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Preface

Plastic or organic electronics offer several advantages over conventional inorganic
technologies. Firstly, the molecular structure of organic semiconductors and
conductors can be tuned for various applications using synthetic chemistry.
In addition organic thin films are flexible, and can be processed and patterned
inexpensively. However, improving the thin film conductivity of organic semi-
conductors and conductors is necessary for widespread application and adoption.
The overall goal of this thesis is to investigate and control organic small molecule
growth at surfaces in order to improve the performance of organic electronic
devices.

In Part I of the thesis, improving the charge carrier mobility of organic thin film
transistors (OTFTs), the building block for plastic electronics, is discussed. The
nucleation, stability and thin film growth of model organic semiconductors such as
pentacene and C60 are described with focus on correlating thin film structure to
charge carrier mobility. More specifically, pentacene nucleation and growth on the
most common substrate for OTFTs, an octadecylsilane (OTS) monolayer modified
silicon oxide surface, is investigated. The role of the density of the OTS was
determined to be a critical device parameter that impacts organic semiconductor
nucleation and growth, and the charge carrier mobility, as the OTS transitions from
an amorphous monolayer into a crystalline one. Dense OTS monolayers were
fabricated using the well known ultrathin film Langmuir Blodgett (LB) technique,
as well as a new spin-coating technique developed in our lab. The crystalline OTS
monolayer serves as an excellent template for promoting desirable organic semi-
conductor thin film growth leading to high performance transistors. Therefore a
crystalline OTS dielectric surface modification layer, which greatly improves
organic semiconductor performance, may be important for the future success of
OTFTs and organic circuits.

In the Part II of the thesis, lessons learned from studying organic semiconductor
nucleation and growth are applied to improving the conductivity of carbon
nanotube (CNT) networks for transparent electrode applications. Selective growth
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of organic small molecules with low molecular orbital energies was used to greatly
reduce the sheet resistance of CNT films by both decreasing junction resistances
and stable doping of the semiconducting CNTs. The result is a material which has
the highest value (in terms of transparency and sheet conductivity) of any carbon
based transparent electrode.

vi Preface
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Chapter 1
Introduction to Organic Semiconductors,
Transistors and Conductors

1.1 Background: Plastic Electronics

The discovery that carbon based materials can efficiently conduct electricity is
among the most significant findings in material science in the past several decades
and spawned the field of organic or ‘‘plastic’’ electronics. The discovery of con-
ducting polymers was made by physicist Professor Alan Heeger, and chemists
Professor Alan MacDiarmid and Professor Hideki Shirakawa for which the three
were awarded the Nobel Prize in chemistry in 2000. Plastics, along with con-
ventional inorganic semiconductors like silicon, represent the two most significant
materials breakthroughs in the past century. It would be impossible to imagine life
without either. Organic electronics is a fascinating emerging branch of material
science since its aim is to wed the benefits of these two classes of materials.

As Nobel Prize winner Alan Heeger stated, organic semiconductors and con-
ductors, ‘‘offer a unique combination of properties not available from any other
known materials.’’ Compared to brittle inorganic materials, which are expensive to
process and require high temperatures and vacuum, organics can be processed
inexpensively, at low temperatures and are compatible with flexible plastic sub-
strate [1]. Unlike inorganic crystalline materials where the lattice is composed of
covalent or ionic bonds between neighboring atoms, in organic crystals, the lattice
is held together by weaker van der Waals forces which allow the material to be
flexible and ductile [2]. Finally, a wide variety of conductive organic materials can
be synthesized using chemistry. The ability to tailor or tune a semiconductor or
conductor for a specific application is another major advantage plastic electronics
have over conventional inorganics [2, 3].

The potential to create novel, flexible, and cheap electronics, has engendered
thousands of researchers worldwide to study plastic electronics. This has lead to
the investigation and implantation of organic semiconductors and conductors into
a variety of electronic devices some of which are now widely commercially
available such as organic light emitting diode (OLED) displays, and others which
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are still being investigated such as organic solar cells. Widespread adoption of
plastic electronics still requires considerable research and development. Moreover,
finding the ‘‘niche’’ technologies where the advantages of organics can be realized
is an important consideration for commercialization.

Aside from carbon nanotubes and graphene (discussed later), most traditional
carbon-based semiconductors and conductors still lack the electrical conductivity
to drive the logic in high end applications such as a computer processor; however
their performance is sufficient for a variety of lower-speed applications, such as a
computer display [1, 2]. Plastic Logic, a leading start-up company commercial-
izing organic devices, plans to unveil its electronic-reader named ‘‘que’’ in 2010. It
can store hundreds of books, and documents, all at a fraction of the weight of
conventional inorganic technologies. The backplane of the plastic display is driven
by organic circuits which utilize a semiconducting polymer as the active layer.
Sony has recently developed organic light emitting diode (OLED) monitors and
televisions. Currently the cost is high, but OLED displays require less power to
operate, and emit uniformly (i.e., there is no angular viewing dependence like
liquid crystal displays) [2]. Moreover, the energy levels of the organic semicon-
ducting molecules in an OLED can be tuned by chemistry, so very aesthetic and
‘‘eye-pleasing’’ colors can be emitted. Other applications for plastic electronic
materials include radio frequency identification (RFID) tags, and other flexible,
low-cost electronic circuitry. If the stability and performance of organic material
increase, it is possible extremely cheap RFID tags (less than $0.01) could be
fabricated. Retailers hope to tag even the most common items like a bag of potato
chips with RFID tags. Not only would this decrease the chance for merchandise to
be stolen, but one could imagine checking out a store with all the information
simultaneously transferred via these RFID tag to the consumer’s debit or credit
card, minimizing time and money spent using checkouts or cashiers. Tracking and
supply chain monitoring of goods would also greatly benefit from cheap organic
RFID tags.

In the past several years there has also been a surge of research activities on
fabricating organic semiconductor based biological and chemical sensors [4].
Again the ability to tune the materials using chemistry for high analyte sensitivity/
specificity and the potential for low-cost fabrication make organics very promis-
ing. The flexibility and potential compatibility with a variety of biomaterials, also
make organic electronics interesting for biomedical applications [5]. Finally, the
past several years have seen a tremendous rise in the research and development of
organic solar cells. The current record efficiency for organic solar cells is *8%
which is quite impressive. Several startups have begun to populate this area with
fierce competition and impressive speed. If several key challenges are addressed, it
is possible organic solar cells will be competitive with inorganic technologies in
the near future (Fig. 1.1).

All the aforementioned technologies require high performance organic semi-
conductors and or conductors. The physical distinction between the two and a
more in-depth analysis of types of electrical circuit elements which are put
together for a real device are described below.
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1.2 Organic Semiconductors and Conductors

In order for organic materials to be semiconductors or conductors, they must
possess a rich pi-electron system, i.e., molecules composed of sp2 hybridized
carbons like aromatics and heteroaromatics. The double bonded character allows
pi-electrons in a material to be mobile and thus conduct electricity [2, 6–8].The
vast majority of conventional plastic or organic materials like plastic bottles, bags,
bike helmets, and plates are composed primarily of insulating polymers where the
backbone of the polymer consists of single bonds between carbons. These plastics
are flexible and easy to process, but are electronically insulating (the bandgap is
typically in excess of *4–5 eV). These types of materials are interesting as
insulators (dielectrics) and encapsulation. Scientists working on organic elec-
tronics are primarily focused on improving the conductivity, stability, and tailor-
ability of highly conjugated organic semiconductors (bandgaps are typically in the
1–3 eV range) and conductors [2, 9].

