, and flow.

In order to make a FPI chemical sensor, the FP cavity needs to be made accessible
by the analyte molecules. One way to achieve this is to use a holey sleeve to host the
cavity. Xiao et al.” reported such a fiber FPI gas sensor formed by bonding two
endface-polished fibers in a holey sleeve using epoxy. The holey sleeve allows gas to
freely enter and leave the cavity. A resolution of 10~> was estimated in monitoring
the changes in the refractive index caused by varying the gas composition. However,
the sensor assembly was complicated and required the use of epoxy. In addition, the
various components used in sensor construction were made of different materials.
As a result, the device had a strong dependence on temperature.
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Fig. 7.4 Fabrication procedures of a multicavity fiber FPI sensor. Reprinted from Ref. 11 with
permission. © 2008 Optical Society of America

7.2.3.2 Multicavity FPI Sensor

Wang et al. designed a fiber optic biosensor based on cascaded multiple FP
cavities''. The fabrication process of the reported sensor is illustrated in Fig. 7.4.
A silica capillary tube (50-um inner diameter and 126-pm outer diameter) was
spliced onto a single-mode fiber. An FP cavity was formed by cleaving the tube and
splicing it to another single-mode fiber. Another fiber cavity was created by
cleaving the second fiber as shown in Fig. 7.4. The fiber cavity could be as small
as 10 pm, limited by cleaving and, up to the centimeter range, limited by the
coherence length of the laser to interrogate the sensor. The overall fringe pattern
as shown in Fig. 7.5 was due to the interference between the reflection signals from
the three reflection interfaces. Multiple-beam interference was evaluated by matrix
formalism.

The developed sensor was used for ultrathin-film measurement. The reflection
spectrum was shifted during the deposition of thin films (e.g., self-assembly of
polyelectrolyte layers) onto the sensor end. The reflection between the thin film and
the fiber endface was neglected because of their similar refractive indices. As the
film increased its thickness, the length of the fiber cavity changed. The amount of
change was estimated by the phase shift of the interferogram. The device could also
be used as an immunosensor in which the optical thickness changes were used to
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Fig. 7.5 Reflection spectrum of a multicavity FPI sensor. Reprinted from Ref. 11 with
permission. © 2008 Optical Society of America

evaluate the immobilization of the IgG and the immunological activities of the
immobilized layers. The binding of IgG and the corresponding antigen was
observed, and the nonspecific binding characteristics were investigated.

7.2.3.3 FP Modulated tip Sensor

Recently, Ran et al. described a refractive index sensor by adding a sealed Fabry-
Perot cavity near the tip of a single-mode fiber'?. To fabricate the sensor head,
a circular hole was produced using a 157-nm laser micromachining system.
The cleaved endface of the PCF was exposed directly to the focused laser beam
of a 157-nm pulsed laser (Coherent, LPF202). The pulse energy density, pulse
width, and pulse repetition rate used were 12 J cmfz, 15 ns, and 20 Hz, respectively.
As a result of the focused exposure, a circular hole was formed at the center of the
cross section, with a depth of ~23 pum and a diameter of ~56 um, as shown in
Fig. 7.6a. A total of 160 pulses were used to produce the hole, which took only 8 s to
complete. The micromachined hole was then spliced to another fiber to form a
sealed FP cavity. Finally, the spliced fiber was cleaved at a short distance from the
air cavity to complete the sensor as shown in Fig. 7.6b. The length of the air cavity
was 29 pum and the distance from the air cavity to the fiber end was 1,014 pm.

In this structure, the sealed FPI itself was not a sensing device but only served as a
signal modulator. The external refractive index variation changed the reflectivity of
the exposed fiber tip. The amount of refractive index change was determined by
change in the maximum fringe contrast in the reflected spectrum. The sensor head
was dipped into a glycerin solution (for n < 1.45) or a solution of carbon bisulfide
(CS2) and alcohol (for 1.45 < n < 1.62). The refractive index of the solution was
controlled by changing the concentration of the solvent. The reflection spectrum of
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Fig. 7.6 (a) Microscopic image of the micromachined hole introduced on the fiber cross section. (b)
Microscopic image of the fabricated sensor head. Reprinted from Ref. 12 with permission. © 2008
Optical Society of America
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Fig. 7.7 (a) Reflection spectrum of the sensor measured in air. (b) Close-up displays of the fringes
for n = 1.0 (air), 1.33, and 1.404, respectively. Reprinted from Ref. 12 with permission. © 2008
Optical Society of America

the sensor in air is shown in Fig. 7.7a. A close-up of the fringes is shown in Fig. 7.7b
for several values of RI: 1.0 (air), 1.33 (water), and 1.404 (glycerin solution).
The resolution of RI measurement was estimated to be ~4 x 107> in its linear
operating range'”.

7.2.3.4 Open Cavity FPI Sensor

The latest advancement in femtosecond (fs)-based micromachining technology has
opened a new window of opportunity for fabrication of microdevices. Direct
exposure of most solid materials (including fused silica glass) to high power fs
laser pulses may lead to the ablation of a thin layer of materials at the laser focal
point'®. Due to the multiphoton nature of the laser-material interaction, the
ablation process can be conducted on the material surface as well as within its
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Fig. 7.8 Fiber-inline FPI device fabrication using an fs laser. Reprinted from Ref. 18 with
permission. © 2008 Optical Society of America

bulk. As a result, true three-dimensional (3D) microphotonic devices can be
fabricated with submicron accuracy'*'>. Optical device examples include micro-
lenses'® microfluidic channels!’, and fiber inline Fabry-Perot interferometers'®2°,

Recently, Rao et al. reported a miniaturized fiber inline FPI device fabricated by
micromachining a rectangular non-through hole into a single-mode or photonic
crystal fiber using a femtosecond (fs) laser'®. The single-mode fiber FPI device had
a fringe visibility of about 2 dB. We also demonstrated an inline FPI device with a
fringe visibility of 16 dB by fs laser one-step micromachining a micronotch on a
single-mode fiber'®.

The device fabrication was carried out using a home-integrated fs laser 3D
micromachining system as schematically shown in Fig. 7.8. The repetition rate,
center wavelength, and pulse width of the fs laser (Legend-F, Coherent, Inc.) were
1 kHz, 800 nm, and 120 fs, respectively. The maximum output power of the fs laser
was approximately 1 W. The actual laser power used in fabrication was reduced to
about 20 mW by using the combination of waveplates, polarizers, and several
neutral density (ND) filters. The attenuated laser beam was directed into an objec-
tive lens with a numerical aperture (NA) of 0.45 and focused onto the single-mode
optical fiber (Corning SMF 28) mounted on a computer-controlled five-axis trans-
lation stage with a resolution of 1 um.

During fabrication, the interference signal of the fiber FP device was continu-
ously monitored. A tunable laser source (HP 8168E) was connected to one of the
input ports of the 3-dB fiber coupler. The output port of the coupler was connected
to the device under fabrication. Controlled by the computer, the tunable laser
continuously scanned through its wavelength range (1,475-1,575 nm) at the rate
of 1 nm per step. The signal reflected from the device at each wavelength step was
recorded by an optical power meter (Agilent 8163A). The fabrication was stopped
after a well-formed interference pattern was recorded.
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Fig. 7.9 Schematic and SEM images of a fiber-inline FPI device fabricated by fs laser. Reprinted
from Ref. 18 with permission. © 2008 Optical Society of America

Figure 7.9 shows the schematic structure and scanning electron microscope
(SEM) images of the fabricated fiber FP device, where Fig. 7.9b shows that a
micronotch was formed on the optical fiber. Figure 7.9c shows the fs laser-ablated
surface. The cavity length was about 60 pm as estimated from the SEM image. The
depth of ablation was around 72 pm, just passing the fiber core. The FP cavity can
be made very close (within a few hundreds of microns) to the end of the fiber. With
such a short bending arm, the chance of bending induced device breakage is small.

Figure 7.10 shows the interference spectrum of an inline fiber FPI device
fabricated by the fs laser. The excess loss of this particular device was about 16
dB. This relatively high loss was mainly caused by three reasons (1) the light
scattering loss at the laser-ablated surface, (2) the nonperpendicular surface orien-
tation with respect to the fiber axis, which was partially evidenced by the nonflat
interference peak intensities shown in Fig. 7.10 and (3) the coupling loss as a result
of recoupling the light reflected from the second endface of the FP cavity back into
the fiber core. The surface roughness can be reduced by reducing the laser scanning
steps, of course, at the expense of a long device fabrication time. The nonperpen-
dicular surface orientation can also be minimized by careful adjustment of the
stages. The coupling loss increases with the length of the FP cavity. As a result,
it may eventually limit the practical length of the cavity. Nevertheless, the
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Fig. 7.11 Fiber-inline FP device in response to temperature change. Reprinted from Ref. 18 with
permission. © 2008 Optical Society of America

interference spectrum indicated a high fringe visibility, exceeding 14 dB, which is
sufficient for most sensing applications.

The device has an all-glass structure and does not involve assembly of multiple
components. As a result, we expect that the device will have very small tempera-
ture dependence. In addition, the open micronotch FP cavity allows prompt access
to gas or liquid samples for direct refractive index measurement, making it

possible to be used as an ultracompact chemical sensor based on refractive
index measurement.
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The temperature dependence of the fabricated open cavity FP device was
evaluated experimentally. The sensor was placed in a programmable electric
tubular furnace. The temperature of the furnace was increased from room tempera-
ture to 1,100°C at a step of 50°C. The cavity length as a function of the temperature
is plotted in Fig. 7.11, where it increased nearly linearly following the increase of
temperature. The temperature sensitivity of the particular FP device under test was
estimated to be 0.074 nm °C ™' based on the linear fit of the measurement data. The
equivalent coefficient of thermal expansion (CTE) of the fiber FP device was
24x107%C".

To evaluate its capability for refractive index measurement, the fiber FPI device
was tested using various liquids including methanol, acetone, and 2-propanol at
room temperature. The interference spectra of the device immersed in various
liquids are shown in Fig. 7.12 for comparison. The signal intensity dropped when
the device was immersed in liquids as a result of the reduced refractive index
contrast and thus lowered Fresnel reflections from the cavity endfaces. However,
the interference fringes maintained a similar visibility. The spectral distance be-
tween the two adjacent valleys also decreased, indicating the increase of refractive
index of the medium inside the cavity. Using (7.4), the refractive indices of the
liquids were calculated to be: methanol = 1.3283, Macetone = 1.3577, and 1 propanol =
1.3739, which was close to the commonly accepted values.

The device was also evaluated for temperature-insensitive refractive index
sensing by measuring the temperature-dependent refractive index of the deionized
water. Figure 7.13 shows the measured refractive index of the deionized water as a
function of temperature. As the temperature increases, the interference fringe shifts
to a shorter wavelength indicating the decrease in its refractive index. The refractive
index change was calculated using (7.6) by tracing the spectral shift of the
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Fig. 7.13 Measured refractive index of deionized water as a function of temperature. Reprinted
from Ref. 20 with permission. ©) 2008 Optical Society of America

interferogram, assuming a constant cavity length over the entire temperature range.
To improve the accuracy of spectral shift measurement, the interference fringes
were first normalized to have the same average intensities, then curve fitted using a
fourth-order polynomial. The spectral shift was computed as the difference in
wavelength between the two fitted curves at the center point.

The measurement results, as shown in Fig. 7.13, indicate that the refractive index
of water decreases nonlinearly as its temperature increases. The amount and shape
of the measured refractive index of water change as the function of temperature
agreed well with the previously reported measurement data®'. When used to
monitor the relative refractive index change of water with a nominal refractive
index of 1.333, the sensitivity of measurement is 1,163 nm per RIU at the wave-
length of 1,550 nm according to (7.6). The actual detection limit depends on the
resolution with which the spectral shift of the interferogram can be determined. If a
resolution of 10 pm is achieved in the determination of interferogram shift, a
detection limit of 8.6 x 10~° RIU is attainable. With a rough resolution of 1 nm,
the detection limit of 8.6 x 10~* RIU can still be achieved.

The above measurement results also included the error contribution of the
temperature cross-sensitivity of the device. From Fig. 7.11, the temperature depen-
dence of the device was 0.074 nm °C~'. Based on (7.6), the temperature cross-
sensitivity of the device was less than 3.2 x 10" ° RIU °C~ . Therefore, the total
temperature cross-sensitivity-induced measurement error was about 2.8 x 10~*
RIU in Fig. 7.13 over the temperature variation of 87°C. The temperature
dependence of the device was small and contributed only about 2.3% to the total
refractive index variation over the entire temperature range.
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7.2.3.5 Zeolite Thin-Film FPI Sensor

The FPI principle can also be used to develop thin-film-coating-based chemical
sensors. For example, a thin layer of zeolite film has been coated to a cleaved
endface of a single-mode fiber to form a low-finesse FPI sensor for chemical
detection. Zeolite presents a group of crystalline aluminosilicate materials with
uniform subnanometer or nanometer scale pores. Traditionally, porous zeolite
materials have been used as adsorbents, catalysts, and molecular sieves for molec-
ular or ionic separation, electrode modification, and selectivity enhancement for
chemical sensors. Recently, it has been revealed that zeolites possess a unique
combination of chemical and optical properties. When properly integrated with a
photonic device, these unique properties may be fully utilized to develop miniatur-
ized optical chemical sensors with high sensitivity and potentially high selectivity
for various in situ monitoring applications.

Upon selective absorption of analyte molecules from the ambient environment,
the zeolite thin film increases its refractive index. Correspondingly, release of
adsorbed molecules from the zeolite pore results in the decrease of its refractive
index. The absorption/desorption of molecules depends on the molecule concentra-
tion in the environment to be monitored. Therefore, monitoring of the refractive
index change induced phase shift in the interference spectrum can detect the
presence and amount of the target analyte existing in the environment.

Figure 7.14 shows the structure, microscopic images, and representative inter-
ference spectrum of the sensor. As shown in Fig. 7.14c, the two reflections
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Fig. 7.14 Zeolite thin-film FPI chemical sensor. (a) As-synthesized outer surface and interference
signal, (b) polished outer surface and improved interference signal, and (c) sensor schematic.
Reprinted from Ref. 22 with permission. © 2008 Molecular Diversity Preservation International
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(R; and R,) from the fiber-zeolite and zeolite-ambient interfaces interfere to
generate the signal spectrum. Due to the polycrystalline nature of the zeolite
coating, the as-synthesized zeolite film had a rough outer surface (Fig. 7.14a). As
a result, the quality of the interference signal was very poor. To improve the quality
of the interference signal, the outer surface of the zeolite coating was finely
polished to remove the surface irregularities. As shown in Fig. 7.14b, the interfer-
ence signal was significantly improved after polishing.
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The polished zeolite FPI sensor was tested for solution detection of dissolved
organics in water. The organics used for tests include toluene, 2-propanol, and
methanol. Figure 7.15 shows the interferograms at various toluene concentrations
in deionized water. It is clear that as the concentration increased, the interferogram
shifted toward the short wavelength region, indicating the increase of refractive
index. By tracing the wavelength shift of the interference spectrum, it was possible
to calculate the optical thickness change of the zeolite thin film as a function of the
organic concentration based on a low finesse FPI model. Figure 7.16 plots the
optical thickness of the zeolite coating as a function of chemical concentrations
dissolved in the deionized water. The sensor had a strong response to toluene, a
moderate response to 2-propanol, and almost no response to methanol at low
concentration level. The detection limit of the sensor was estimated to be 2 ppm
for toluene, 5 ppm for 2-propanol, and 1,000 ppm for methanol. Here, the unit ppm
is in volume ratio, which means, 10~® L of 2-propanol with 0.999999 L deionized
water gives a 2-propanol concentration of 1 ppm*2.

7.3 Fiber Core-Cladding Mode Interferometric Sensors

Fiber core-cladding mode interferometric (CCMI) sensors are relatively new. They
operate based on the interference between the core mode and the cladding modes.
The core mode is guided by the core-cladding interface of the fiber and well
shielded by the thick cladding. Therefore its propagation is insensitive to the
refractive index change of the environment. However, the cladding mode, which
is guided by the cladding—ambient interface, is directly exposed to the environment.
As a result, its effective propagation constant (f5.)) is sensitive to the ambient
refractive index change. Therefore, the interference between the core mode and
the cladding mode carries the ambient refractive index information, which can be
used to develop compact, highly sensitive chemical sensors.

7.3.1 CCMI Principle

Based on the way the interferometer is configured, CCMI sensors can be categorized
into two groups, namely the Mach-Zehnder interferometer (MZI) type and the
Michelson interferometer (MI) type. The MZI sensor works in transmission mode,
i.e., the transmitted interference signal is detected. The MI sensor works in reflection
mode, where the light passes the interferometer twice and the reflected interference
signal is detected.

The principle of operation of a typical MZI-CCMI sensor is illustrated in
Fig. 7.17a, where two mode splitters/combiners (MSC) are created on a single-
mode fiber. These two MSCs are separated by a distance of L, which is referred to as
the length of the interferometer. The input light, originally guided inside the fiber
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Fig. 7.17 Principle of fiber core-cladding mode interferometric (CCMI) sensors: (a) Mach-
Zehnder type and (b) Michelson type

core, is split into two parts at the first MSC. Part of the light remains propagating
inside the fiber core while the rest is coupled into the fiber cladding. Passing
through the interferometer section, the light traveling inside cladding is coupled
back to the core at the second MSC, mixing with the core-mode component to
generate an interference signal.

The MI type sensor operates very similarly to as the MZI type. As shown in
Fig. 7.17b, the MI type sensor is a “half” MZI. Part of the light is coupled from the
core mode to the cladding mode at the MSC. They propagate through the interfer-
ometer and are reflected from the cleaved fiber endface. Sometimes, the cleaved
fiber endface can be coated with a highly reflective film to improve the signal
strength. The two backward propagating waves are mixed again at the MSC,
generating an interference signal.

The MZI-CCMI and the MI-CCMI can be modeled using the following two-
beam optical interference equation:>

2 neff _ neff L
Sillabe N (17

I:II+]2+2 IIIQCOS 2

where [ is the intensity of the interference signal; I, and I, are the intensity of
interfering lights propagating in the fiber core and cladding, respectively; L is
the interferometer length; / is the free space wavelength; ¢ is the initial phase of
the interference; and n¢" and n¢ft
cladding, respectively. The effective refractive index (n
gation constant (f) by f = 2nn°"/1.

According to (7.7), the interference spectrum reaches its minimum (/,,,;,) when

the phase of the cosine term becomes an odd number of n. That is

are the effective refractive indices of the core and
°f) is related to the propa-

I = I4in, when

+ @y = (2k+ D)m, (7.8)
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where k is an integer and A, is the center wavelength of a specific interference
valley.

It is well known that the propagation constant of the cladding mode (thus ngff) is
a function of the refractive index of the surrounding medium. On the other hand, the
core mode is shielded by the cladding layer so its propagation constant does not
vary when the surrounding medium changes its refractive index. The interferometer
can thus be used as a sensor to monitor the environmental refractive index change.

In (7.8), taking the derivative of ngff with respect to A,, one finds:

dnsll  Qk+Dr—y, (" —ng")
dl, 27l a Ay ‘

(7.9)

In many cases, only the relative index change is of interest and the range of

refractive index variation is small so the phase shift is less than 27. Under this

circumstance, the phase ambiguity issue can be avoided. The relative refractive

index change can be computed based on the wavelength shift of a particular

interference valley using the following equation derived based on (7.9):
Ancft Ay

(et —ngf") A

(7.10)

Itis worth noting that (7.10) is also applicable to other characteristic spectral positions
such as the interference peak and the center point of the interferogram. In addition,
curve fitting of the interference fringe can also improve the measurement accuracy>’.

7.3.2 Device and Application Examples

The key to making the CCMI sensor is to fabricate the MSC with a high quality.
Ideally, the MSC should have the function of a mode-selective, wavelength-inde-
pendent 3-dB coupler that couples half of the core-mode energy into a specific
cladding mode. Unfortunately, methods of fabricating such an ideal MSC is still yet
to be found. Nevertheless, a number of methods have been investigated to fabricate
MSCs with the basic function of core-cladding mode coupling. The reported
methods include long-period fiber grating (LPFG), fiber taper, core-mismatch,
and CO, laser irradiation. Using these MSCs, the basic operation of the CCMI
sensors for refractive index monitoring has been demonstrated.

7.3.2.1 LPFG-Based CCMI Sensor

As shown in Fig. 7.18, a MZI-CCMI sensor can be constructed by an LPFG pair
separated by a distance®**. The first LPFG coupled part of the light energy into
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Fig. 7.18 Schematic of a LPFG-pair-based Mach-Zehnder CCMI sensor

the cladding mode while the rest remained inside the fiber core. After passing the
middle section, the cladding and core modes were recoupled and mixed at the second
LPFG, resulting in interference fringes in the transmission spectrum of the grating.
The phase of the interference signal is proportional to the optical path difference
(OPD) between the cladding and core modes propagating though the same fiber
section.

A Michelson-type CCMI device can be constructed using a single LPFG and a
reflective mirror?’®, In this configuration, the core mode light was partially
coupled into a cladding mode when it propagates through the LPFG in the forward
direction. After reflection at the mirror (e.g., a silver-film-coated fiber endface), the
core and cladding modes are mixed at the same LPFG as they propagate in the
backward direction.

Perhaps the most attractive advantage of using a LPFG pair is that the cladding
mode that participates in the interference can be precisely selected by the LPFG.
Therefore, the quality of the interference signal is high. This high-quality interfer-
ence signal attributes to two reasons (1) the optical waves participating in the
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Fig. 7.19 Spectra of a weak LPG pair, separated by 30 cm, with bending in the middle (¢thicker
curve, no peaks) and without bending ( peaked curve). Each grating has 400-pum periodicity and a
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interference are well defined and (2) the mode splitting ratio of a LPFG can be well
controlled to obtain a 3-dB coupling. In addition, the sensitivity of the device can be
precisely predicted by theoretical modeling as each specific cladding mode has
its own sensitivity curve. However, LPFGs are very sensitive to the environmental
refractive index change. To this point, the addition of an interferometer is
somewhat redundant. The interference spectrum is the superposition of both the
LPFG response and the interferometer response. This is evident that the interfer-
ence fringes are modulated by the LPFG transmission spectrum, as shown in
Fig. 7.19.%

The LPFG-based CCMI sensors have been demonstrated for various applica-
tions including refractive index sensing”*. In the reported setup, two UV inscribed
LPFGs with strength of 3-dB mode splitting ratio and period of 240 pm were used
to couple the core mode to the ninth cladding mode and vice versa. The interfer-
ometer was interrogated using a heterodyne technique in which a distributed
feedback (DFB) laser was wavelength modulated and the first and second harmo-
nics were extracted to compute the phase shift. The minimum detectable refractive
index change was estimated about 1.8 x 10~° RIU at the nominal value of n = 1.43.

7.3.2.2 Fiber-Taper-Based CCMI Sensor

Fiber tapers can also be used to couple light from core to cladding if the taper angle
is large. Therefore, two cascaded fiber tapers can form a MZI-CCMI and a single-
fiber taper can be used to construct a MI-CCMI*"-**, In general, the mode coupling
is dependent on the taper geometry as well as the wavelength. Fiber tapers can
be made by pulling while heating the optical fiber to its softening temperature.
Some commercial fusion splicers have built-in programs to make fiber tapers.

Fig. 7.20 Microscopic image of a 3-dB fiber taper with the length of 707 pm and waist diameter of
40 pm made by a fusion splicer. Reprinted from Ref. 20 with permission. © 2008 Optical Society
of America
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Recently, Tian et al. demonstrated both MZI- and MI-based CCMI sensors using
abrupt fiber tapers>®. The taper was made using the built-in tapering program of an
Ericsson fusion splicer (FSU 995FA). The microscopic image of the taper is shown
in Fig. 7.20, where the length of the taper is 707 pm and the waist diameter is
40 pum. MZI sensors of various length (24, 36, and 55 mm) were made by using two
cascaded fiber tapers. A MI sensor with the length of 38 mm was also demonstrated
using one fiber taper and a gold-coated fiber reflector. The maximum fringe
visibility of these CCMI sensors could reach 20 dB. These sensors were tested
using liquids with different refractive indices. The refractive index measurement
sensitivity of these sensors was found to be similar to that of LPFGs.

The fiber taper method has the advantage of easy construction. However, the
taper normally excites more than one cladding modes. As a result, the interference is
the superposition of contributions from multiple waves. When the length of the
interferometer is long, the interference fringe is severely distorted. Unfortunately,
fabrication of a fiber taper requires a minimum lead-in length, which limits the shortest
length of the device. In addition, the mode coupling of a fiber taper depends on the
environmental refractive index change. In applications, contributions from the fiber
taper and the interferometer itself are mixed in the same signal spectrum, resulting in a
large uncertainty when a large index variation is monitored. Finally, the fiber taper has
a degraded mechanical strength due to the small waist diameter. In real applications,
fiber-taper-based devices are subject to large bending-induced errors.

7.3.2.3 Core-Mismatch-Based CCMI Sensor

Core mismatch between two fiber segments can also cause part of the core-mode
light coupled into the cladding modes. Based on this mechanism, CCMI sensors
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Fig. 7.21 Structures of core-offset MZI- and MI-CCMI sensors. Reprinted from Ref. 30 with
permission. © 2008 Optical Society of America
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have also been demonstrated using core-offset attenuators and collapse of the
microstructure on a photonic crystal fiber.

As shown in Fig. 7.21, in the core-offset approach, two fibers are spliced with an
intentional offset so that part of the light propagating in the first fiber leaks to the
cladding portion of the second fiber through the offset®’. The cladding modes can
be either collected by another offset-spliced fiber to make a MZI sensor or the same
offset joint through an endface reflector to form a MI sensor>".

In another approach, two cascaded microstructure-collapses on a photonic
crystal fiber are intentionally introduced by CO, laser or electric arc heating®'. In
this way, the mismatch of core size along the fiber causes light coupling between
the core and cladding modes.

These interferometers have been demonstrated for refractive index sensing.
The sensitivity was around 33 nm spectral shift per RIU change when they were
used for refractive index measurement. The maximum fringe visibility of these
interferometers was around 9 dB, which was relatively small compared with the
interferometers constructed by other methods.

7.3.2.4 CCMI Sensor Fabricated by CO, Laser Irradiations

Very recently, we reported the fabrication MZI- and MI-type CCMI sensors by CO,
laser irradiation. The laser irradiation induced a micronotch on the fiber structure,
causing light coupling from the core mode to the cladding modes, and vice versa.
Compared with other fabrication techniques, the CO, laser irradiation method is
simple, avoids complicated assembly, and maintains the mechanical property of an
optical fiber. Additionally, the fiber modification region is very small. With the help
of precision transition stage, the optical length of the CCMI sensors can be very
small and accurately controlled.

A CO, laser (SYNRAD, Inc.) with a free space wavelength of 10.6 um and a
maximum output power of 20 W was used in the system. A ZnSe cylindrical lens
with a focal length of 50 mm was used to shape the CO, laser beam into a narrow
line with a linewidth of around 220 um. The CO, laser was controlled by a
computer so that the output power and the exposure-time trajectory could be
accurately adjusted. A 3D motorized translation stage was used to position the
optical fiber to the center of the focused laser beam with the fiber axis perpendicular
to the laser line. A microscope vision system was used to visualize the optical fiber.
During fabrication, the CO, laser heated the fiber and created the first micronotch at
one position. Controlled by the computer, the translation stage moved the fiber a
certain distance. Then the laser was fired again to create the second micronotch.
These two micronotches and the fiber in between made a fiber inline core-cladding-
mode MZI.

Figure 7.22 shows the microscopic image of a typical laser-induced micronotch
on a single-mode fiber (Corning SMF-28e). The laser power was set to 10 W and
the exposure duration was 300 ms. Figure 7.23 shows the interference spectra of
MZIs with the length of 5, 10, 20, and 40 mm, respectively. The typical interference
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Fig. 7.22 Microscopic image of a CO, laser irradiation-induced core-cladding mode coupler
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Fig. 7.23 Transmission spectra of fiber-inline core-cladding-mode MZIs with different interfer-
ometer lengths: (a) 5 mm; (b) 10 mm; (¢) 20 mm; and (d) 40 mm

fringe had a visibility around 20 dB, which was sufficient for most sensing
applications. The background loss varied among devices with a typical value of
about 10 dB. With the increase of the interferometer length, the spectral separation
between two adjacent interference fringes decreased in approximately an inversely
proportional fashion.
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Fig. 7.24 Temperature response of a fiber-inline MZI fabricated by CO, laser irradiations

A fiber-inline MZI with a length of 5 mm was employed to evaluate its
sensitivity toward temperature variation. The interferometer was placed in a quartz
tube without stress, fixed in a tubular electric furnace (Lindberg/blue M). The
device was first heated up to 120°C read from the built-in thermometer of the
furnace. The furnace was then turned off to allow the temperature cool down while
the interference spectra were recorded at around every 10°C of temperature
dropping. The recorded interference spectra were processed to find the spectral
position of the interference minima. The temperature response test ended when the
temperature inside the furnace reached 50°C. Figure 7.24 shows the wavelength
shift of the interference minimum as a function of the furnace temperature where
the relation is roughly linear. The linear fit of the experiment data indicated that the
temperature sensitivity of the device was 0.0817 nm °C~'. The temperature sensi-
tivity of the device can be attributed to the different thermo-optic dependence of
the fiber core and cladding modes®>**. n¢" and n&ff change differently when
temperature varies, causing a phase shift of the interference fringe.