Several common organic semiconductors and conductors are illustrated in
(Fig. 1.2). There are several features which dictate their performance and thus
potential utility in devices, which will be discussed in the next two sections.
Similar to inorganic materials, the terms insulator, semi-conductor, and conductor
refer to the energetic differences between the lowest unoccupied molecular orbital
(LUMO) or conduction band (CB) and the highest occupied molecular orbital
(HOMO) or valence band (VB). For insulators the band gap is appreciably large.
Upon application of an electric field there is still not enough energy for electrons to
populate the LUMO or CB. Semiconductors have received the most industrial and

Fig. 1.1 Organic electronic devices a flexible circuitry from ECT inc, b flexible radio frequency
identification tag, c flexible pressure sensors made using organic transistors from Univ. of Tokyo,
d concept of a flexible display from ECT, e prototype flexible electronic paper from Plastic
Logic, f, a flexible organic solar cell from Konarka Inc.
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research attention. Semiconductors are the active component in electronics since
they can be operated as switches (more in the next section) [2]. Upon application
of electric fields the semiconductor can conduct current like a conductor, and upon
the removal of external fields, is insulting. The band gap is intermediate in energy.
Finally, conductors are materials where the band gap is zero or very small com-
pared to thermal energy [9]. Conductors are also critical for electronic applications
and there are several interesting organic materials which can conduct as efficiently
as metals, but are lighter and more flexible.

It is important here to note that throughout the remainder of this thesis the terms
‘‘carbon-based’’ and ‘‘organic’’ are used interchangeably. Strictly speaking, allo-
tropes of carbon, or those which contain pure carbon like carbon nanotubes,
graphene, and C60, are technically not defined as ‘‘organic’’. However, in the field
of plastic electronics they are commonly grouped with organic materials like those
shown in Fig. 1.2, and will also be considered as organic conductors and semi-
conductors in this work.

Fig. 1.2 Common carbon-based semiconductors and conductors. Semiconductors from the top
to bottom: pentacene, C60, poly-3-hexylthiophene, semiconducting single walled carbon
nanotube. Conductors from top to bottom poly-3,4-ethylenedioxythiophene polystyrenesulfonate
(PEDOT:PSS), graphite, metallic single-walled carbon nanotube. (*note the kT refers to thermal
energies where k is Boltzmann’s constant and T is temperature)
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1.3 The Organic Thin Film Transistor

The ability for the semiconductor to act as either ‘‘on’’ and conduct current when
external energy is applied, and behave as insulator or ‘‘off’’ when the external
energy is removed, allows for the fabrication of logic circuits. The building block
of organic circuitry is the organic thin film transistor. The majority of research
efforts in organic electronics have been dedicated to improving the performance of
organic thin film transistors (OTFTs) [1, 2, 10–13]. The active layer is the organic
semiconductor (see Fig. 1.3). Analogous to inorganic semiconductors, control of
the chemistry, materials purity/quality, thin film growth, and processing dictate the
performance of organic materials. Typically, three major metrics are used to assess
the performance of an organic semiconductor. The first is the charge carrier
mobility, l (cm2 V-1 s-1), which is a measure of how fast charge carriers can
move (i.e. their velocity v) under an applied electric field (E) [2].

l ¼ m=E ð1:1Þ

The mobility determines the potential usage of the semiconductor. For simple
circuits which can function as backplanes for displays, the mobility must be
*0.1–1 cm2 V-1 s-1. This is the value for amorphous silicon, which is currently
used to drive most displays. The modest mobility needed for display applications is
due to the fact that the human eye cannot sense faster speeds [8]. The transistors in a
computer processor, however, require mobilities of *500–1,000 cm2 V -1 s-1 to
perform complex tasks quickly. This is achieved by using very high purity, crys-
talline silicon. Aside from carbon nanotubes and graphene (discussed later) no
organic semiconductor to date shows such high mobilities. Typical mobilities for
good organic semiconductors fall into the 0.1–5 cm2 V-1 s-1 range for thin film
TFTs and up to 1–30 cm2 V-1 s-1 for single crystal TFTs [10]. Two other
important metrics are the on/off ratio and the threshold voltage (VT). The on/off
ratio is a measure of the maximum current when the TFT is turned on (when
voltages are applied) to when the device is off (no voltage applied). This value
should also be as high as possible; typical values for good OTFTs are 105–108. VT is
essentially the voltage required to turn on the device and should be as close to zero
volts as possible in order to minimize power requirements and improve switching
speeds. Other significant metrics include the sub-threshold swing, hysteresis
characteristics, and stability [2, 14].

The typical OTFT structure is shown in Fig. 1.3. The semiconductor is
deposited onto a organosilane self assembled monolayer (SAM) atop a 300 nm
SiO2 dielectric layer. The insulating SiO2 dielectric is typically thermally grown
on top of the gate electrode-a heavily doped silicon wafer (the doping is high
enough that the silicon is metallic). The importance of the SAM will be discussed
in detail later. The OTFT is completed by defining gold source and drain elec-
trodes via thermal evaporation through a shadow mask. Though many of the
materials used for OTFT fabrication are inorganic (Si, SiO2, gold) they are used
since they are readily available in a research setting. The Si/SiO2 substrate can be
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purchased in large quantities from the silicon wafer fabrication industry [2, 15].
The active organic semiconductor is the most critical for plastic electronics.
Recently many groups have demonstrated all organic circuits (i.e. electrodes,
semiconductor, and dielectric are all organic) [1, 16–18]. But for practical
screening of organic semiconductor performance Si/SiO2 remains the most
common substrate.

1.3.1 OTFT Operation and Carrier Type

An OTFT operates in the following way: a voltage is applied to the gate electrode
which induces a thin sheet of charge at the semiconductor/dielectric interface.
Typically voltages of *100 V are dropped over the 300 nm dielectric, so that the
vast majority of mobile charges are confined to a few nanometers at the semi-
conductor/dielectric interface [19, 20]. As discussed in detail later, control of this
interface is critical for device performance. Another voltage is applied between the
source and drain electrodes, which causes the mobile charges in the semiconductor
to move from source to drain and thus establish a current flow [9].

Organic semiconductors can act as either electron transporters (n-channel) or
hole transporters (p-channel). The carrier type is dependent on trap states, the
HOMO–HOMO wave function overlap between neighboring molecules, the
LUMO–LUMO wave function overlap, and the relative positions of the HOMO
and LUMO with respect to the Fermi energy of the source and drain electrodes [9].
Pentacene, for example, is the most studied molecule for organic thin film tran-
sistor applications, since high hole mobilities (over 1.0 cm2 V-1 s-1) can be
achieved regularly using vacuum deposition. Though much less commonly dem-
onstrated, pentacene has also been used as an electron transporter. Gold is typically
used as the source and drain electrodes in OTFTs, the energy barrier between the
HOMO of pentacene and the Fermi energy of gold is smaller than between the
Fermi energy and the LUMO of pentacene. Thus upon application of negative
voltages, the energy levels of the HOMO and LUMO of pentacene are increased,
until they are resonant with the Fermi energy of gold. The electrons from the
HOMO spill out onto gold, leaving behind mobile holes. Upon application of a
negative voltage between the source and drain, holes are free to move (Fig. 1.4).