The same fiber-inline MZI used in temperature response test was evaluated for
its capability for refractive index measurement at room temperature. Various
liquids were used including deionized (DI) water, 2-propanol (IPA), and refractive
index liquids ranging from 1.40 to 1.44. During the tests, the device was fixed on a
glass plate to avoid any bending-induced signal change. Then the glass plate was
immersed into different liquids and recoded the interference fringes for each test.
The device was carefully cleaned by subsequent acetone and water ultrasonic baths
and air dried between tests in different liquids to avoid any liquid residue from
previous test.

Figure 7.25 shows the wavelength shift of the fiber-inline MZI with respect to
the refractive index change. The increase of ambient refractive index caused a shift
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of the interference spectrum toward the short wavelength. In addition, the sensitivity
grew as the refractive index approached that of the cladding. This can be explained
by the well-known waveguide theory>*. The propagation constant (thus the effective
index) of the cladding mode increases with the increase of refractive index of the
surrounding medium. The propagation constant is also a nonlinear function of
the surrounding medium. The change is more significant as the surrounding media
has a refractive index approaching that of the fiber cladding.

The refractive index measurement sensitivity of the MZI-CCMI device was also
compared with that of an LPFG. A LPFG fabricated by point-by-point CO, laser
irradiations was used for comparison. The LPFG had a period of 525 pum, a length of
50 mm, and the resonance wavelength of 1,561 nm in air at room temperature. The
transmission spectrum of the LPFG is shown in the insert of Fig. 7.25 and the
resonance peak is resulted from light coupling from the core mode to the LPys
cladding mode. The shift in resonance wavelength of LPFG in response to the
refractive index changes is shown in Fig. 7.25. The LPFG had a slightly higher
sensitivity than the MZI.

The resonance wavelength (/,.;) of a LPFG can be roughly estimated by the
following phase matching condition:

Jres = (nET — n")A, (7.11)

where A is the period of the grating. Accordingly, the relative effective refractive
index change is proportional to the relative resonance wavelength, given by:
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Compare (7.11) and (7.12), one finds that a LPFG and an inline MZI operate based
on the same mechanism that the propagation constant of the cladding mode is a
function of the refractive index of the surrounding medium. The lower refractive
index measurement sensitivity suggested that the #¢" of this MZI was higher than
that of LPys, indicating that the order of the cladding mode excited in this MZI was
lower than that of the LPys. It is worth noting that it is possible for the laser exposure
to excite more than one cladding modes. However, the clean interference fringes of

different interferometer lengths indicate that only one cladding mode dominates.

7.4 Conclusions

Miniaturized optical fiber interferometers have shown an increasing capability for
accurate and reliable measurement of refractive index of the surrounding environ-
ment. Such a capability has made these interferometers good candidates for develop-
ing chemical and biological sensors. When placed in a liquid solution, these fiber
sensors can detect the chemical composition change or interactions between biospe-
cies by monitoring its refractive index variation. These interferometers can also be
further coated with functional thin films to achieve improved detection sensitivity and
selectivity. The two types of fiber-inline interferometers reviewed in this chapter,
namely the FPI and CCMI, operate on different principles but share the similar
advantages of small size, all-glass ruggedized structure, high sensitivity, fast response
time, and large dynamic range. These advantages make the devices particularly
attractive for real-world applications where, in situ, continuous monitoring is required.

The operating principles of the reviewed interferometers are well studied.
However, by no means these devices are matured. For example, a mode-selective,
wavelength-independent and environmental-resistant 3-dB core-cladding mode
coupler is yet to be found to construct an ideal CCMI. As technology advances
and research continues, we expect that more device structures will be explored and
new methods will be investigated to fabricate these devices. Although the applica-
tions of these two types of sensors are yet to be explored, it is almost certain that
they will find their way into real-world applications in the future.
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Chapter 8
Label-Free Biochemical Sensors Based
on Optical Microresonators

Chung-Yen Chao, Tao Ling, and L. Jay Guo

Abstract Biochemical sensors play a significant role in extensive applications that
have tight relationship with human life. These sensors require high sensitivity and
low detection limit. In this chapter, two optical sensors that meet the requirement will
be discussed: polymer microring biochemical sensors and microtube resonator sen-
sors. Both have advantages of high sensitivity, label-free detection capability, low
cost, robustness, and simple fabrication process. The former devices show high
sensitivity over 70 nm per RIU and low detection limit as 250 pg mm 2, while the
latter ones can push sensitivity to 600 nm per RIU. Moreover, polymer microring
biochemical sensors are compact and integrable in an array on a substrate; while
microtube-based sensors have built-in fluidic handling capability. These features
facilitate the development of miniature and highly sensitive lab-on-a-chip sensors.

8.1 Introduction

Biological and chemical sensors have been widely and massively used everyday, and
play a significant role in extensive applications related to human life. For example, a
large amount of samples, like blood and urine, require fast and accurate testing in
regular health examinations. Many patients need continuous real-time monitoring of
certain critical analytes, such as blood glucose concentration for diabetic patients, in
order to have timely therapeutic intervention. In addition, examinations at airports for
pathogens, explosives, and lethal materials have become increasingly important to
prevent terrorist attacks. Also, in situ monitoring is necessary in hospitals,
manufacturing plants, and laboratories for human safety. Other applications include
environmental monitoring, agricultural safety, medical diagnostics, screening of
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chemical compounds in drug discovery, and industrial process control. These aspects
stimulate the demand and development of biochemical sensors. Apparently, the
design of a sensor will depend upon the requirement of the particular application.
Nevertheless, sensors used in various applications have similar ideal requirement.
Generally speaking, an ideal biochemical sensor should confer several properties.
In the aspect of device performance, it should have high sensitivity, broad dynamic
range, low detection limit, immunity to sample-matrix interferences, good reliability,
and fast and reversible response. In other aspects, robustness, easy portability, low
cost, and simple fabrication processes are also highly desirable.

Modern biological and chemical sensors can be mainly divided into four cate-
gories based on their transduction mechanisms: electrical, thermal, mechanical, and
optical transduction. Optical sensors render a number of attractive advantages over
the other types' . One of the major advantages is their capability to probe surfaces
in a nondestructive manner, where many important biological recognition processes
take place. With a superior signal-to-noise ratio (SNR), they offer high accuracy
and sensitivity. Additionally, they are robust and immune to the interference from
electromagnetic fields. Optical sensors also provide fast response to permit in situ
sensing and real-time measurements. Other promising features include miniaturiza-
tion, inherent safety, simplicity, remote sensing capability, and multianalyte
sensing capability. Optical sensors exploit various types of transducing properties
such as light absorption, fluorescence, phosphorescence, bio-/chemiluminescence,
reflectance, Raman scattering, effective refractive index, and phase.

Among the existing optical biochemical sensors, sensors based on evanescent wave
for interrogation have been demonstrated to possess promising performance. These
include surface plasmon resonance sensors*, optical-waveguide sensors’, Mach—
Zehnder interferometric sensors”®, and grating-coupled waveguide sensors’ .
These devices depend upon the interaction between evanescent wave and analytes
adsorbed on sensor surfaces or in the surrounding medium. Existence of analytes
around a sensor changes the refractive index of the medium surrounding the device or
modifies the surface structure and, in turn, its optical properties, like the effective
refractive index within a waveguide. These changes can be converted into the variation
of detectable parameters, such as reflection angle, optical intensity, and resonant
wavelength. Such a sensing scheme eliminates the need of fluorescently labeling
analyte species and facilitates label-free detection. Especially since effective index
sensing does not rely on light absorption, a wide range of light sources can be chosen.

Recently, microresonators have been proposed in sensing applications'*'>.
They have a unique advantage of reducing device size (typically in the range of
centimeters for straight-waveguide sensors to accumulate a detectable phase shift
and to obtain a reliable SNR) by several orders of magnitude without sacrificing
interaction length by virtue of high-quality factor (Q-factor) resonances. The
resonance effect can greatly reduce the amount of analytes needed for detection
and also provides an effective method to create equivalently long interaction length
to achieve sufficient sensitivity. For example, microtoroid resonators possessing
ultrahigh Q-factor over 10® have been demonstrated to label-freely detect single
molecule of interleukin-2 in serum'®. Microsphere resonators using whispering
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gallery mode (WGM) resonance have been reported to respond to minute amount of
protein adsorption'”™'7. In the area of integrated optical resonators, microdisk
resonators have been experimentally illustrated to render sensitivity enhancement
and analyte reduction by at least one order of magnitude in comparison with
straight-waveguide sensors'®. They can also measure change in refractive index
of 107* RIU (refractive index unit'’) and detect volatile organic chemicals®.
Microring resonators have been illustrated to distinguish minute concentration
changes of biotinylated lectin with detection limit of 1.8 x 10~ RIU and sensitivity
of 150 nm per RIU?'. In principle, large Q-factor leads to very high sensitivity and
capability of detecting ultralow biochemical concentration.

In this chapter, two microresonator sensors will be discussed: nanoimprinted
polymer microring sensors and prism-coupled microtube resonator sensors. Both
sensing devices possess the advantages of high sensitivity, label-free detection
capability, low manufacturing cost, robustness, and simple fabrication process.
At first, design consideration and sensing theory using nanoimprinted polymer
microring sensors will be described, followed by fabrication sequence and optimi-
zation approaches in design as well as manufacture. Subsequently, experimental
demonstration will be shown to illustrate sensing performance, and two sensitivity
enhancing methods in device geometry design will be discussed. Next, sensing
theory with nonevanescent resonance mode and index-sensing experimental results
using prism-coupled microtube resonator sensors will be presented, followed by the
demonstration of detecting lipid membrane and the binding of membrane proteins.
Finally, conclusions will be provided.

8.2 Nanoimprinted Polymer Microring Biochemical Sensors

Optical microresonators can be mainly created in several forms: microtoroid, micro-
sphere, microdisk (including micropolygon, like square, hexagon, and so on), and
microring (including microracetrack). They all render a number of attractive proper-
ties including high sensitivity, high specificity (label-free detection) using surface
chemical modifications, compactness for use outside laboratories, and multichannel
(multianalyte) sensing capability. However, each of them has its own drawbacks.
Microtoroid and microsphere resonators have the highest sensitivity due to their
ultrahigh O-factor. However, the device operation typically requires free-standing
tapered fibers to in-couple and out-couple the light. Tapered fibers are very thin
and brittle, which makes them lack robustness and integration capability and limits
their use in practical applications. For microspheres, analytes are adsorbed over
whole sphere surface, while most of them do not contribute to the WGM resonance
shift. Therefore, a large amount of analytes are wasted. In addition to the obstacle
in photonic integration, both of them have difficulties in microfluidic integration
and mass production”. To solve these problems, microdisk or microring resonators
can be used, albeit with reduced Q-factor and hence detection limit. These two
types of resonators can be easily fabricated with current mature microfabrication
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technology. Very compact resonators can be made with on-chip coupled wave-
guides serving as light input and output. Although their Q-factor is lowered, they
possess other advantages such as robustness, compatibility with microfluidic
handling, and high integration capability with electronic and photonic devices. In
the demonstration, microring resonators are focused.

8.2.1 Sensing Mechanisms and Transducing Methods

Integrated microring resonators typically have device size below 100 pm depending
on the employed material systems. The materials could be semiconductors®~*,
silicon-on-insulators* %7, dielectrics®*~°, and polymers®'*?. The state-of-the- art
devices show the radius as small as 1.5 um™’. This feature of compactness is promising
for portable or even implantable sensing systems. It also enables integrated sensor
arrays, and facilitates lab-on-a-chip with the aid of microfluidic integration. Further-
more, these microfabricated optical microresonators are as robust as integrated circuit
chips and laser diodes made using the same technology.

A microring, consisting of a closed-loop optical waveguide, forms a resonant
cavity as shown in Fig. 8.1a. Resonance occurs when the ring circumference is
equal to an integer multiple of the light wavelength inside the waveguide. This
leads to the expression of the resonant wavelength, ip, as

}.p = neffL/m, (81)
where nqgp, L, and m are the effective refractive index of the light in the microring

waveguide, the microring circumference, and the resonance order (a positive
integer), respectively. Light is coupled into and out of a microring using one or

Through port

A

Fig. 8.1 (a) A microring resonator, closely coupled to two bus waveguides, has two output ports:
through port and drop port. (b) Typical output spectra have periodic dips in the through port (dash)
and peaks in the drop port (solid), respectively, resulting from resonance of the microring
resonator
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two bus waveguides. In the case of two bus waveguides, there are two output ports:
through port and drop port as shown in Fig. 8.1a. At resonance condition, light
propagates to the drop port via the microring cavity. This property gives rise to
periodic dips in the spectrum of the through port and peaks in that of the drop port.
Typical spectra in both output ports are plotted in Fig. 8.1b.

Microring resonators in biochemical sensing utilize evanescent field of the light
guided by the ring waveguides to interrogate analytes. There are two sensing
mechanisms typically employed: homogeneous sensing and surface sensing. In
homogeneous sensing, a microring resonator is placed in a liquid or gaseous
medium, which functions as the top cladding of the microring waveguide. When
biochemical molecules are introduced in the medium as shown in Fig. 8.2a, the bulk
refractive index of the medium is altered. This behavior changes the effective
refractive index of the ring waveguide and in turn shifts the resonant wavelength
according to (8.1). The amount of shift is closely related to the concentration
of biochemical molecules. In this scheme, all biochemical molecules within the
medium contribute to the shift of the resonant wavelength. Thus, this method
cannot be used to distinguish different analyte species.

The other mechanism, surface sensing, requires creation of functional sites on
microring surfaces. These sites allow binding of specific types of biomolecules as
illustrated in Fig. 8.2b. For example, surface-immobilized antigens can be used to
capture a specific kind of antibodies. After binding, other kinds of molecules
that have little affinity to the binding sites are removed by a rinsing process.
Addition of surface bound molecules modifies the waveguide structure and again
shifts the resonant wavelength. This strategy enables specificity of biochemical
sensing. In order to acquire the quantity or concentration of analytes, related
parameters that can be physically measured should be obtained. As mentioned
previously, existence of analytes modifies the waveguide structure of a detecting
microring resonator and changes its optical properties. Two transducing methods

binding

Fig. 8.2 Sensing mechanisms: (a) Homogeneous sensing — multiple species of biochemical
molecules (three types in the figure) in the medium together alter the waveguide cladding of the
microring. (b) Surface sensing — preimmobilized sites on the microring can bind specific analyte
(spheres in the figure). Other types of molecules will be removed through rinsing
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Fig. 8.3 Transducing methods: (a) Resonant wavelength shift scheme — monitor A/, between the
reference resonance (solid) and the resonance under sensing (dash) and (b) intensity variation
scheme — monitor Al at a selected wavelength

can be adopted in microring sensing. The first approach is to directly monitor the
shift of the resonant wavelength, denoted by A/, in Fig. 8.3a. The magnitude of
this shift depends upon the amount of analytes in either homogeneous sensing or
surface sensing. The resonant wavelength shift scheme requires measurement of
spectrum, and thus needs a more sophisticated system. However, this method can
provide wide detection range or dynamic range as long as the same resonance is
tracked. Detection limit, defined as the amount of analytes that induces the
smallest detectable change of the microring property, is determined by the sharp-
ness of resonance and the resolution of spectrum measurement. Intuitively, smaller
change of the resonant wavelength can be resolved with sharper resonance (higher
Q-factor).

The second transducing approach is the intensity variation scheme. It requires a
single-wavelength light source with the wavelength, /,, at the transition of a
selected resonance as shown in Fig. 8.3b. As analytes shift the resonance, output
power at A is also changed. This method only needs a laser with proper wavelength
and a photodetector to monitor the intensity variation, which enables more compact
and simpler system. In addition, it allows faster detection and smaller detection
limit with sufficiently steep resonance. Detection limit of this approach is deter-
mined by the resonance slope at 4, and the resolution of the photodetector. Steeper
slope gives rise to larger intensity variation and thus higher sensitivity. However,
detection fails when /g falls outside the linear range of the resonance, leading
to nonlinear or zero-intensity variation. This feature results in narrow dynamic
range. Dynamic range can be increased by widening resonant bandwidth (lowering
Q-factor). But this also incurs reduction of slope. Hence, there is a trade-off
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between wide dynamic range and low detection limit. Accordingly, the resonant
wavelength shift scheme should be chosen when wide dynamic range is desired,
while the intensity variation scheme is selected to achieve low detection limit,
e.g., for detecting minute amount of analytes.

8.2.2 Sensitivity Calculation

To analyze sensing capability of microring resonators, two microring waveguide
structures are considered as shown in Fig. 8.4 for homogeneous sensing and surface
sensing, respectively. Several assumptions are employed in both structures to
simplify the analysis. Refractive index of the top cladding medium is assumed
uniform in both cases, while the adsorbed analyte layer is assumed uniform in
surface sensing cases. However, there might be gradient transition of concentration
close to waveguide surfaces in reality, which results in nonuniform distribution of
refractive index. This is also true in surface sensing cases. Additionally, an actual
adsorbed layer is not a uniform film when binding sites are not fully occupied. In
order to evaluate and compare device performance, sensitivity is calculated, which
is defined as the ratio of the change in transducing optical parameters (A4, in the
resonant wavelength shift scheme and Al in the intensity variation scheme) to the
change in waveguide parameters affected by analytes (top cladding index n. in
homogeneous sensing and adsorbed film thickness ¢ in surface sensing). According
to the definition, the sensitivity S for four different combinations is listed in
Table 8.1. From the mathematical expression, each sensitivity can be further
divided into two parts, which are named as device sensitivity and waveguide
sensitivity, respectively. Device sensitivity is defined as the ratio of the change in
the transducing optical parameter to the effective index change, while waveguide

a b

Fig. 8.4 Waveguide structure of microring sensors using (a) homogeneous sensing and (b) surface
sensing: 7, Ncp, and n. are refractive indices of the core, the bottom cladding layer, and the
medium carrying analytes for sensing (also the top cladding). W, &, and (h + d) are the ridge width,
the ridge height, and the height of the core layer. In surface sensing cases, an adsorbed analyte
layer is formed with the refractive index of n; and an effective thickness of ¢
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Table 8.1 Overall sensitivity S of a microring sensor is listed based on two sensing mechanisms
and two transducing schemes

Sensing mechanism Transducing method
Resonant wavelength shift Intensity variation
Homogeneous _ 02y _ 02p o Onegr §= ol _ ol o Onegp
on.  Onesp  One one  Onegg  One
Surface S= % _ 04p o ONegr S= Q _ ol o Onege
ot Onegp ot ot Onegr ot

The sensitivity in each of four cases is expressed as multiplication of device sensitivity and
waveguide sensitivity

sensitivity is the ratio of the effective index change to the change in the waveguide
parameter affected by analytes. Device sensitivity only depends on device proper-
ties, and waveguide sensitivity is relevant to waveguide structures regardless of the
type of devices. These two parts can be enhanced separately to achieve higher
overall sensitivity.

Based on the definition, device sensitivity is related to the variation of trans-
ducing optical parameters, and thus depends on the transducing method. For the
resonant wavelength shift scheme, it is expressed as

(Sd)RWS = ‘%p/aneff = )vp/neff =L/m (8.2)

with use of (8.1), while for the intensity variation scheme, it becomes
(Sa)ry = OI/Onesr = ApS/nesr = Ls/m, (8.3)

where s is the spectrum slope at 4,. From (8.2) to (8.3), device sensitivity will be
enhanced by using longer resonant wavelength or smaller effective refractive index
for either case. In the intensity variation scheme, it can be further improved by
increasing the spectrum slope, i.e., sharper resonance.

Waveguide sensitivity is determined by the effective index change resulting
from the analyte-induced change in waveguide parameters. It varies with the
sensing mechanism used, and is expressed as Oneg/0n. for homogeneous sensing
and On.q/Ot for surface sensing. Waveguide sensitivity can be calculated using
the effective index method**. Although this approach is not as accurate as other
methods such as the finite-difference time-domain (FDTD), it can provide straight-
forward calculation and quick analysis. To achieve more accurate results, curvature
of microring waveguides should be included. It is shown that results obtained
from the effective index method provide sufficient accuracy as compared with
those using FDTD in most practical cases except for very small microrings.>

In most biochemical sensors, detection limit is a very important parameter to
evaluate sensing capability of a device, which denotes the smallest detectable
amount or concentration of analytes. For microring sensors, detection limit is
proportional to the variation of waveguide parameters affected by occurrence of
analytes: the index change of the surrounding medium, &7, in homogeneous
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sensing, or the thickness change of the adsorbed analyte film, 6z, in surface sensing.
This variation is called optical detection limit (in the unit of RIU or picometer) for
simplicity to distinguish from detection limit. Measurable variation is determined
by the resolution of optical transducing methods. According to the definitions
of sensitivity in Table 8.1, optical detection limit is equal to &4,/ or 8I/S,
where 84, and 0/ are the resolution of spectrum measurement and photodetectors,
respectively.

Theoretically, 84, in the resonant wavelength shift scheme is independent of
resonance shape or resonant bandwidth, and should be determined merely by
instrument resolution, typically less than 10 pm. However, in reality, noise can
perturb resonance spectra such that accurate determination of resonant wavelength
shift becomes difficult for a broad resonance curve. To enhance accuracy in
detecting wavelength shift, narrower resonance is required. This is equivalent to
obtaining higher-Q resonance behavior. To take into account noise-included de-
tectability of 34, 84, can be simply described as a fraction (p) of the full width at
half maximum (FWHM) bandwidth of resonance, AAgww. In this fashion, optical
detection limit becomes pAdpwum/S or pZ,/(QS). In practice, p can be chosen as
a reasonable value of 0.1. In the intensity variation scheme, 8/ is determined by
noise from environment and photodetectors. It can reach as low as several nano-
watts with care.

8.2.3 Design Consideration

In sensing applications using microring resonators, one of the main objectives is to
achieve low detection limit and high sensitivity. From the perspective of microring
resonators, resonance properties have to be unambiguously detected. This can be
achieved by pursuing high contrast ratio between ON and OFF resonance to
mitigate noise disturbance, thereby increasing SNR and easily distinguishing
the resonance. Higher contrast ratio can also greatly enhance sensitivity using
the intensity variation scheme due to steeper spectrum slope. The highest contrast
ratio is achieved by operating a microring resonator at its critically coupled point,
at which the energy coupled into the resonator is balanced by the energy loss in the
resonator. Another way is to reduce resonant bandwidth or to enhance Q-factor.
Under the same contrast ratio, this can improve the spectrum slope used in the
intensity variation scheme and lower the optical detection limit in the resonant
wavelength shift scheme, which is inversely proportional to Q-factor.

The second objective is to pursue large detection range or wide dynamic range.
In the intensity variation scheme, detection range is limited due to narrow
resonance. It can be slightly increased at the expense of reducing spectrum
slope and thus sensitivity. In the resonant wavelength shift scheme, broad detec-
tion range is achievable by tracking the specific resonance'” if the acquisition
time is faster than the rate of analyte binding. On the contrary, detection may fail
when the adjacent resonance peaks confuses the resonance tracking. Therefore, it
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is desirable to have a wider free spectrum range (FSR), which is defined as the
difference between two adjacent resonant wavelengths for a waveguide mode,
and can be calculated as:

FSR = 22 /L{nett — Ay X (Onesr/02p)] = 22 /Ling, (8.4)

where 7, is the group velocity related to e and the dispersion of the waveguide
mode close to the resonance, 5neff/aip. From (8.4), FSR is inversely proportional
to ring size. Sufficiently large FSR sets the upper limit of the radius of microrings.
Furthermore, one should use single-mode microring waveguides. Otherwise the
presence of higher-order modes makes detection difficult to accomplish because
each mode has a different effective index and create its own periodic resonance with
different FSR. This criterion sets the upper limit of waveguide width and height.

8.2.4 Why Polymer Microring Biochemical Sensors?

As previously mentioned in Sect. 8.2.1, integrated microring resonators can be built
using various types of materials. The first is III-V compound semiconductors,
which are widely used in optoelectronic devices. They can provide gain and
modulation to optical signals propagating within the microresonators by optical
or electrical injection. This feature enables versatile device functionalities. In
addition, their high refractive index can help to reduce bending loss within the
microresonators such that very compact devices are feasible. However, these
materials are comparably expensive and require costly equipments, like molecular
beam epitaxy and metal-organic chemical vapor deposition, for growth. The growth
should be performed on lattice-matched substrates to avoid stress and cracking.
Although their high refractive indices can make devices more compact, this feature
also poses fabrication challenges to form single-mode waveguides (typically sub-
micron size) with small sidewall roughness, which is complicated and time con-
suming. Additionally, large index contrast between semiconductor core and
gaseous or aqueous cladding could cause more severe scattering than low index
contrast waveguides. Another semiconductor system is silicon-on-insulator, which
has been used to form very small silicon microresonators. This system possesses a
great advantage of integration capability with electronic devices and circuits. But
silicon lacks gain, and has most of the previously mentioned issues as compound
semiconductors.

The other platform is dielectrics, for example, silicon dioxide, silicon nitride,
silicon oxynitride, tantalum pentoxide, and titanium dioxide. They can be deposited
by various methods, such as plasma-enhanced chemical vapor deposition, thermal
evaporation, electron-beam evaporation, and sputtering. There are a number of
dielectrics with refractive indices ranging from 1.45 to 2.4, facilitating diverse
waveguide designs to satisfy different specification. Dielectrics have two other
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advantages: low temperature-dependent refractive index and substrate compatibility.
The former property is beneficial to sensing accuracy during measurement of
a minute amount of analytes, while the latter one enables device fabrication on
different substrates. Furthermore, their lower refractive indices enable larger wave-
guide dimension. This not only relieves fabrication challenge, but also provides better
waveguide modal match to optical fibers than do semiconductors, leading to higher
coupling efficiency in fiber-coupled biochemical devices. However, the fabrication
process is still quite involved and time consuming. Moreover, dielectrics can only
form passive devices due to their high electrical insulation.

Polymers can also be employed to construct microring sensors with several
advantages over the previous two material systems. First, polymers have refractive
indices mostly in the range between 1.3 and 1.8. Although low index is not
beneficial to ultrasmall devices, it can relieve fabrication challenge, lower surface
roughness scattering, and enhance coupling efficiency to optical fibers. Secondly,
polymers can be applied to any substrates by simple process, such as spin coating.
This facilitates integration with other electronic and photonic devices. Also, cost
can be reduced with cheaper materials and without expensive equipment. This helps
development of disposable sensors. With recent rapid progress in polymer tech-
nology, a variety of polymers can be synthesized to render specific properties,
including special surface functionalities, biocompatibility, electrical conduction,
optical nonlinearity, and optical amplification. Diverse polymers have already been
adopted in sensing applications®. The drawback of polymer materials is relatively
high temperature-dependent refractive index coefficient, making devices more
sensitive to ambient temperature variations. This can be avoided by either using
active temperature control or designing sensors with a reference arm>'. Polymers
also have lower thermal stability than semiconductors and inorganic dielectrics.
Elevated temperature can cause modification of physical dimension and material
properties. Fortunately in most biosensing applications, detection is performed at
room temperature. To apply in high temperature detection, polymers with high
glass transition temperatures or cross-linked polymers should be used. With the
advantages overweighing the drawbacks, polymers are selected in the development
of microring sensors.

8.2.5 Fabrication Sequence

In the design of polymer microring resonators, polymer waveguides should have
height and width in the range of 1.8-2.5 um for single-mode operation, good optical
confinement, and lower waveguide loss in the wavelength range close to 1.55 pum.
In addition, a microring laterally coupled to bus waveguides requires sufficient
cross-coupling of light into the cavity to produce the desired device characteristics.
This can be achieved by using either a small gap separation or a longer coupling
length according to the coupled-mode theory>’. The former approach is chosen to
obtain more compact devices. Based on the simulation, a suitable gap has a
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Fig. 8.5 A scanning electron micrograph of a silicon dioxide mold with reverse patterns: the left
and right trenches create a bus and a microring waveguides, respectively. The high aspect ratio
protruded wall between trenches is used to stamp out a narrow coupling gap. Reprinted from
Ref. 42 with permission. © 2008 American Vacuum Society

dimension around 200400 nm without sacrificing device size. This means that a
coupling gap with an aspect ratio larger than five needs to be created. Such polymer
microresonators can be easily fabricated by use of nanoimprint lithography®. It
utilizes a silicon or silicon dioxide mold to directly imprint and transfer patterns
onto a thin polymer layer. This approach provides several advantages, such as sub-
10 nm patterning capability, precise dimension control, high fidelity, and high
throughput. Moreover, the processing is simple, time saving, and cost effective”.
The most important benefit is the ability to easily create high aspect ratio polymer
structures in nanoscale.*’

To fabricate polymer microring waveguides by nanoimprint lithography, a mold
with reverse patterns of microring and bus waveguides is first fabricated using
electron beam lithography and reactive ion etching (RIE) as shown in Fig. 8.5. This
mold is subsequently brought into close contact to a silicon sample with thick
thermally grown silicon dioxide that is covered by a spin-coated polymer on top.
Silicon dioxide serves as bottom cladding. Pattern transfer from the mold to the
polymer is performed under suitable heating temperature and pressure. With proper
heating, the polymer becomes more fluidic and the applied pressure can help it
propagate to fill rugged spacing in between. After they are cooled down, the sample
is separated from the mold. It should be noted that molds need to be coated with a
monolayer of surfactant to facilitate releasing®'. After the nanoimprint process, a
thin residual polymer layer is left and has to be removed with oxygen RIE. Finally,
pedestal structures beneath polymer cores are created using buffered hydrofluoric
acid. Figure 8.6 shows scanning electron micrographs of a nanoimprinted microring
resonator. The step-by-step process schematic is shown in Fig. 8.7. Nanoimprint
technique can be utilized to duplicate microresonators in a variety of polymers,
such as poly(methylmethacrylate), polystyrene, and polycarbonate®. In the
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Fig. 8.6 Scanning electron micrographs of a polystyrene microring resonator closely coupled to
two bus waveguides (Reproduced with permission from Ref. 43 Copyright 2006, IEEE), and its
waveguide cross section showing a rectangular polymer core sitting on top of a pedestal structure.
Reprinted from Ref. 42 with permission © 2008 American Vacuum Society

b

Fig. 8.7 Fabrication sequence of a polymer microring resonator: (a) prepare a nanoimprint mold;
(b) spin coat a polymer thin film; (c¢) perform nanoimprinting process; (d) separate the sample from
the mold; (e) dry etch the residual layer; (f) create pedestals by wet etch

biochemical sensing experiments, polystyrene is chosen due to its appropriate
optical and mechanical properties. Figure 8.8 shows typical spectra measured at
the through and drop ports of a microring resonator.