Si n++ (gate electrode) 

SiO
2
 (dielectric)

Semiconductor

S D
Fig. 1.3 Typical schematic
of an organic thin film
transistor. S and D refer to the
source and drain electrodes
(which are generally gold, but
many other metals are also
being researched)

6 1 Introduction to Organic Semiconductors, Transistors and Conductors



Conversely, molecules with lower HOMO and LUMO energies are often
regarded as n-channel semiconductors. C60, for example is a well known n-channel
material—which is again due the fact its LUMO is closer in energy to Fermi
energy of gold compared to its HOMO. Upon application of a positive gate
voltage, the HOMO and LUMO energies of the C60 lower in energy to the point
where the LUMO is resonant with the Fermi Energy of gold [9]. As the energy is
lowered by the applied voltages, electrons from the gold populate the C60 LUMO,
and upon application of a positive voltage difference between the source and drain
electrodes, the electrons flow establishing a current (Fig. 1.5).

The charge carrier mobility can be extracted from current–voltage (I–V)
measurements. The source-drain current is a function of the applied voltages at the
gate electrode, between the source and drain, the geometry of the channel, and the
capacitance of the dielectric. Thus, by fabricating a TFT the performance of the
semiconductor can be gauged. Mathematically, the drain (IDS) current is related to
the mobility (l), applied gate voltage (VG), channel geometry (channel width
(W) and length (L)) and capacitance of the dielectric (C) by: [1, 2]

IDS ¼
WC

2L
lðVG � VTÞ2 ð1:2Þ

Fig. 1.4 Schematic showing
p-channel operation of a TFT.
Application of gate voltage
draws charge to the dielectric
interface, and then by
applying a source-drain
induces mobile charge to flow
establishing a current. Once
the voltages are removed, the
semiconducting layer returns
to the ‘‘off’’ state
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1.3.2 Charge Carrier Mobility

Recall that the higher the charge carrier mobility, the greater potential utility for
the semiconductor. There are several factors, at various length scales, which
govern the charge carrier mobility of an organic semiconductor. Considering the
most commonly used microscopic theory, the rate of charge transfer between
neighboring semiconducting molecules can be described by Marcus Theory [2],

KET ¼
4p
h

1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pkBTk
p t2 expð� k

4kBT
Þ ð1:3Þ

where kET is the rate of electrons transfer, h is plank’s constant, kB is Boltzmann’s
constant, t is the transfer integral, and k is the reorganization energy. The transfer
integral is related to electronic overlap between adjacent molecules. The greater
the overlap, the more efficiently electrons are transported. The reorganization
energy is the energetic penalty associated with charging a molecule; specifically, it
is the difference in energy between the charged and neutral species. The greater the
reorganization energy the less efficient the charge transport [1]. There is still
significant debate about how to address reorganization energies. It is also not clear

Fig. 1.5 a An idealized
organic transistor before
application of external
voltages. The large rectangles
which are shaded represent
energy band, for the source
and drain electrodes. The
HOMO and LUMO energies
of the organic semiconductor
are shown in the middle thin
rectangles. b and d show
electron accumulation and
transport (n-channel) based
on applications of positive
gate and drain voltages. c and
e show hole accumulation
and transport (p-channel)
based on applications of
negative gate and drain
voltages. Adapted from
Ref. [9]
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how an excited molecule’s reorganization energy is dissipated. There is evidence
that the excited state can couple into phonon-modes of the lattice and influence
many other molecules [8]. Thus the current theoretical treatment, which usually
involves using density functional theory (DFT) to calculate the dimer overlap
integral, and single molecule excited state energy may be far from complete.
Though for many rigid small molecules, like pentacene, the treatment seems to
give reasonable results [2].

However, in many cases, using quantum simulations to estimate the mobility of
a thin film composed of millions of molecules leads to grossly erroneous results.
The mobility measured is a macroscopic quantity, which is intimately related to
the intermolecular charge transport but is also a function of several other factors.
Taking a step back from the purely molecular nature of hopping between mole-
cules as the dominant feature for charge transport, thin films are better addressed
by investigating larger scale effects. Considering a thin film, there are three major
categories of trap states that decrease charge carrier mobility. The first category is
simply an impurity, or external molecule/material, within the thin film (or at the
dielectric interface for OTFTs) which has energy levels that can trap electrons or
holes. For hole trapping, the impurity may have an unoccupied state above the
HOMO of the organic semiconductor; for electron trapping, the impurity may have
an unoccupied state below the LUMO of the organic semiconductor. The second
type of trap state involves some general distortion to the molecular packing of the
molecules within a grain. This may be due to an impurity, or it may be due to some
misalignments/mispacking of the organic semiconductor molecules during
nucleation and growth. The misalignment of molecules within the grains hinders
electronic overlap (see Eq. 1.3), which greatly decreases the charge transport. The
third type of trap state, and often the most detrimental, is the grain boundary.
The active channel in the TFT is composed of several grains which form a
poly-crystalline thin film. Typically, despite the presence of impurities and mis-
alignments within a single grain, the grain boundaries still dominate electrical
performance. In order for a charge to traverse a boundary there is a considerable
energetic penalty [1].

The simplest model, derived for amorphous or highly polycrystalline silicon,
which works well for high mobility organic semiconductor thin films, focuses on
the grain boundaries. The effective mobility (leff), the mobility measured, is
assumed to be related to the intragrain mobility (lg) and the grain boundary
mobility (lgb), and the effective length of the grains (L), the grain length (Lg) and
the grain boundary length (Lgb) following Eq. 1.4: [1] (Fig. 1.6).

L

leff

¼ Lg

lg
þ Lgb

lgb
ð1:4Þ

However, in many cases since grain mobility is much larger than the grain
boundary mobility lg � lgb, and the length of the grain is also much larger than the
length of the grain boundary, Eq. 1.4 can typically be loosely approximated (1.5):
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leff � lgb ð1:5Þ

Thus, the severity of the grain boundaries has a profound influence on the
charge carrier mobility. The number and severity of the grain boundaries is inti-
mately related to the growth and crystalline order of the semiconducting thin film
and will be discussed in the next several sections [2].

1.4 The Dielectric/Semiconductor Interface in Organic
Thin Film Transistors

As aforementioned, during TFT operation, the gate electric field draws the vast
majority of mobile charges to within the first few molecular layers of organic
semiconductor at the semiconductor/dielectric interface. Thus, the growth and
crystalline order of these interfacial semiconducting layers can dictate transistor
performance (a theme which will be repeated several times throughout this thesis).
By controlling the semiconductor thin film growth and minimizing detrimental
grain boundaries, high charge carrier mobilities can be achieved [19, 21–23]. In
order to improve performance, or to pattern the semiconductor, the SiO2 dielectric
surface is nearly always modified with a self assembled monolayer (SAM), or
replaced with an organic polymeric dielectric [15, 24–31]. The effect of surface
modification can be dramatic since the growth, crystalline order, and even elec-
tronic properties of the semiconductor are very sensitive to the dielectric/semi-
conductor interface [16, 32–37] (Fig. 1.7).