8.2.6 Optimization

In the design of a microring resonator, there are two important parameters: wave-
guide width (W) and microring radius (R.). Waveguide width determines transverse
modal distribution. On one hand, a narrower waveguide can lead to stronger
evanescent field penetrating deeper into the surrounding medium, and provides
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Fig. 8.8 Measured spectra of a polystyrene microring immersed in de-ionized (DI) water are
plotted for (a) the through port and (b) the drop port. The drop port shows a much smoother curve.
Reprinted from Ref. 43 with permission. © 2008 Institute of Electrical and Electronics Engineers

more vigorous interaction with analytes, in turn rendering higher sensitivity poten-
tially. On the other hand, stronger field at interfaces increases sidewall roughness
scattering loss, which reduces Q-factor and then lowers sensitivity. The other
parameter, microring radius, determines resonator cavity length and curvature
of microring waveguides. Larger radius results in less bending loss and higher
Q-factor assuming fixed cavity loss. However, this also increases cavity length, and
thus more loss is accumulated, leading to lower Q-factor. Hence, it is of significance
to find the optimal values for the best sensing performance. Optimization can be
divided into design optimization and fabrication improvement.

8.2.6.1 Design Optimization

In the optimization, a polystyrene microring sensor using the resonant wavelength
shift scheme is considered as an example. This microring sits on a silicon substrate
with a layer of 3.66-pum-thick thermally grown SiO, on top. The microring is a
ridge waveguide with a polystyrene core of 1.8 pum in thickness (2 = 1.8 um, and
d = 0 pm in Fig. 8.4a) operated at TE polarization. In sensing applications,
detecting devices are typically immersed in aqueous environments. Thus, water is
used as the medium and also as the top cladding. The indices of water, polystyrene,
SiO,, and Si near 1,550 nm are 1.3109 (n.), 1.57 (n.), 1.444 (n.), and 3.42,
respectively. To simplify calculation, coupling loss in the coupling region(s) is neg-
lected. Optimization requires calculation of coupling efficiency at the coupling region
between the bus and microring waveguides, which is obtained using the coupled-
mode theory”’. The electric-field attenuation factor (due to propagation loss) per
round trip of the microring (denoted by a) should also be obtained. Propagation loss
within a microring includes surface roughness scattering, bending loss, leakage loss
to silicon substrates, and modal mismatch loss (exclusively in microracetrack and
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Fig. 8.9 (a) Round trip amplitude attenuation factor and (b) OFF-resonance transmission of
the singly coupled microring as a function of W and R.. Reprinted from Ref. 45 with permission.
(© 2008 Institute of Electrical and Electronics Engineers

ignored here for ring cavities), which are separately estimated**. The round trip
amplitude attenuation factor is plotted in Fig. 8.9a as a function of W and R..
As mentioned in Sect. 8.2.3, single-mode waveguide and sufficiently larger FSR are
desired for better detection. To satisfy these criteria, the simulation is performed
within a window of W ranging from 1.5 to 3 pm and R, ranging from 30 to 200 pm.

A singly coupled microring operating at the critical coupling point is considered
first. In this circumstance, the intensity at the through port is zero theoretically,
and the highest contrast ratio is achieved. Using the critical-coupling condition,
OFF-resonance transmission (To¢) can be calculated as shown in Fig. 8.9b. The
figure reveals that narrower W and larger R, lead to smaller OFF-resonance
transmission due to increase of loss inside the microring. Even though the OFF-
resonance transmission drops, the contrast ratio still can be maintained over 10 for
practical applications.

In sensing applications, detection limit, which is proportional to Adpwum/S
(defined as the detection factor, P) or 1/(Q x S), should be minimized, which is
valid for both transducing schemes. By calculating AAgwn from the transmission
expression and S based on the aforementioned sensing theory, inverse of the
detection factors, 1/P, are plotted in Fig. 8.10 for homogeneous and surface sensing.
These figures illustrate that lower detection limit, i.e., smaller P, occurs at wider
waveguide width and larger radius of microrings. This behavior can be understood
by separately analyzing the dependence of S and Q on W and R..

The overall sensitivity and the Q-factor in this case are plotted in Fig. 8.11. The
figures illustrate that sensitivity has little dependence on R because the waveguide
sensitivity is independent of R. and the device sensitivity in (8.2) has a weak
dependence on R.. In addition, S decreases with increase of W due to shorter
evanescent tail penetrating into the medium. Figure 8.11 also shows that larger O
occurs at larger W and R... According to another definition of Q-factor — the ratio of
the energy stored in a resonator to the energy loss per cycle, higher Q implies lower
energy loss and smaller Adgwiv. Higher Q-factor is obtained with large R, due to
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Fig. 8.10 Inverse of the detection factors are plotted as a function of W and R. using (a)
homogeneous and (b) surface sensing. The minimal P occurs at larger W and R, in both figures.
Reprinted from Ref. 45 with permission. © 2008 Institute of Electrical and Electronics Engineers

Fig. 8.11 Overall sensitivity as a function of W and R, using (a) homogeneous and (b) surface
sensing. The simulation illustrates that higher sensitivity requires smaller W but has little depen-
dence on R.. Q-factor is calculated and plotted in (c¢). Reprinted from Ref. 45 with permission.
(© 2008 Institute of Electrical and Electronics Engineers
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their linear dependence®, and a wider waveguide because of better optical confine-
ment, which can reduce loss in the microring resonator. Since 1/P < Q x § and the
Q-factor shows similar trends to 1/P, this implies that Q-factor has higher domina-
tion on 1/P than § does. Hence, higher O should be the primary focus to achieve
lower detection limit.

A doubly coupled microring sensor can be applied in sensing using its drop port.
This port has less Fabry—Perot effect on the spectrum caused by end facets of the
bus waveguides, and shows much smoother resonance shape experimentally
(Fig. 8.8). The following analysis assumes a fixed coupling gap between the ring
and bus waveguides at 250 nm. To find out the optimal W and R, 1/P, contrast ratio,
and ON-resonance dropping coefficient should be calculated, which are plotted in
Fig. 8.12. From these figures, lower detection limit occurs at larger W and R, for
both homogeneous and surface sensing, which has a similar behavior to that of
singly coupled microrings. Detection limit is still dominated by Q-factor because of
the similar trend to 1/P. However, the highest contrast ratio requires larger W and an
optimal R.. To achieve higher ON-resonance dropping coefficient, smaller W is
required, providing less optical confinement but increasing overlap between the

Contrast Ratio

Fig. 8.12 Inverse of the detection factors using (a) homogeneous and (b) surface sensing, (c)
contrast ratio, and (d) ON-resonance dropping coefficient are plotted as a function of W and R, for
a doubly coupled microring with a gap of 250 nm. Reprinted from Ref. 45 with permission.
(© 2008 Institute of Electrical and Electronics Engineers
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modes of the straight and the curved waveguides in the coupling region. Larger
mode overlap leads to higher cross coupling and, in turn, enhances ON-resonance
dropping coefficient.

From the previous example, ON-resonance dropping coefficient changes sub-
stantially with W and R... This coefficient is very important to render a sufficiently
strong output signal to maintain large SNR. Therefore, another example is consid-
ered with fixed dropping coefficient at 0.4 that can ensure good SNR. In this
situation, only 1/P and contrast ratio should be considered, and the calculated
results are illustrated in Fig. 8.13. They show that lower detection limit occurs
again at larger W and R, for both sensing mechanisms. Q-factor in Fig. 8.13c shows
similar trend to 1/P and then still dominates the influence on detection limit.
However, contrast ratio cannot reach as high as it does in the previous example.
But it is still sufficient to distinguish a resonance shift. In practical uses, a contrast
ratio of 10 is adequate for sensing operation.

For microring sensors, lower detection limit (i.e., higher 1/P) can be obtained
by increasing both Q-factor (i.e., smaller resonance bandwidth) and sensitivity.
However, there is a tradeoff between high Q-factor and high sensitivity. The former

a

Fig. 8.13 Inverse of the detection factors using (a) homogeneous and (b) surface sensing,
(c) Q-factor, and (d) contrast ratio are plotted as a function of W and R, for a doubly coupled
microring with a fixed ON-resonance dropping coefficient at 0.4. Reprinted from Ref. 45 with
permission. © 2008 Institute of Electrical and Electronics Engineers
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requires wider waveguides to provide better optical confinement and therefore
lower loss, while the latter requires narrower waveguides to achieve stronger
evanescent wave to interact with analytes. The analyses in the context of several
examples conclude that detection limit is primarily determined by Q-factor more
than sensitivity parameter. Thus, it is more efficient to enhance Q-factor for
lowering detection limit. Q-factor can be dramatically enhanced by reducing
microring loss and/or increasing the radius of microrings.

The second important consideration is to increase SNR. This requirement can be
satisfied if resonance has sufficient ON-OFF contrast, which is determined by a
delicate balance between coupling from a microring waveguide to a bus waveguide
and loss in the microring. In practice applications, the required specification of a
microring sensor should be decided beforehand, such as detection limit, sensitivity,
contrast ratio, and SNR. Based on the specification, an optimal range of W and R,
can be obtained by using the optimization procedure.

8.2.6.2 Fabrication Improvement: Thermal-Reflow Technique

According to the analysis in Sect. 8.2.6.1, a direct approach to enhance sensitivity
of a microring sensor is to increase its Q-factor. It can be improved by reducing its
cavity loss. Loss of a microring resonator fabricated in Sect. 8.2.5 comes from
surface roughness scattering, bending loss, leakage loss to silicon substrate, and
modal mismatch loss. Surface roughness scattering dominates cavity loss in most
cases”’ unless ring radius is too small such that bending loss increases dramatically.
Surface roughness is mainly from fabrication processes, such as lithography step
and metal lift-off. These steps create rough edges that are transferred to waveguide
sidewalls via RIE. Typical surface roughness is in the range of several tens of
nanometers, which can result in pretty large scattering loss. To greatly reduce this
loss, thermal-reflow technique is developed.

Thermal-reflow technique is to apply appropriate elevated temperature to poly-
mer devices for certain time. Each polymer has a glass transition temperature (7).
As the applied temperature approaches the T, the polymer has significantly reduced
viscosity and is able to reflow such that smoother surface can be achieved by
surface tension. The degree of polymer’s fluidity can be controlled by the applied
temperature, which determines reflow rate. The degree of roughness reduction can
be controlled by the reflow time. Several polystyrene microrings are thermally
treated under different temperatures and heating times, illustratingdramatic im-
provement as shown in the scanning electron micrographs (Fig. 8.14a—c). The
temperature has to be appropriately selected. Too low a temperature is not able to
activate the reflow process, while too high a temperature makes it uncontrollable.
For the example of polystyrene with T, of 105°C, the heating temperature of 90°C is
chosen and the typical reflow time is around 2 min.

During the thermal-reflow process, waveguides are reshaped from a rectangular
shape to a mushroom one. Slight deformation does not affect the microring optical
performance, but only shift its resonance position. However, too high reflow
temperature and/or too long process time can dramatically deform the cross section
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Fig. 8.14 Scanning electron micrographs shows sidewall roughness and waveguide cross section
of polystyrene microring resonators (a, d) without thermal-reflow process, after reflowing at
(b, e) 85°C for 120 s, and (c, f) 95°C for 60 s, respectively. Reprinted from Ref. 48 with
permission. © 2008 American Institute of Physics
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Fig. 8.15 Gap reduction has linear relationship with the reflow time at the reflow temperature of
90°C. The inset SEM shows a polystyrene microring with a coupling gap of ~200 nm, reduced
from the initial width of 450 nm. Reprinted from Ref. 48 with permission. © 2008 American
Institute of Physics

of waveguides and this should be avoided. Hence, these two parameters have to be
carefully determined.

In addition to smoother sidewalls and waveguide deformation, coupling gap is
reduced as shown in Fig. 8.15, which provides a way to modify coupling strength.
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Fig. 8.16 Measured and curve-fitted (solid) spectra of a polystyrene microring resonator at the
through port are compared before (/eff) and after (right) thermal-reflow process at 95°C for 60 s.
Reprinted from Ref. 44 with permission. © 2008 Institute of Electrical and Electronics Engineers

In fabrication, a gap is intentionally made wider than the desired. Then it can be
reduced to the desired separation together with smoothed sidewalls during the
thermal-reflow. Such a process can relieve the challenge of fabricating a very
small coupling gap.

To demonstrate the effectiveness of the reflow process, the spectra of a micro-
ring before and after thermal-reflow process are curve fitted to extract the coupling
efficiency and the round trip amplitude attenuation factor. Measured and fitted
spectra are plotted in Fig. 8.16 with reflowing at 95°C for 60 s. According to the
fitting results, the amplitude cross-coupling efficiency is increased from 0.457 to
0.576 due to the shrinkage of the coupling gap. The results with the aid of
calculation** illustrate reduction of the cavity loss by 74 dB cm™'. The surface
roughness is estimated to be lowered from ~45 nm to 10-15 nm. From Fig. 8.16,
the resonant bandwidth is clearly narrowed, verifying the enhancement of the
Q-factor. This thermal-reflow technique can be applied to a variety of polymer
waveguides by modifying reflow condition to diminish surface-roughness-induced
optical scattering.

8.2.7 Biosensing Experiments by High-Q Microring
Biochemical Sensors

8.2.7.1 Homogeneous Sensing

To demonstrate homogeneous sensing, a polystyrene microring is immersed in a
solution containing glucose as the analyte. This microring has Q-factor of ~5,000.
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Fig. 8.17 Spectra of a polystyrene microring resonator (Q ~ 5,000) are plotted in various
concentrations. The resonance red-shifts with the glucose concentration. Reprinted from Ref. 49
with permission. © 2008 American Institute of Physics

Its optical spectra are measured when the device is immersed in glucose solutions
(dissolved in DI water) with different concentrations. To avoid possible experimen-
tal inaccuracy, reference spectra in DI water are measured each time before
immersion into a glucose solution. Variation of the resonant wavelength of each
reference measurement is within 50 pm, which might be due to temperature change,
glucose adsorption on waveguide surfaces after each rinsing, and/or water penetra-
tion into polystyrene waveguide cores. Measured spectra in various glucose solu-
tions are shown in Fig. 8.17. As expected, higher glucose concentration induces
larger index change and then causes a larger shift of the resonant wavelength.