The aim of the following several sections will be to highlight some general
considerations about heterogeneous nucleation and thin film growth modes of
organic semiconductors at the dielectric interface and methods to control prefer-
ential growth modes to achieve high performance transistors. The effects of
deposition conditions on nucleation and thin film growth will be also described.
Finally, as a general background to majority of the work contained in this thesis,
the use of SAMs to control semiconductor growth behavior will be introduced.

Fig. 1.6 The two components of the effective (measured mobility) as approximated by the
intragrain mobility (lg) which is a measure of how fast charge carriers move within a grain and
the grain boundary mobility domains (lgb) which is a measure of fast charge carrier can move
between grains
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1.4.1 Organic Semiconductor Nucleation and Growth
on Dielectric Surfaces

Typical organic transistors are fabricated either by vapor or solution deposition. In
the first case, the semiconductor is vaporized and then condenses into a film onto a
substrate (again typically a heavily doped silicon wafer with 200-300 nm of
insulating SiO2) [2, 6]. For solution deposition, the organic semiconductor is
dissolved in an organic solvent. The solution is then cast onto the substrate by
either drop-casting, spin-coating, dip-coating or printing [1, 2, 8, 11]. As the
solvent vaporizes, the solution becomes supersaturated and forms organic semi-
conductor crystals. The nucleation and growth dynamics for solution deposited
organic semiconductors are more complex than vapor deposited semiconductors,
since one must consider: solvent/vapor interactions, solvent/substrate interactions,
solute/solvent interactions, and solute/substrate interactions [38]. Since the same
thermodynamic arguments apply for both vapor and solution deposition, the next
section will focus on vapor phase nucleation and growth for simplicity.

The thermodynamic driving force for nucleation is the difference between the
chemical potential of the organic molecules in the vapor phase (lv) and the
crystalline phase (lc). Thermodynamically, for nucleation to occur (without a
heterogeneous substrate to catalyze crystal formation) the chemical potential of the
vapor phase must exceed that of the crystalline phase—i.e., the vapor must be
supersaturated. Nucleation of a stable crystal is associated with the formation of
solid surfaces and their corresponding surface free energies [36, 39]. Nucleation is
a competition between the thermodynamic driving force (volume effects and
enthalpic lowering of free energy by beneficial intermolecular interactions), and
the energetic penalty associated with surface effects (creation of new surfaces) The
general equation for the free energy needed to form a finite-sized crystal composed
of j molecules can be described by:

Fig. 1.7 I–V data from
Ref. [19] showing that due to
the applied gate field the
drain current saturates at the
*3rd monolayer in a
pentacene TFT
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DG jð Þ ¼ �jDlþ j2=3
X

i

ciAi ð1:6Þ

where the first term describes the thermodynamic driving force (the difference in
chemical potential of the vapor and crystalline phase Dl = lc -lv) and the second
term describes the energetic penalty associated with creating or adding to new
surfaces [36, 40]. The case for pentacene nucleating and growing on different
surfaces will be discussed in detail in Chaps. 2 and 3 since it is of particular
importance for the research presented in this thesis. Specific attention will be given
to discussing 2D vs. 3D semiconductor nucleation and growth. The term ci

(in Eq. 1.6) corresponds to the surface energy (energy/area) associated with sur-
face i with an area Ai. Due to the highly anisotropic shape of many organic
molecules, such as pentacene or oligothiophenes, there are often many different
possible surfaces with different surface energies [37, 40, 41]. Theoretically, when
considering very small islands during nucleation, where islands can either disin-
tegrate or grow, Eq. 1.6 can become intractable. This is due to complexities which
arise in both terms in Eq. 1.6. At very small cluster sizes where nucleation is
occurring, G(n) is not a smooth, differentiable function. Rigorously, the Gibbs free
energy (G) represents a macroscopic ensemble quantity [36]. Nevertheless, Eq. 1.6
gives the correct macroscopic relationship between total free energy, crystal size,
and surface energies and is a reasonable approximation for analysis of behavior
during nucleation. For a fixed deposition rate and substrate temperature, the
chemical potential term in Eq. 1.6 can be determined from experimentally mea-
surable quantities such as the semiconductor’s vapor pressure, and enthalpy of
sublimation [37, 42]. Differences in free energy and growth modes can then be
attributed to the influences of the surface and the relevant interfacial energies.

In general, the barrier to nucleation DG* can be solved by setting the derivative
of Eq. 1.6 with respect to the number of molecules j, to zero:

oDG jð Þ
oj

� �

T ;P

¼ 0 ð1:7Þ

At j = i, DG(j) = DG(i) = DG*, where i is the critical cluster size describing the
size at which the addition of one more molecule stabilizes the cluster [36, 37, 39, 43,
44]. Thermodynamically DG* represents the barrier to nucleation where the surface
energy effects are greatest. Addition of more molecules to the cluster increases the
intermolecular enthalpic interactions and lowers the total energy, and thus the
intermolecular effects dominate the surface effects creating a stable island [36].

For a typical pentacene deposition (where the pressure in the vapor phase is
*10-6–10-7 torr, and the substrate temperature onto which the pentacene is
deposited is between 50 and 90 �C and the rate of deposition is *0.1–0.4 Å s-1),
the chemical potential difference driving nucleation is less than 0.08 eV [36, 37, 42]
and thus thermodynamic models are valid for treating nucleation and growth
However, several kinetic and scaling models adopted from classic nucleation
theories developed for inorganic materials have also been applied to model
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pentacene growth [6, 40, 45–51]. A generalized theory about kinetic Equations for
nucleation was suggested by Zinsmeister and covered in the review by Ruiz et al. on
pentacene growth [1, 6, 52, 53].

dN1

dt
¼ F � dN1

ds
� 2U1 �

X

1

i¼2

Ui ð1:8Þ

dNi

dt
¼ Ui�1 � 2Ui i� 2ð Þ ð1:9Þ

F is the flux of depositing molecules, N1 is the concentration of organic
semiconductor molecules (in units of molecules per unit area), and Ni is the
concentration of clusters with a critical number i of molecules. Ui is the rate at
which diffusing molecules are captured by a cluster comprised of i molecules,
and s the average time a molecule spends on the surface. This model is rather
simple, because it does not account for the energetics of nucleation. Nevertheless,
several groups have shown that kinetic arguments can be used to model the growth
of pentacene islands, and is a valid approach when the barrier to nucleation is
small [34, 50].