Using the resonant wavelength shift scheme for transduction, the shift of /4, is
plotted in Fig. 8.18a, showing linear relationship with the glucose concentration.
Sensing by use of the same device can also be transduced with the intensity
variation scheme. With fixed sensing wavelength, the output intensity is detected
and normalized to the reference intensity right before each measurement sweep.
Variation of the normalized intensity is plotted in Fig. 8.18b, also showing linear
relationship with the glucose concentration.

In the resonant wavelength shift scheme, the microring having Q-factor of
~5,000 can distinguish 50 pm shift of its resonance based on the experimental
data, leading to the detection limit in terms of the effective index change as Aneg; ~
5 x 107 RIU by use of (8.1). On the other hand, according to the slope of the fitted
curve in Fig. 8.18a, the detection limit, A4, of 50 pm corresponds to that in glucose



8 Label-Free Biochemical Sensors Based on Optical Microresonators 199

0.35 T T T T T T T T T T
18 i
0.30 .
5} J
025+ g E
g g 4 ]
— 0.20F 1 £
) =
015} 1 = 3r ]
L}
0.10 | 4 2+ 4
0.05 L L L L L 1 L L L " s
0.5 1.0 15 20 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0
Glucose Concentration (%) Glucose Concentration (%)

Fig. 8.18 Sensing curves of a polystyrene microring resonator (Q ~ 5,000) are plotted as a
function of glucose mass concentration using (a) the resonant wavelength shift scheme and
(b) the intensity variation scheme. Reprinted from Ref. 49 with permission. © 2008 American
Institute of Physics

mass concentration of 0.475%. The change in mass concentration of the glucose
solution is linearly related to its refractive index change, An., with the coefficient
of 0.00148 RIU/% at the wavelength of 589 nm when the concentration is below
10%°°. Due to the lack of data around 1,550 nm, this coefficient is assumed
identical in this wavelength range. Hence, this microring can detect index change
of glucose solution as small as 7 x 10~* RIU. This device has the overall sensitivity
around 71.4 nm per RIU.

In the intensity variation scheme, detection limit is determined by the environ-
mental and photodetector noises. The former can be well controlled in a dark
environment with noise level at 5 nW, which renders A, ~ 1.2 pm with the
resonance slope of 4.25 uW nm~'. Compared with the resonant wavelength shift
scheme, the intensity variation scheme gives a 42 times higher sensitivity and lower
detection limit.

According to the analyses in Sect. 8.2.6.1, detection limit can be further im-
proved with enhanced Q-factor. With the optimization in waveguide design having
less resonator loss and a larger radius of microrings (45 um), Q-factor of polysty-
rene microring resonators can reach as high as 20,000. With such devices, the
previous glucose experiment is repeated using the drop port because it provides
larger contrast ratio and much smaller Fabry-Perot oscillation and therefore en-
hanced SNR and detection accuracy. Evolution of the spectra is shown in Fig. 8.19a
for various concentrations of glucose solutions, and the sensing curve using the
resonant wavelength shift scheme is plotted in Fig. 8.19b, again showing good
linearity. The slope here is slightly smaller than that in Fig. 8.18a, because the
waveguide dimension is enlarged to reduce loss. Compared with Fig. 8.17, Fig. 8.19
shows much higher resolving power due to narrower resonance. This device can
potentially distinguish wavelength shift of 5 pm, giving the detection limit in terms
of the effective index change as Aney ~ 5 X 107® RIU, and the glucose mass
concentration as 0.061%. Therefore, this high-Q microring can detect the index
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Fig. 8.19 (a) Spectra of a polystyrene microring resonator (Q ~ 20,000) are plotted in various
concentrations, red-shifting with glucose concentration. (b) Sensing curve of the polystyrene
microring: resonant wavelength shift is plotted as a function of glucose mass concentration
using the resonant wavelength shift scheme. Reprinted from Ref. 43 with permission. © 2008
Institute of Electrical and Electronics Engineers

change of glucose solution (An.) as small as 9 X 10~° RIU, giving an overall
sensitivity of 55.6 nm per RIU. Even though the sensitivity is reduced, the detection
limit is improved by eight times with the enhanced Q-factor. These experiments
verify that higher Q-factor provides lower detection limit as expected in Sect.
8.2.6.1.

8.2.7.2 Surface Sensing

Surface sensing requires creation of binding sites on sensor surfaces to provide
specificity. The streptavidin-biotin system is chosen for demonstration. Biotin
(molecular weight M, = 244 Da, also known as vitamin H) is a small biomolecule,
while streptavidin (M,, = ~60,000 Da) is a type of protein consisting of 512 amino
acids, which is a relatively large biomolecule. This system has a very large
adsorption coefficient (K, ~ 10'> M), leading to strong affinity.”’

In the experiment, a polystyrene microring resonator is subjected to DI water,
biotinylated bovine serum albumin (BSA), streptavidin, and biotin solutions. BSA
has two main functions in the process. It has strong adhesion on sensor surfaces
and the biotinylation provides specific binding sites for streptavidin as shown in
Fig. 8.20a. In addition, BSA can repel protein adsorption, which greatly eliminates
nonspecific binding and enhances specificity. One streptavidin molecule has four
binding sites for biotin. So after its binding to a biotinylated BSA, the unoccupied
biotin binding sites on a streptavidin molecule can trap additional biotin molecules
(Fig. 8.20b, c). The device is rinsed with DI water after each step to remove weakly
bound, unbound, and nonspecific biomolecules.

Figure 8.21 shows the evolution of the resonant wavelength shift measured
through the whole process. Initially, the resonant wavelength of the microring
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Fig. 8.20 Experimental sequence of surface sensing: (a) The sensor surfaces are functionalized
with biotinylated BSA; (b) Streptavidin is specifically bound to the sensor surface with the biotin
moiety; (c) Biotin is captured on the sensor surfaces by the streptavidin
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Fig. 8.21 Evolution of the resonant wavelength: I, DI water; II, 107°M biotinylated BSA; III,
DI rinse; IV, 10°°M streptavidin; V, DI rinse; VI, 10~* M biotin; VII, DI rinse. Reprinted from
Ref. 43 with permission. © 2008 Institute of Electrical and Electronics Engineers

resonator is measured in DI water as the reference. In the first step with incubation
in a biotinylated BSA solution (10~ M), a resonance shift of 93 pm is observed,
which is caused by both adsorbed biotinylated BSA molecules on the sensor surface
(specific) and freely surrounding ones in the solution (nonspecific). The effect from
nonspecific binding is removed by subsequent DI water rinse, giving a net shift of
39 pm. According to the information regarding the molecular weight (M, = 66,432
Da'. and size (4 nm X 4 nm x 14 nm) of BSA®?, there are sufficient amount of
biotinylated BSA molecules to form a monolayer on the sample surface. In the
second step, streptavidin solution (10 pL) with concentration of 10~® M is intro-
duced on the sensor followed by DI water rinse and a net shift of 133 pm is detected
due to the bound streptavidin to the biotinylated BSA. Based on the size of one
streptavidin molecule, 5.6 nm x 4.2 nm x 4.2 nm’”, approximate 2 x 10~ '* M of
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streptavidin can form a monolayer on the whole sensor chip (around 28 mm?),
which implies that the free streptavidin in the solution is four times more than the
captured streptavidin. Obviously, surface sensing mechanism renders a much
dramatic resonance shift, facilitating accurate detection and reducing required
analyte amount. With an optimized design of microfluidic system to direct solutions
to only the microring area, the necessary amount of analyte can be reduced by three
orders of magnitude. In the last step, biotin solution (10~* M) and DI water rinse are
introduced, causing a net shift of 38 pm. This experiment not only demonstrates
surface sensing of specific biomolecules, but also shows that such polymer micror-
ing resonators are capable of detecting both small molecules and large biomole-
cules without using fluorescent labels. This approach using biotin-streptavidin
system can be generally applied to detect any biotinylated protein molecules.

Based on the preliminary streptavidin experiment result, the detection limit (the
smallest detectable mass coverage per unit surface area) of a microring resonator
with Q-factor of 20,000 is ~250 pg mm 2 by assuming that resolvable wavelength
shift is one-tenth of the resonant FWHM bandwidth. With further enhancement of
Q-factors, optimization of microring waveguides, employment of three-dimension-
al matrix to create more binding sites, and control of temperature, polymer micro-
ring sensors are believed to provide superior detection limit to commercial quartz
crystal microbalance biosensors typically with detection limit in the range of
50-100 pg mm 2 and surface plasmon resonance biosensors reaching as low as a
few tens picogram per square millimeter”.

8.2.8 Sensitivity-Enhancing Methods

In Sect. 8.2.6, it has been discussed that sensitivity of a polymer microring sensor
can be enhanced by increasing Q-factor and reducing resonator loss. In addition,
two alternative approaches will be discussed that are able to further improve the
performance in parallel. The first method is to induce an asymmetric Fano-resonant
line shape to narrow resonant bandwidth and to achieve steeper spectrum slope. The
other method is to replace conventional channel waveguides by slot waveguides.
This type of waveguides renders much larger overlap between the guided optical
field and the analyte, producing much higher waveguide sensitivity in principle.

8.2.8.1 Fano-Resonant Microrings

In atomic physics, Fano-resonance originates from the interference between a
discrete energy state and a coherent continuum of states, leading to an asymmetric
line shape in reflection and transmission spectra’®. Recently, Fano-resonant behav-
ior has been illustrated in theory that it can be induced in a microcavity coupled
with a single-mode waveguide by partially reflecting elements™. This effect
does not change unloaded Q-factor of a microcavity, but modifies its resonance
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Fig. 8.22 Scanning electron micrograph shows a polystyrene microring coupled to a bus wave-
guide and sandwiched by two waveguide offsets. Reprinted from Ref. 49 with permission. € 2008
American Institute of Physics
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Fig. 8.23 Transmission spectra of a polystyrene microring resonator: (a) without waveguide
offsets and (b) sandwiched by two waveguide offsets. Asymmetric Fano-resonant line shape is
clearly observed. Reprinted from Ref. 49 with permission. © 2008 American Institute of Physics

line shape. Therefore, this approach can be adopted to further improve its perfor-
mance without varying the resonator structure.

To demonstrate Fano-resonant behavior, a polystyrene microring resonator is
nanoimprinted and two waveguide offsets are introduced in the bus waveguide,
which provide partial reflection as shown in Fig. 8.22. Its spectrum is plotted in
Fig. 8.23 together with the one without waveguide offsets. The slope is enhanced
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by a factor over two. Fano-resonance has also been demonstrated using a micro-
sphere coupled with a multimode tapered fiber’®, a microtoroid resonator coupled
with a Fabry-Perot etalon’’, and a Charon microresonator.>®

8.2.8.2 Slot Waveguide Microrings

A conventional waveguide is composed of a core with high refractive index
surrounded by claddings of lower indices. In such a waveguide, most of light is
confined within the core. Recently, a novel waveguide structure, slot waveguide, is
proposed™, which consists of a thin low index material sandwiched between high
index materials as shown in Fig. 8.24a. This slot waveguide can support stable
optical modes according to the theory of electromagnetism. Based on the boundary
condition that electric displacement field (D-field) normal to the interfaces is
continuous in the absence of free surface charges, the electric field (E-field) within
the middle material will be boosted for the TE polarized light due to lower
permittivity inside the slot. The E-field distribution within a polystyrene slot
waveguide is illustrated in Fig. 8.24b. This type of waveguide can also be applied
to form slot microring resonators, which has been experimentally demonstrated
using silicon-on-insulator®>®! due to high permittivity ratio to that of air.

For an optical biosensor using evanescent field to interrogate adjacent analytes,
higher percentage of evanescent wave or larger E-field can interact more strongly
with the targeted analytes, inducing more significant shift of transducing para-
meters of the device. In other words, a larger overlap volume between evanescent
field and environment and/or stronger E-field extending into an analyte medium can
improve sensitivity. To prove the concept, a polystyrene slot microring is consid-
ered here and compared with an ordinary microring.

o os 1 15 H 5 3 s 4 45 5 55
% (um}

Fig. 8.24 (a) Schematic of a curved slot waveguide; (b) E-field distribution of a straight polysty-
rene slot waveguide is shown with total waveguide width of 2.6 pm including a slot of 200 nm
wide (TE polarization). The inset curve is the field magnitude at ¥ = 3 um, which indicates
stronger E-field within the slot
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The entire waveguide width is 2.4 um with polystyrene as the high index
material, and the height is 2 pm. Polystyrene sits on silicon dioxide bottom
cladding, and is enclosed by water as top cladding. The E-field distributions inside
each microring waveguide are calculated and plotted in Fig. 8.25 for a ring with
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Fig. 8.25 E-field distribution (TE polarization) of (a) a conventional polystyrene microring with
waveguide width of 2.4 pm and height of 2 pm, and (b) an asymmetric slot polystyrene microring
with entire waveguide width of 2.4 pm including a slot of 200 nm. Waveguides in both cases sit on
silicon dioxide and are embedded in water
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Fig. 8.26 Effective index variation is calculated as a function of the refractive index of top
cladding. The result shows that slot microrings have higher waveguide sensitivity than conven-
tional microrings
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radius of 45 um. As expected, the guided light tends to propagate closer to the outer
surface (the right segment of the slot waveguide in the figure). Obviously, the
E-field in the slot exceeds the maximum E-field inside the polystyrene sections.
To investigate sensing performance, variation of effective refractive index is
calculated using homogeneous sensing mechanism and plotted in Fig. 8.26. Wave-
guide sensitivity, which is the slope of the line, is enhanced by over fourfold. This
sensitivity can be further optimizeﬁz. by varying waveguide shape, slot size,
individual width of high index sections, and ring radius, or using multiple-slot
microrings®®. To analyze and optimize slot microring sensors in surface sensing, a
simple method combining the effective-index method and the modified transfer-
matrix method can be employed to provide quick design and evaluation of various
structures®. A slot microring biosensor has recently been demonstrated in experi-
ment with sensitivity of 490 nm per RIU and detection limit of 10~* RIU.%*

8.3 Prism-Coupled Microtube Resonator Sensors

Prism-coupled silica microtube resonators are another type of microresonator
sensors. They have the advantages of easy integration to fluidic system, high
Q-factor, and superior sensitivity. Two types of refractive index sensing modes
were observed experimentally by tuning the incident angles in the prism-coupled
configuration. A typical resonance mode interacting with fluids via evanescent
wave has sensitivity below 100 nm per RIU, while a special mode with high
optical field in the low index fluid region can render a record of high sensitivity
of ~600 nm per RIU. In this section, the theoretical calculation of sensitivity will
be discussed using the Mie scattering method and a ray optical picture will be
presented to elucidate the physical nature of this special resonant mode observed
in the microtube resonators. In addition, experimental results of bulk index
sensing (homogeneous sensing) and surface sensing of absorbed lipid membrane
on the inner wall as well as protein binding on the membrane will be demon-
strated and analyzed.

8.3.1 Advantages of Prism-Coupled Microtube-Based Sensors

A silica microtube-based resonator sensor is very attractive for biochemical sensing
applications due to its ability to handle aqueous analytes and its high Q-factor®.
This high-Q characteristic (~10°) is a result of low scattering loss due to very
smooth tube surfaces. However, there are also limitations to the microtube resona-
tors. Since only the inner surface can be used as a sensing interface, the total
evanescence field interacting with analyte solutions is less than half of that in the
microring resonators if these two devices have similar field distribution in the
waveguide and the fluid-cladding region, thereby resulting in lower sensitivity.
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Moreover, the previously demonstrated microtube resonator sensors required a tube
thickness thinner than 5 tm® in order to obtain a refractive index sensitivity of
2.6 nm per RIU, which could cause brittle devices and handling difficulty in
practical applications. These issues can be solved by using the prism-coupled
microtube platform. By tuning the incident angle, such a configuration allows not
only exciting the resonant modes in a microtube with much thicker tube wall, but
also more importantly to excite different high order modes. These features provide
the benefits of robustness, easy handling, and sensitivity tunability.

8.3.2 Experimental Setup and Results of Refractive Index Sensing

To illustrate the concept, a prism-coupled fused silica microtube is built as shown in
Fig. 8.27. The fused silica microtube used in the experiment has an inner radius of
R; = 134 pm and an outer radius of R, = 166 pm. The tube is positioned
perpendicular to the light incident plane and connected to plastic tubes at both
ends for the flow of analyte solution. Light incident onto the semicylindrical prism
can be evanescently coupled into the tube through a controlled air gap between the
tube and the prism surface. This gap is determined by a deposited aluminum film of
400-500 nm in thickness. The microtube is bonded to the prism and then mounted
on a rotation stage. Light from a tunable diode laser around 1,550 nm in wavelength
is collimated onto the prism with the incident angle that can be changed by
adjusting the rotation stage. Tuning the incident angle enables incident light
coupling to different resonant modes within the microtube resonator by satisfying
different phase-matching conditions. The light coupled out of the resonator passes
through an aperture and then through a polarizer, and finally is focused onto a
photodetector. The polarizer is used to select the polarization of the output signal
from the resonator. The experiment is performed for the TE polarization, due to its
higher Q-factor than that of the TM polarization.

Fluid in

microtube

Input from
tunable laser Output to
photodetector
Fluid out

Fig. 8.27 Schematic of the experimental setup
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Index-sensing experiments are performed by changing the refractive index of
the liquid that flows through the microtube and simultaneously monitoring the
corresponding resonant wavelength shift. The refractive indices of the liquid are
controlled by premixing a very small amount of isopropyl alcohol (IPA) with
deionized (DI) water. The index of the mixed solution can be estimated based on
the dielectric constants of both liquids and the molar ratio of each component®’:

n= \/K ’ nl2PA + (1 - K) 'n%vateﬁ 8.5

where k is the molar ratio of IPA in the solution and 7y, and nps are the
refractive indices of water and IPA, and are taken to be 1.320 and 1.378 around
the wavelength range of 1,550 nm, respectively. Figure 8.28a shows three measured
resonance spectra for liquids of different refractive indices and with the incident
angle to the prism at 37.5°. The refractive index difference between the adjacent
spectra is 4 x 1077,

As seen in the figure, four resonant modes are excited within one FSR because
the incident light is a Gaussian beam that covers a range of spatial wave vectors
where different phase-matching conditions can be fulfilled. These four modes with
different optical field distribution across the microtube respond differently to the
fluidic index change: the resonant wavelength shifts for the same refractive index
change An =4 x 10~* are 39 pm, 28 pm, 30 pm, and 54 pm, respectively, for the
first to the fourth peaks. The resonant wavelength shift is plotted as a function of the
refractive index change in Fig. 8.28b. By linear curve fitting, the sensitivity for
these resonant modes are 96.7 nm per RIU, 70 nm per RIU, 74.7 nm per RIU, and
135 nm per RIU, respectively. The largest sensitivity is over 50 times higher than
that reported by White et al.®°.
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Fig. 8.28 (a) Resonance spectra for three different fluidic refractive indices and (b) resonant
wavelength shift as a function of liquid refractive index change in the microtube at the incident
angle of 37.5°. Reprinted from Ref. 68 with permission. © 2008 Optical Society of America
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Fig. 8.29 (a) Resonance spectra for three different fluidic refractive indices and (b) resonant
wavelength shift as a function of liquid refractive index change in the microtube at the
incident angle of 35°. Reprinted from Ref. 68 with permission. © 2008 Optical Society of
America

Further decreasing the incident angle to 35° allows the excitation of even higher
order resonant modes in the microtube resonator. Figure 8.29a shows four reso-
nance spectra measured for different liquid refractive indices with three resonant
modes again showing different shifts. Responding to a refractive index change of
5 x 1072, the resonance shifts are 30 pm, 18 pm, and 10 pm for the three resonant
peaks. The sensitivity for the three resonant modes are 600 nm per RIU, 360 nm per
RIU, and 180 nm per RIU, respectively, by extracting the slope from Fig. 8.29b.
The sensitivity is much higher than what can be achieved with typical evanescent
sensors. Based on the highest sensitivity of 600 nm per RIU, a Q-factor of 2 x 10*
and the ability of resolving a wavelength shift of 1/25th of the resonance line width,
the detection limit can approach 5 x 10~¢ RIU.

8.3.3 Theory of Microtube Resonators

8.3.3.1 Field Distribution and Sensitivity Calculation
in Microtube Resonators

In order to understand the physics behind the observed super-high sensitivity,
we investigated the optical field distribution in the microtube using cylindrical
coordinates z, r, and ¢. The time-independent field distribution for the resonant
mode can be separated into a radial-dependent mode component and an azimuthal-
dependent phase term, Wz (r)exp(im¢), where ¥ is the amplitude of the axial
magnetic (TE) or electric (TM) modal field and m is the azimuthal quantization
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number. For TE mode, only three components need to be considered: H,, E;, and
E 4. The radial dependent field /. can be expressed by Bessel functions as®:

BIJm(nlkOr) O<V§R1
Hy = { [BaJw(nokor) + BsNy(nakor)] Ry <r < Ry, (8.6)
B4Hy(n1)(l’l3koi‘) R, <r<oo

where n;, n,, and ns are the refractive indices of the liquid core region, the silica
microtube region, and the outside air region; kg is the wave-vector in vacuum; and

Jn(nkor), Ny (nkor), and H,(n1 ) (nkor) are the mth order cylindrical Bessel, Neumann,
and Hankel function of the first kind, respectively. By matching the boundary
conditions at the liquid/silica and silica/air interfaces, we obtain the Eigen equation,
which is used to calculate the resonant wavelength. The TE resonant mode with
azimuthal number m is determined by:

niJm(koniRy) _ (B2/B3)Jm(konaR1) + Ny (konaRy) 8.7)
nzfin(kol’l]Rl) (Bz/B3)J,’71(k0n2R1) +N;n(kol’12R1) ’ ’

where B2 _ maHly (komsRo)N,, (komaRs) — moHy (konsRo)N, (konaRo2)
B; nZHSMI)/(KOn'jRZ)Jm (konaRy) — n3Hr(nl)(kon3R2)J§n (konaR>)

For a given m, there are a series of kq satisfying (8.7), which are referred to as the
vth (v =1,2,3,...) order resonant mode. The radial and tangential components of
the electric field for TE modes can be obtained with:

E=——"_H (8.8)
WENET
and
| OH,
Ey = ek 8.9
¢ iwepe Or (8.9)

To calculate the field distribution in a microtube resonator, the following para-
meters are chosen: Ry = 134 um, R, = 166 um, n; = 1.320, n, = 1.450, and n3 =
1.000. A TE mode has much larger E, than E 4, and thus it is appropriate to consider
E, only. Figure 8.30a shows electric field the intensity distribution of TE%? , mode,
where the subscript, 714, stands for the azimuthal mode number and the superscript,
35, stands for the radial mode number. As seen in the figure, the optical field is
predominantly guided within the silica tube wall and decays exponentially in the
cladding regions. Such a mode transduces refractive index change via the conven-
tional evanescent sensing mechanism.
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Fig. 8.30 (a) Radial electric field intensity distribution of E, and (b) the resonance shift as a
function of liquid index change for resonant mode E%,,. Reprinted from Ref. 68 with permission.
© 2008 Optical Society of America

The sensitivity of a prism-coupled microtube resonator can be evaluated
by employing the Mie theory’’. For this calculation, the optical field in air is
modified as:

H, = H™ + H (8.10)

where H" = J,,(konsr) represents the incident wave and H" = B4H,(n1 >(k0n3r)
represents the scattered wave. The coefficient of the scattered wave, By, is obtained
by matching H, and Ey at r = R and r = R,. Plotting |Bﬁ| at a specific m as a
function of wavelength gives the corresponding resonant spectrum. As expected,
increasing the refractive index of the liquid gradually moves the resonance peak
toward longer wavelength. The resonance shift of TE3], mode as a function of the
refractive index change is plotted in Fig. 8.30b, giving a sensitivity of 70 nm per
RIU. This result is very close to the experimental data measured at the incident
angle of 37.5°. Generally speaking, such resonant modes with an evanescent wave
tailing into the liquid region have a sensitivity less than 100 nm per RIU.

Using a similar approach, a higher radial mode of TE%0 is also investigated. The
electric field intensity distribution of this mode is plotted in Fig. 8.31a. The field intensity
still decays exponentially in air, but is dramatically enhanced in the liquid region, which
is very different from that of a typical evanescent resonant mode (e.g., TE?? , discussed
above). Not only does the field intensity of the first peak completely move into the liquid
core, but it also reaches a magnitude significantly higher than the peaks in the silica tube
wall. The optical field in the liquid is no longer an evanescent field, but accounts for
about 60% of the total field. Such a resonant mode is very sensitive to the index change
of the liquids, making it an excellent choice for sensing applications. The resonance shift
as a function of the index change of liquid is calculated and shown in Fig. 8.31b. As can
be seen in the figure, the sensitivity of this mode is around 560 nm per RIU, which is
close to 600 nm per RIU observed in the experiment.
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Fig. 8.31 (a) Radial electric field intensity distribution for resonant mode Er37700, and (b) resonance
shift related as a function of refractive index change for resonant mode £%),. Reprinted from Ref.
68 with permission. © 2008 Optical Society of America

Fig. 8.32 Schematic of ray tracing picture of a resonant mode with light transmitted into the inner
boundary. Reprinted from Ref. 68 with permission. © 2008 Optical Society of America

8.3.3.2 Nature of the Nonevanescent Resonant Modes

The unique field penetration into the liquid of a nonevanescent resonant mode like
TE%0 is very promising for the sensing applications. To understand the origin of
this behavior and further optimize the devices, a ray optical picture’" is presented.
This type of resonant modes exist as if rays are bounced at the liquid/silica interface
and confined in the liquid region as plotted in Fig. 8.32. From the viewpoint of ray
optics, light is partially reflected (termed ray 1) and partially transmitted when it is
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incident at liquid/silica interface (r = R;) from liquid side. The transmitted rays
continue to propagate within the silica tube wall until they undergo total internal
reflection at the silica/air interface (r = R») (termed ray 2). When these two rays
meet again at the liquid/silica interface in space and in phase, they interfere
constructively. Furthermore, if the two rays form a closed loop within the tube
circumference, a resonant mode is created.

This type of mode can exist only under certain conditions related to the geometry
of the microtube and the refractive indices of the three regions. By defining the
incident and reflection angles at r = R and r = R, as 0, and 0,, the light transmitted
through the inner boundary and totally internal reflected at the outer boundary
should satisfy the following three criteria:

in(w — 0 in0
sin(r ) - 2, sinf; < ﬂ, and sinf, > — (8.11)
R, Ry ny 2

n3
)
n

These leads to an inequality: (R,/R;) < (n;/n3), which sets a constraint on the
ratio of the outer radius to the inner radius for the microtube. In our experiments
where the inside is water and the outside is air, the requirement on the ratio of the
outer radius to the inner one is Ry/R; < 1.32. This condition is satisfied for the
silica microtubes used in our experiment (R,/R; = 166/134 = 1.24 < 1.32).

The detection limit of the microresonator-based refractive index sensing device
is directly related to the Q-factor of the resonator and the sensitivity of the resonant
mode discussed above. The Q-factor of a microtube resonator is determined by the
total loss of a resonant mode, including radiation loss, absorption loss, and surface
roughness scattering loss. The overall Q-factor can be expressed as

1 1 1 1

Q Qradiation Qabsorption Qscattering .

(8.12)

For a nonevanescent mode having high optical field penetration in the liquid, its
wave is still well confined at the outer boundary due to total internal reflection,
leading to low radiation loss. Scattering loss induced by the surface roughness is
much lower than that in the microrings described in Sect. 8.2.6.2 due to much
smoother surfaces of the microtube. Such scattering loss can be further reduced by
choosing a mode with small electric field at the inner boundary. These two loss
sources result in Q-factor of around 107 calculated by the Mie scattering method.
However, if taking water absorptions into account, the Q-factor is reduced to
about 5 x 10*, which has the same order of magnitude as in our experiments
(Q ~ 2 x 10%). To reduce the effect of water absorption and to improve sensing
performance, microtube resonator sensors can be operated in the visible wave-
length, enhancing intrinsic Q-factor by two orders of magnitude. This leads to
detection limit of around 5 x 1078 RIU, and elevates the microtube resonators as
one of the most sensitive devices.
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8.3.3.3 Sensing Property of Microtube Resonators
Sensitivity in Bulk Index Sensing

Using the method described in Sect. 8.3.3.1 to obtain the electric field in a
microtube resonator, the device sensitivity can be calculated with the perturbation
theory for different modes. This provides more systematic insight into the operation
of microtube resonators. First, bulk index sensing is considered. The sensitivity is
proportional to the integrated optical field inside the liquid core region over that of
the entire space, and can be expressed as’*:

2 —
ndr

[, n?|E.[*dF’

E.

z

5/L. /1 fvl

ul = — = .1
Shulk 5 (8.13)

where /1 is the resonant wavelength, V is the entire space, and V/; is the space within
the inner boundary of the microtube.