1.4.2 Rate of Nucleation

The rate of nucleation of stable crystals of organic semiconductors is a function of
the rate of deposition, the substrate temperature, surface properties of the substrate,
intermolecular-interactions, and molecule-surface interactions. The molecule-
surface interaction terms are dependent on the physical processes occurring at the
semiconductor/dielectric interface. The following energetic terms are important
for heterogeneous nucleation and thin film growth: the energetic barrier to diffu-
sion (Ediff), the energetic barrier to desorption (Edes), and the thermodynamic
barrier required to form a stable island DG* (which has already been discussed)
[36, 39, 40]. Considering the three energetic terms, the nucleation density (ND) of
stable islands is given by Eq. 1.10:

ND ¼ Ra exp
Ei

kTs

� �

ð1:10Þ

where R is the rate of deposition, a is a constant related to the critical cluster size,
k is Boltzmann’s constant, Ts is the substrate temperature, and Ei is the crystal
disintegration energy (approximately equal to negative of the crystal formation
energy for systems with a low driving force for crystallization) [36]. Assuming that
the relevant energetic barriers to nucleation scale equivalently with the deposition
rate (i.e. each has the same exponent), and the chemical potential driving force is
small (i.e. on the order of thermal energy kT), then Ei = (-Edes ? Ediff ? DG*)
and Eq. 1.10 can be re-written as Eq. 1.11: 36, 39
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ND ¼ Ra exp
�Edes þ Ediff þ G�

kTs

� �

ð1:11Þ

It is thus evident that the three energetic barriers directly determine the
nucleation density. The larger the barrier is for molecular diffusion (Ediff), the
lower the surface motility and, thus, the lower the chance for molecules to
encounter one-another to form a stable cluster. In general, the barrier to diffusion is
the lateral corrugation in the molecule–substrate interaction potential which is
determined by surface chemistry and roughness. The more tightly bound the
molecule is to the surface, the greater the barrier for desorption (Edes), and thus
the more time it is has to form n-mers with other molecules and finally form a
stable cluster. It is clear that each of the molecular processes (i.e., diffusion,
desorption, and nucleation) is also a function of the molecule–substrate interaction
strength [36, 39]. It is somewhat counterintuitive, but many of the best performing
organic semiconducting thin films (pentacene and C60) showed high nucleation
densities and small islands. This observation has also been made by several
research groups [14, 15, 42, 54] (Fig. 1.8).

1.4.3 Organic Semiconductor Growth Mode

Aside from the rate of nucleation, the growth mode of the organic semiconductor
is of vital significance for high performance OTFTs. Typically higher mobility
semiconducting films exhibit 2D-like layer-by-layer (Frank-van der Merwe type)
growth as compared to the less favorable 3D (Volmer-Weber type) growth
[34, 36, 37, 42]. Three-dimensional growth at the dielectric-semiconductor

Fig. 1.8 a The schematic processes and energetics related to nucleation. Ediff is the barrier
required for molecular diffusion, and Edes is the barrier for molecular desorption. b a schematic of
the change in free energy associated with nucleation from the gas phase. The difference in free
energy of the vapor phase and crystalline phase drives nucleation, however there is an activation
barrier associated with nucleation; only beyond a critical cluster size do volume effects dominate
surface effects forming a stable island
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interface can give rise to voids in the film, and many severe grain boundaries
[6, 37, 42, 55]. The growth mode is determined by a competition between inter-
layer interaction energies and molecule–substrate interaction energies [36]. The
stronger the molecule–substrate interactions, the greater the tendency for 2D
growth. Markov showed that for 2D growth (for a simple system where the crystal
is composed of cubes) to be possible, Eq. 1.12 has to be satisfied [36]:

Dl�winterlayerwmol�sub ð1:12Þ

where winterlayer is the interlayer interaction energy between an organic semicon-
ductor molecule and a layer of existing organic semiconducting molecules on the
surface, and wmol-sub is the interaction energy between the organic semiconductor
molecule and the substrate. It is important to note that the interaction between each
type of semiconductor and the surface is unique, and that simplifications based
purely on hydrophobicity, surface energy, or surface chemistry arguments are
incomplete [56, 57] (Fig. 1.9).

1.4.4 Effects of Deposition Parameters

From the preceding sections on nucleation and growth, it is evident that the
physical phenomena are quite complex and there are several factors which influ-
ence organic semiconductor thin film formation. Pentacene has been established as
the archetypal semiconductor to study the effects of various deposition parameters,
[6, 26, 28, 33, 34, 47–50, 57–61] though some groups have also investigated the
growth of thiophene and naphthalene derivatives in detail [62–70]. The most
common parameters are deposition rate, substrate temperature, substrate surface
chemistry and surface roughness. The effect of deposition rate and the substrate
temperature can be clearly seen from the analysis of Eqs. 1.10 and 1.11, which
indicate that an increase in the deposition rate increases the rate of nucleation since
more molecules can interact to form a stable cluster in a defined area per unit time.
The effect of deposition rate has been studied in detail experimentally and indeed
increasing the rate increases the nucleation density and leads to smaller crystallites
[6, 40, 51, 61, 71]. The influence of the incident kinetic energy of vapor molecules

Fig. 1.9 The three most common growth modes. 2D layer-by-layer (Frank-van der Merwe type)
growth, A 2D monolayer followed by 3D growth (Stranski–Krastanow) and 3D island growth
(Volmer-Weber type)
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on film growth and nucleation has been studied both experimentally and
theoretically [72, 73].

Drastically increasing the deposition rate greatly increases the tendency for
supersaturation (i.e., increases the differences in chemical potential between the
vapor and crystalline phases) and the equations modeling nucleation events using
purely thermodynamic arguments tend to fail. Subsequently, understanding thin
film growth using analytical expressions becomes complicated. If the rate is
extremely high, growth becomes completely kinetically dominated and amorphous
glass-like films are formed [21]. Decreasing the deposition rate should also
decrease the nucleation density and increase the overall grain size. This obser-
vation has been made by several research groups [15, 22, 42].

Assuming that the Gibbs free energy of nucleation is only a weak function of
substrate temperature in the range typically used for deposition, it is also clear that
increasing the substrate temperature decreases the overall barrier to heterogeneous
nucleation since each term in Eq. 1.11 follows an Arrhenius-type law [36, 43, 74].
As the substrate temperature increases, so does the surface diffusion which allows
for adsorbed molecules to find the lowest energy sites and form more circular (less
fractal) grains [22, 35, 42, 54, 75]. The exact functional dependence between the
free energy of nucleation and substrate temperature is difficult to determine.
Increasing substrate temperature in general results in a decrease of the density of
the semiconductor molecules on the substrate and thus they should favor the gas
phase. In the extreme case when the substrate temperature is above the sublimation
temperature, nucleation is thermodynamically impossible. In practice, substrate
temperatures of 50–90 �C are commonly used for pentacene TFT fabrication
where the vacuum pressure is 10-5–10-7 torr [6, 37, 42]. This temperature range
allows for formation of highly crystalline films which typically show good crys-
tallinity and high mobility. Increasing the substrate temperature beyond this range
appreciably decreases the sticking coefficient of the semiconductor molecule, and
nucleation does not occur. Within the range where the sticking coefficient is high
enough for nucleation, increasing the substrate temperature decreases the change
in chemical potential between the vapor phase and crystalline phase. This
increases the tendency for 2D growth since the overall supersaturation decreases
(i.e., the difference in lv – lc, see Eq. 1.12). Very low substrate temperature studies
(\5 �C) have also been conducted [8, 50, 71]. In such studies the diffusivity or
surface mobility of pentacene molecules was very low, and there was not sufficient
time or thermal energy for the molecules to find the thermodynamically favorable
crystal packing, and an amorphous film was usually formed [7, 61, 82].