Sensitivity for different radial mode numbers (V) is calculated and plotted in
Fig. 8.33. One noticeable feature is that the sensitivity dramatically increases with
the radial mode number from N = 32 to N = 37. This is because the ratio of the
electric field intensity of the resonant mode in the liquid region to the total
electric field intensity is increased with the resonant mode radial number. By
calculating the electric field distribution in each case, we find that the microtube
is operated in the evanescent sensing regime for N < 35, while it starts to approach
the nonevanescent sensing regime for N > 35. Sensitivity can be enhanced roughly
six times comparing the maximal sensitivity in the nonevanescent regime to that in
the evanescent regime. Also it is interesting that the sensitivity in the nonevanes-
cence region with different radial order modes (i.e., different field penetration in
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Fig. 8.33 Calculated sensitivity in bulk index sensing for different radial mode numbers with the
same azimuthal number m = 700
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the liquid region) oscillates between 300 nm per RIU and 600 nm per RIU, which
is somewhat contradictory to our expectation that as the optical field penetrates
deeper into the fluid region the sensitivity would continue to increase rather than to
oscillate. We believe that this behavior is due to an intricate interference effect
between the two optical rays depicted in Fig. 8.32.

Sensitivity in Surface Sensing

In surface sensing, the adsorbed biomolecules onto the inner wall of a microtube
will change the wave vector of a supported mode from & to k; and the electric field
from E, to E,. These unperturbed (E;) and perturbed (E,) electric fields still
satisfied wave equation:

V x V x Ey = kj¢Eo, (8.14)
V xV xE| =kigEy, (8.15)

where ¢ and ¢, are the dielectric constant distributions before and after the biomol-
ecule adsorption. Multiplying (8.15) by Ej and integrating over the entire space
gives

/Eé -V xV x Eidi = k%/Ea -eE dr + k%/ ES . (Sfilm — 81iquid)E1dl7, (8.16)

v v Vi

where &g and é&jiquiq are the dielectric constant of the biomolecular film and the
liquid, v is the total space of the microtube, and v, is the space that biofilm absorbed
on the microtube. By using””:

/E(*)'VXVXEldFZ/El-VXVXE(*)d?:k(Z)/El-sESdF.

v V v

The following equation can be derived

(k5 — &) / E, - eEydri = i} / Ep - (efim — Sriquia)E1d7. (8.17)

Vi

Assuming that the adsorbed biomolecular layer thickness T is very small, the
electric field within the film can be taken to be a constant and the field distribution
in the resonator change is very small, so E; can be approximated by E,, which
lead to

oA B f‘,l E} - (&fiim — Sliquid)Eldf'N |ER, |2(gﬁlm — sliquid)anT (8.18)
A 2 [ Ey - eEydF ~ [, Eo - eE§dF ' '
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Fig. 8.34 Surface sensing sensitivity of different radial order modes are simulated by using the
perturbation method with the same azimuthal number m = 700.The adsorbed polymer layer is
assumed to have a refractive index of 1.46

Using the same definition in Table 8.1, the sensitivity in surface sensing can be then
expressed as

¢ _ s |ER, | (efitm — €tiquia) TR,
surface T fv EO . FESdF

(8.19)

From (8.19), we can see that the sensitivity can be enhanced by increasing the ratio
of the field intensity at the boundary to the total field, reducing the tube thickness, or
enlarging the inner radius of the microtube. The first condition can be achieved by
exciting higher-order evanescent modes. Reducing the tube thickness also
decreases the optical field inside the tube wall, which has a similar effect to the
first condition. Increasing the radius of the microtube will increase the evanescent
field at the inner surface, which leads to improved sensitivity. Calculated sensitivity
for different radial mode number is plotted in Fig. 8.34. In the evanescent sensing
regime, the sensitivity increases with radial number because of the increase of the
electric field at the inner boundary. In the nonevanescent sensing regime, the
oscillatory behavior as a function of the mode number, similar to the case of bulk
index sensing, is observed but with an opposite trend.

Sensing by Light Absorption in Microtube-Based Resonator Sensor
Detection of the presence of certain analytes in the fluid can also be accomplished if

the analytes have light absorption in the wavelength range of interest. The sensitivity
can be enhanced by using the microresonator structure due to the increased
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interaction length between the light propagating in the resonator and the analytes.
For simplicity, we consider the case of analytes dissolved in the bulk liquid flowing
through the microtube. Light absorption can be included in our model by taking into
account the imaginary part of the refractive indices. The presence of the light
absorbing analytes changes the imaginary part of refractive index of the liquid
from x; to k,, which will cause the imaginary part of the wave vector to change
from k; to k, and the electric field of the resonant mode changes from E; to E,.
The unperturbed and the perturbed electric field still satisfy the wave vector
equation:

V x V x Ey = (ko — iki)*&1Ey, (8.20)
V X V X Ey = (ko — iky)*e2E, (8.21)

where &, and &, are the dielectric constant distributions for microtube filled with
liquid with optical absorption coefficients x; and ;. In the liquid region, the
dielectric constant are §; = ng — K% + 2ingr; and g = n(z) — K% + 2ingk,. In typical
sensing experiment, both x; and k, are much smaller than n, so to the first-order
approximation the resonant wavelength and the field distribution will remain un-
changed. However, the resonant mode’s Q-factor will change with the optical

absorption coefficient. From (8.20) and (8.21), we can obtain the following equation
(ko — ik1)2 / 81E1 E’fdl_': (ko — ikz)z / 82E2 E;d? (822)

By comparing the real part and imaginary part of the (8.22) we can obtain the
following two equations

ky —k; Mo fvl E; ~ETdF(
= K
ko [ eEi -EjdF 7

— K1), (8.23)

k1K2 = szl. (824)

The quality factor of the microtube resonator can be defined as flowing:
Qi = ko/2k;, where the i = 1,2. If we define
2}’10 fvl El ETdF
[ eEy - E{dF

which is interaction factor of the resonant mode, we can get

1 A

Q:ﬁ:4nod"'

(8.25)
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Then we define the sensitivity as the change in Q-factor with the change of the
imaginary part of the refractive index of the liquid:

Y
oo

_ 9 (8.26)

S = = =
abs 402l o

Clearly high Q-factor resonance also benefits the detection of light-absorbing
analytes in the fluid region.

8.3.4 Surface Sensing Experiment: Detection of Lipid
Membrane and Membrane Proteins

Surface sensing relies on the interaction between the electric field and the adsorbed
analytes at the sensing surface. According to (8.22), a microtube sensor is more
sensitive with a larger field at the inner boundary. Unlike the nonevanescent modes
with the highest sensitivity exploited in the bulk index sensing but having a very
small field at the inner boundary, a different type of mode should be chosen that has
sufficiently high optical field magnitude at the boundary. Figure 8.36 shows the
electric field distribution of such a preferred resonant mode. The selected mode,
corresponding to TE%87, is predominantly guided within the silica tube wall and
decays exponentially in the low-index cladding regions. This mode has large
electric field at the sensing surface (i.e., the liquid/silica interface) to allow maximal
interaction with the bound biomolecules. Note that typically such a mode will only
render moderate bulk index sensitivity due to the reduction in the ratio of the optical
field residing in the liquid region.

T T T T v T

7.0x10°°4 — liquid with index 1.3200
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Fig. 8.35 Resonance spectra for two different liquid indices inside the micro-tube: 1.3200 and
1.3202
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Fig. 8.36 Radial electric field intensity distribution for the resonant mode £,

To experimentally select a proper resonant mode for high surface sensitivity, the
bulk index sensing experiment as described in Sect. 8.3.2 is first performed by
varying the incident angles. Figure 8.35 shows the output resonance spectra for two
fluids with index difference of 2 x 10~*. The resonant wavelength shift is around
38 pm, resulting in a sensitivity of 190 nm per RIU. Based on the previous
discussion, such a resonant mode should have a reasonably high optical field at
the liquid/silica boundary.

The surface sensing experiment is designed to detect the formation of lipid
bilayer membranes on the silica tube’s inner wall. The lipid membrane is formed
by introducing solutions containing the liposome into the tube. The liposomes
rupture upon contacting the silica wall and subsequently fuse together and form a
lipid bilayer membrane onto the silica tube wall. In the experiment, a microtube is
first flowed with Tris buffer solution to establish a baseline. Then 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) liposome solution is injected into
the tube. After 30 min, the resonant spectrum was measured and showed a red shift
of ~75 pm, which is due to the formation of lipid membrane on the microtube wall
and the unbound liposome remained in the solution. Next a rinsing step with Tris
buffer washes away any unbound liposome and the resonance is observed to shift
back by ~21 pm. The resonance evolution is shown in Fig. 8.37. The net shift due to
the adsorbed lipid membrane on the tube wall is around 44 pm.

Next we want to use the microresonator to detect the binding of a membrane
protein to the lipid bilayer formed on the tube wall. The protein we choose is
Annexin V, since its binding to the lipid membrane has been well studied in the
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Fig. 8.37 Resonance spectra of the microtube filled with Tris buffer, liposome solution in
saturation, and Tris buffer after rinsing, respectively
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Fig. 8.38 Resonance curve shift due to Annex V proteins binding to the adsorbed lipid membrane
on the silica wall

past’®. After coated with lipid bilayer, the microtube is flowed with Annexin V
proteins dissolved in 8 mM CaCl, at a concentration of ~26.67 ng mL™~"'. The an-
nexin V protein will bind to the lipid membrane in the presence of Ca®". Figure
8.38 shows a series of resonance curves when the microtube is filled with 8 mM
CaCl, buffer solution to establish the baseline (left); after 10-min continuous flow
of Annexin V solution followed by CaCl, rinsing (middle); and 40-min continuous
flow of Annexin V solution followed by CaCl, rinsing (right). The resonance shift is
relatively small as compared with that observed in the formation of lipid bilyer.
This is due to the partial coverage of lipid membrane by the Annexin V protein.”*
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Fig. 8.39 Evolution of resonance curves due to the formation of lipid monolayer onto the inner
wall of a microtube

In order to verify that the adsorbed lipid membrane indeed forms a bilayer film,
another experiment is conducted with an aim to detect the formation of a monolayer
lipid. It starts with a piranha-cleaned micro-tube treated with silane to render its
inner surface hydrophobic. POPC liposome is then injected into the microtube. It is
known that POPC lipid will form a monolayer to such a surface by orienting their
hydrophobic tails toward the hydrophobic wall. The experimental results using
a mode with similar sensitivity as the previous experiment are shown in Fig. 8.39.
The resonance shift in this case is ~22 pm, which is about half of that observed
for the adsorption of a lipid bilayer. These two experiments suggest that the
microtube resonator is capable of accurately determining an adsorbed biomolecular
layer down to a few nm thicknesses.

To further investigate the capability and the repeatability of the microtube
system in detecting the adsorption of a ultrathin film, we performed another
experiment by investigating a layer-by-layer polymer film formation on the silica
tube wall. This experiment is done by using the electrostatic self-assembly of
nanometer-thick polyelectrolyte films. Electrostatic self-assembly relies on the
electrostatic interactions between an adjacent polycation and polyanion layers.
The substrate is preprocessed to have charges (e.g., the oxide surface has a negative
charge in dilute acid solution). In our experiment, we used poly-diallyldimethy-
lammonium chloride (PDDA) as the polycation and polydye s-119 as the poly-
anion. To start, the microtube is cleaned with piranha solution for 30 min, which
helps to form -O H" groups on tube surface where H'" ions can be readily
exchanged with other cations. Then cationic solution PDDA solution is flown
through the tube to allow the negatively charged silica wall surface to be completely
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Fig. 8.40 Evolution of the resonance curves during the self-assembly of seven alternating elec-
trostatic monolayers

covered with a layer of positively charged PDDA molecules. After a DI water rinse,
anionic solution poly dye S-119 flows through the tube and forms a negatively
charged monolayer that bonds to the pervious cationic layer by electrostatic inter-
action’”. This sequence can be repeated to form a multilayer coating at the inner
tube wall. The experiment results of coating seven alternating mono-layers are
shown in Fig. 8.40. The resonance shift induced by PDDA monolayer is ~9 pm,
while that of poly dye s-119 monolayer is ~24 pm. The reason for this difference is
that the refractive index of poly dye s-119 is much large than that of PDDA.

8.3.5 Quantification: Lipid Membrane and Binding
of Membrane Proteins

Next we will calculate the resonant wavelength shift due to the adsorption of
an organic layer on the inner tube wall by using the Mie theory. We consider the
resonant mode TE%87 as shown in Fig. 8.36. First, we calculate the bulk index
sensitivity by using the procedure described previously. The sensitivity for TE3S,
mode is found to be ~170 nm per RIU. This value is very close to the experimental
result obtained in the index sensing experiment, 190 nm per RIU. This agreement
also supports our interpretation of the optical field distribution shown in Fig. 8.36
for such a resonant mode.

Using the Mie scattering method, the resonant wavelength shift due to the
adsorbed lipid membrane onto the tube wall is simulated with the microtube
dimensions identical to the previous simulations. The refractive index of lipid
bilayer is assumed to be 1.46. When the inner surface of a tube is coated with lipid
membrane, the magnetic field for TE mode can be described in the following form:
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B1Jm(konip) 0<p<d
[BoJm(konap) + B3Ny (konap)]  di < p < dy
[BaJm(konsp) + BsNy(konzp)]  dr < p <ds

B6H,(,,l)(k0n4p) dr <p <+

H. = (8.27)

where ny, n,, n3, and ny are the refractive indices of the liquid, the lipid membrane,
the silica microtube, and the air, respectively. After matching the boundary condi-
tions, the resonance condition can be given by:

(B2/B3)Jm(konady) + Nuw(konads)
(B2/Bg)n51];n(k0n2d2) + HEIN;n(kQI’lzdz)

(B4/Bs)Jm(konsda) + Ny, (konad,) (8.28)
(Ba/Bs)ny T}, (konsd) 4 n3 'N,, (konsda)’ '

where

ﬁ _ nzji/n(koi’lldl)Nm(kol’lzdl) — l’l]Jm(konldl)N;n(konzdl)
Bz miJy(konidi)J), (konady) — noJ), (konidy)J m(konady )

and

& _ H3H,<nl)/ (k()l’l4d3)Nm (k()l’l3d3) — I’l4H£nl)(k0I’l4d3)N;n(koi’l3d3)
Bs  nyHY) (konads)J!, (konsds) — nsHY (konads)J(konsds)
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Fig. 8.41 Simulated resonance curve shift with the thickness change of the lipid membrane



224 C.-Y. Chao et al.

Figure 8.41 shows the evolution of resonance curves when the thickness of the
absorbed film increases incrementally by 1.0 nm. The curve shifts to longer
wavelength with increased film thickness due to the increase of effective refractive
index in the cavity. The resonant wavelength shift is calculated with respect to the
thickness change of lipid membrane, and we find that the experimentally observed
shift of 44 pm corresponds to a uniform thickness of 4—5 nm using the typical index
of lipid membrane (1.46). This result is consistent with the thickness of a bilayer
lipid membrane reported in the literature’®. Performing the same calculation for
the layer-by-layer adsorption experiment (PDDA and poly dye s-119 with the
refractive indices of 1.46 and 1.6, respectively), we find the resonance shift
would correspond to a monolayer thickness of 1 nm, which is also consistent to
that reported in previous papers.’’

8.4 Conclusions

Two types of optical microresonator sensors, polymer microring biochemical
sensors and microtube resonator sensors, have been demonstrated in homogeneous
and surface sensing