To summarize, for desirable grain morphology and 2D growth, the substrate
temperature should be kept as high as possible, provided that desorption does not
dominate and that nucleation is still possible. Finally, the majority of the substrate
temperature and deposition rate studies have been conducted on bare SiO2

dielectric surfaces. The influence of deposition rate and temperature on thin film
growth and nucleation density can be significantly different if a SAM is used to
modify the SiO2 surface [36, 37, 42] or if a polymeric dielectric is used, which are
discussed in the following section.
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1.4.5 The Effects of the Dielectric Material
and Dielectric Surface Modification Layer

Several materials requirements must be considered when choosing the gate
dielectric. The gate dielectric should provide a trap-free interface, with a high
capacitance so that an appreciable amount of mobile charges can be induced in the
organic semiconductor when the transistor is turned on [1, 13, 76, 77]. The gate
dielectric should also prevent gate leakage. Finally, the role of the gate dielectric
on influencing the organic semiconductor crystallinity and morphology must be
considered, which is the focus of the majority of this thesis and will be discussed in
detail in later chapters. Comprehensive reviews on gate dielectric materials in
OTFTs can be found elsewhere [2, 16, 24].

As aforementioned, due to the ready availability of silicon wafers and its
surface smoothness, the most commonly used substrate for evaluating organic
semiconductors is heavily doped silicon wafer as the gate electrode with a silicon
oxide dielectric layer. Treating SiO2 with an alkylsilane SAM can greatly improve
the performance of both solution processed and vacuum deposited organic semi-
conductors [2]. Modifying the SiO2 dielectric with an organo or alkyl-silane SAM
effectively changes the surface on which the organic thin films grow and nucleate
from inorganic to organic. The SAM modification also decreases hydroxyl groups
from the SiO2 surface, and improves the growth behavior for a variety of organic
semiconductors [13, 15, 77]. The use of octadecylsilane (OTS) modified SiO2

dielectrics for pentacene OTFTs can result in mobilities greater than
2.0 cm2 V-1 s-1, whereas typical mobilities on unmodified SiO2 are 0.01–0.1 cm2

V-1 s-1 [21, 78, 79]

1.4.6 Controlled Growth by Surface Roughness,
Surface Patterning and Surface Chemistry

The effect of dielectric surface roughness has been studied in detail [1, 2, 6, 10, 15,
28, 33, 55, 56, 76, 80–84]. Rough surfaces increase the coordination between a
depositing molecule and the surface. The rough areas decrease the barrier for
heterogeneous nucleation and increase the barrier to desorption [28, 36, 43, 76, 80,
84]. On rough surfaces, it is more likely that the grains are less oriented in the thin
film. Thus, on very rough surfaces, the grain size is often very small, and the grains
can be severely mis-oriented leading to poor performance devices [15]. However,
the preferential nucleation of organic semiconductors on rough surfaces can be
used to selectively grow or pattern organic semiconductors and may be a prom-
ising way to fabricate large arrays of single crystal based transistors. Recently,
Briseno et al. showed that single crystal arrays of organic semiconductors can be
fabricated by intentionally patterning rough pillars of OTS [10, 28]. By controlling
the size of OTS pillars in the stamped regions, the number of single crystals in a

1.4 The Dielectric/Semiconductor Interface in Organic Thin Film Transistors 17



certain region could be patterned. For more detailed information on single crystal
patterning see the recent review by Liu et al. [85] (Fig. 1.10).

1.4.7 Summary: The Dielectric/Semiconductor Interface

The most important ideas from the preceding sections can be summarized as:
1) 2D semiconductor growth is desirable for high mobility, 2) for vapor

deposited semiconductors the growth mode is intimately related to the semicon-
ductor/dielectric interaction energy, 3) controlling the nucleation and growth can
achieved by considering the relevant energetics, 4) surfaces that are rough and or
have high interaction energy energies readily catalyze heterogeneous nucleation
and thus the growth of semiconductors can be preferentially controlled.

Chapters 2–6 will discuss the effects of the self-assembled monolayer dielectric
modification on semiconductor nucleation, growth, and performance in organic
thin film transistors. Chapter7 focuses on how the growth and molecular energy

Fig. 1.10 Single crystal arrays of organic semiconductors fabricated by patterning of rough
layers of octadecylsilane layers. The pattern was deposited using soft-lithography. The high-
coordination and lower barrier to nucleation promotes growth at the rough areas. Reproduced
with permission from Ref. [110]
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levels of organic semiconductors deposited on carbon nanotubes can be used to
fabricate higher performance carbon-based electrodes. The following section
introduces organic conductors, and specifically transparent conductors which are
currently a topic of tremendous interest.

1.5 High Conductivity Carbon: Graphene
and Carbon Nanotubes

Currently graphene and carbon nanotubes (CNTs) are among the most studied and
interesting electronic materials. Graphene (see Fig. 1.11) is a 2D sheet of sp2

hybridized carbons—a sheet of interconnected benzene rings. Graphene can
actually be separated from graphite using scotch tape, but more sophisticated
chemical vapor deposition techniques are being employed to form larger area
films. Graphene is the ‘‘ultimate’’ 2D material, and the only carbon-based 2D
crystal (1-atom thick) which has been discovered. The incredible in-plane ordering
and electron delocalization makes graphene an amazing material. Mobilites as
high as 200,000 cm2 V-1 s-1 have been demonstrated in graphene (more 200
times the mobility of single crystal silicon)! [86]. Many researchers are trying to
understand the exact relationship between the shape, processing and patterning of
graphene in an effort to one day replace silicon as the active component in micro-
processor chips [87]. The 2D highly conjugated molecular structure also gives rise
to interesting physics regarding the band structure of graphene, and this is
currently among the hottest topics in condensed matter physics research. In terms
of real world applications, many scientists believe there a is bright future, but a
better understanding graphene fundamentals and processing are still necessary [86]
(Fig. 1.12).

Carbon nanotubes (CNTs) are slightly more recent in terms of research and
‘‘discovery.’’ They can be formed from carbon soot and actually have been in use
for thousands of years. CNTs were used to strengthen the Damascus sword and as
ink and mascara by the Egyptians. CNT are an extremely exotic material. Struc-
turally a CNT is a wrapped up piece of graphene (see Figs. 1.11 and 1.13). CNTs
also have many incredible properties. The precise structure in which the CNT is
‘‘rolled’’ also called its’ chirality, can give rise to either semiconducting or con-
ducting behavior. A good approximation for a statistical average of CNTs
produced by one of the many techniques is about 2/3 of the tubes are semicon-
ducting and 1/3 are metallic. During synthesis it is also possible for several con-
centric CNTs to form and these are called multi-walled CNTs. Research on multi
walled CNTs is primarily focused on composite or high strength materials. Single
walled CNTs are more useful for electronic applications. Therefore, the discussion
for the remainder of this thesis focuses on single walled CNTs.

Single walled CNTs can have aspect ratios greater than 1,000, and long-range
conjugation along the tube gives rise to excellent conductivities (very large mean
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free paths). A single semiconducting CNT can have charge carrier mobilites in the
10,000–100,000 cm2 V-1 s-1 range (again more than 100 times better than single
crystal silicon) [88]. The conductivity of a metallic CNT can be greater than
copper! This has also spurned research focused on using CNTs as a potential
silicon replacement in computer processing and chips. Most of this research
focuses on single CNTs placed between source and drain electrodes to fabricate
high performance transistors. Currently these approaches are very expensive, and
difficult to scale or pattern. The focus of the research in this thesis is on modifying
the electrical properties of CNT networks. These networks are formed by depos-
iting many CNTs to form a percolating network. CNT networks are interesting for
large area applications and are much cheaper to process than single CNT archi-
tectures, though many of the exceptional properties of CNTs are also reduced.
More on CNT networks will be discussed in detail in Chap. 7.

Fig. 1.11 The various allotropes of conjugated carbon. The top is a sheet of graphene. The
bottom left shows schematically that a section of 60 carbon atoms from graphene can be used to
form a C60 (fullerene). The bottom middle shows how a sheet of graphene can be rolled into a
carbon nanotube. The bottom right shows the structure of graphite which is composed of stacks of
graphene [86]

20 1 Introduction to Organic Semiconductors, Transistors and Conductors

http://dx.doi.org/10.1007/978-1-4419-9704-3_7


1.6 The Transparent Electrode

Both CNT networks and graphene films are being investigated as materials for
transparent electrodes. Transparent electrodes are essential components in a
variety of electronic devices—all devices where light transmission through the

Fig. 1.12 A high resolution scanning tunneling microscopy image of sheet of graphene. The
highly regular structure composed of benzene rings can be seen [86]

Fig. 1.13 The precise
structure of the CNT
determines its electronic
properties. The three major
classes of CNTs are show
above again as being
schematically ‘‘cut’’ from a
sheet of graphene. The
precise rolling (along with
diameter, defects and strain)
determine the band-gap of the
CNT. As a rough estimate,
2/3 of CNTs are
semiconducting (i.e. have a
bandgap) and 1/3 are metallic
(i.e., there is no bandgap)
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electrode is necessary. Several different devices that require transparent electrodes
are shown in Fig. 1.14. Currently the materials used for transparent electrodes are
mainly inorganic metal oxides. The most common is indium tin oxide (ITO).
However, ITO is expensive, and due to its high processing temperatures is not
amenable for processing on low-cost plastic substrates. For thin film solar tech-
nologies, for example, the ITO transparent conductor can be up to 25–40% of the
entire device cost. Finally, ITO and other metal oxides, are inherently brittle. This
makes them incompatible with next generation flexible electronics. ITO has
remained the material of choice, because finding suitable replacements has been
difficult. Physically transparency and conductivity are inversely related. The more
free carriers there are to conduct, the more they can also absorb light.

While both CNT and graphene are highly absorbing (both are black in color),
ultrathin films can be incredibly transparent. Moreover for a CNT network, thin 2D
sheets can allow much of the light to transmit between the interstitial area between
tubes. However, to date the performance transparent of CNT networks has still not
been competitive with ITO. The figures of merit for transparent electrodes are
sheet resistance (measured in Xh-1) and transparency. The transparency is typi-
cally measured in the visible spectrum and the standard value of transparency is
quoted at 550 nm. High quality ITO used in solar cells and displays, has a sheet
resistance of 10–40 Xh-1at a transparency of *80–90% [89]. The best CNT
networks are currently around 80 Xh-1 at a transparency of 80%—still consid-
erably too resistive and absorptive for solar applications [90].

Progress in CNT based transparent electrodes (TEs) has been hindered by the
tube–tube junction resistances, and the presence of a mixture of different chiralities
(semiconducting and conducting) tubes within the network. Chapter 7 of this thesis
addresses these two key issues. Firstly, by using the preferential growth of organic
semiconductors at highly coordinated sites like CNT–CNT junctions, these junc-
tions can be ‘‘welded’’ together to greatly reduce junction-contact resistances. This
takes advantage of the high nucleation density at high energy sites. Furthermore,
due to the stronger interaction energy the small molecule organic semiconductors
have with the CNTs compared to underlying substrate (glass, plastic, of SiO2/Si),
the organic semiconductor growth is primarily on the CNT network, so that the
transparency is not reduced (i.e., the interstitial area remains free of additional
material). Finally by selecting organic molecules with Fermi energies lower than
the Fermi energies of the semiconducting CNTs in the networks, the semicon-
ducting tubes are doped which also greatly increases conductivity.

Fig. 1.14 The various devices/applications which require transparent electrodes
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1.7 Conclusion and Goals of the Thesis Research

This chapter discusses some fundamentals about plastic electronics. The two
materials classes and devices investigated in this thesis: organic semiconductors
and conductors along with organic transistors and the transparent electrode were
also introduced. The importance of organic semiconductor growth and nucleation
for transistors was highlighted. Also, the incredible properties of high performance
materials like CNTs and graphene for carbon based electronics was discussed.
Improving the performance of both transistors and conductors relies on under-
standing, controlling, and engineering organic semiconductor energy levels,
nucleation and growth, which is the focus of the research presented in the
remainder of this thesis.
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Chapter 2
Organic Semiconductor Growth
and Transistor Performance as a Function
of the Density of the Octadecylsilane
Dielectric Modification Layer

2.1 Introduction

The central research focus in organic electronics has been improvement of charge
transport in organic thin film transistors (OTFTs), the building blocks of organic
circuits [1, 2]. Charge transport takes place primarily within the first few mono-
layers of semiconductor at the dielectric/semiconductor interface; therefore device
performance is dominated by the properties of these interfacial layers [3, 4]. As
aforementioned, grain boundaries between crystalline domains affect device per-
formance, acting as barriers to charge transport [1, 5, 6]. Consequently, highly
crystalline films deposited via a layer-by-layer 2D growth mode are desirable due
to less energetically severe in-plane boundaries.

Octadecylsilanes (OTS), specifically octadecyltrimethoxysilane (OTMS) and
octadecyltrichlorosilane (OTCS), have been widely used to modify the SiO2

dielectric surface and have resulted in dramatic improvement of the field-effect
mobility for a variety of semiconductors [4, 7–10]. In fact OTS modified SiO2 is
the most common surface for analyzing organic semiconductors [1, 2]. The
hydrophobic nature of OTS is thought to passivate the SiO2 surface, increase
semiconductor crystal quality, reduce interfacial trap states and in some cases
planarize the surface [5, 11, 12]. Previous reports have attributed the improvement
of mobility on OTS-treated surfaces to a drastic reduction in surface energy by
hydrophobic surface modification [13, 14]. However, a wide range of charge-
carrier mobilities have been reported by a number of research groups for the same
organic semiconductor on OTS, suggesting the need to understand the nature of
the underlying OTS layer. For example, the reported mobilities of pentacene, the
most widely studied semiconductor, OTFTs with OTS-modified SiO2 ranges from
0.03 to greater than 2.0 cm2 V-1 s-1 [1, 15]. This reflects the difference in a
technologically useless semiconducting thin film (0.03 cm2 V-1 s-1) to semi-
conducting thin film whose mobility (2.0 cm2 V-1 s-1) exceeds that of amorphous
silicon.

A. Virkar, Investigating the Nucleation, Growth, and Energy Levels of Organic
Semiconductors for High Performance Plastic Electronics, Springer Theses,
DOI: 10.1007/978-1-4419-9704-3_2, � Springer Science+Business Media, LLC 2012
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Previous work has shown that both inorganic and organic materials growth is
highly sensitive to the chemical nature, packing, and defects of the underlying self-
assembled monolayer (SAM) [16]. Recently, Cho and co-workers studied the
dependence of pentacene TFTs on OTS order. They found improved pentacene
TFT performance when the OTS layer was prepared at lower temperatures so that
the monolayer was ordered [17]. However, conclusive and quantitative reasons for
the differences in growth mode, and number of transistors tested were not dis-
cussed. In fact, prior to the research presented in this thesis, there has been almost
no quantitative experimental research into nucleation and thin film growth of
pentacene on organic surfaces (like OTS) even though they are more useful and
common than inorganic ones like bare (unmodified) SiO2. This is primarily
because forming a reproducible OTS layer has been challenging. Cho and co-
workers suggested that a lower nucleation density is observed on ordered OTS due
to a greater pentacene diffusivity (see Chap. 3). In an earlier report, Cho and co-
workers studied the chain length dependence of alkyl-silane treated SiO2 on
pentacene TFTs. In that report they found that pentacene diffusivity was the largest
and nucleation density was the lowest on the most disordered shorter chained
alkylsilanes [17]. However, in both of these reports the role of the surface on
heterogeneous nucleation was not considered, which is the focus of the next two
chapters, and is a major factor governing OTFT performance. The incongruence in
Cho and co-workers’ results stems from the fact that both growth mode and
nucleation density are highly sensitive to the surface. Furthermore, models which
have been developed for inorganic nucleation and thin film growth often fail to
accurately represent organic thin film growth due to the differences in molecular
symmetry and bonding.

In addition, some semiconductors only show marginally improved performance
on any OTS treated surface compared to SiO2 despite the large difference in
surface energy [5]. This suggests, as Markov and others have theorized, that each
combination of molecule and substrate must be considered unique [18, 19]. The
most relevant factor affecting growth, and consequently charge carrier mobility, is
the specific energetic interaction between the semiconductor and the surface
[18, 19]. This interaction is influenced considerably by the phase of the underlying
OTS monolayer, even though all the OTS phases studied have identical chemical
compositions and similar surface energies and roughness.

2.2 Fabrication and Characterization of Octadecylsilane
Monolayers

In the study presented in this chapter, the effect of density and degree of ordering
of OTS monolayers on the performance of two of the most widely studied and
highest mobility thin film organic semiconductors: pentacene (p-channel) and C60

(n-channel) was investigated [1, 4, 5, 11, 20–24]. The Langmuir–Blodgett (LB)
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technique was employed to systematically vary the organization and density of the
OTS monolayers. In this well-known ultrathin-film deposition technique, amphi-
philic OTS molecules are compressed by applying a lateral pressure to the
monolayer film at the air–water interface [25]. Under increasing applied lateral
pressure, the film undergoes a transition from a 2D gas to a 2D liquid and finally to
an ordered 2D solid [25]. From the Langmuir isotherms obtained in our study, the
OTS film collapses at a surface pressure of *55 mN m-1 and there appears to be a
phase transition leading to the most ordered phase at a surface pressure of *40mN
m-1 (Fig. 2.1). This phase change from one condensed (2D solid) phase to another
condensed phase was also observed by Duran and co-workers [26]. Accordingly,
surface pressures of 20, 35, and 50 mN m-1 were chosen to study OTS films of
different degrees of order (designated as LB-20, LB-35 and LB-50). Moreover, by
studying LB-35 and LB-50 we were able to probe two distinct condensed phases.
During fabrication of the Langmuir films, OTMS molecules were hydrolyzed and
partially polymerized on the trough at pH of 3 [26]. The polymerized monolayer
was Blodgett-transferred to the thermally grown silicon oxide (300 nm) surface on
a heavily doped silicon wafer, which is used as the gate electrode. For comparison,
the commonly used OTMS-V and OTCS-V vapor deposited films were also pre-
pared. These vapor deposited films are considerably less dense than the LB films,
and are more susceptible to inconsistencies in film properties since they cannot be
fabricated in a controlled way like LB films [4, 27]. Transistors were completed in
top contact geometry with gold source and drain electrodes (see Experimental).
The channel length was 50 lm and the width was 1,000 lm. Thus the only var-
iable probed was the order and density of the underlying OTS.

Fig. 2.1 Representative surface pressure-area isotherms for a LB-20 mN m-1. (LB-20),
b LB-35 mN m-1 (LB-35), and c LB-50 mN m-1 (LB-50). The typical film collapse pressure
was 55 mN m-1. Below is a schematic highlighting that the only variable between the transistors
studied was the underlying order of the OTS SAM
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The OTS monolayers were characterized using grazing angle attenuated total
reflectance Fourier transform infrared spectroscopy (GATR-FTIR) by examination
of the C–H stretches of the CH2 and CH3 groups. Films transferred at higher
surface pressures produced films with increased total absorption area, indicating an
increased film density (Table 2.1 and Fig. 2.3a). This was accompanied by a
characteristic shift of aliphatic vibrational stretching modes to lower wavenumbers
(from 2,924 to 2,918 cm-1 for the asymmetric C–H stretch and from 2,855 to
2,851 cm-1 for the symmetric C–H stretch), indicating a transition from a liquid-
like (disordered) to crystalline layer [28]. The magnitude of the observed peak
shifts is similar to those reported in literature. The results are summarized in
Table 2.1.

The OTS monolayers were further characterized using grazing incidence X-ray
diffraction (GIXD). GIXD can probe in-plane order, and it is the ideal technique to
study the crystalline order of a monolayer. Only the highly dense LB-50 mono-
layer gave rise to a Bragg rod in the GIXD spectrum (Figs. 2.2 and 2.6d). This
indicates that indeed only the LB-50 monolayer has crystalline order. The cal-
culated 4.2 Å hexagonal lattice constant for the LB-50 OTS is consistent with
previous reports for crystalline OTS [29]. The LB-OTS peak does show some mild
arching (Fig. 2.2). It is likely this tilt is due to the defects in the OTS film which
arise from some ordered domains being non-coplanar with the majority of the film
(Fig. 2.2c). Such defects can arise in LB films since the films are prepared by
applying lateral compression.

The density and order of the LB films as a function of surface pressure were
further characterized by ellipsometry, static water contact angle, and high resolu-
tion AFM (Table 2.2). As the monolayers were compressed, the film thickness and
water contact angle increased, again indicating a denser monolayer. Using high
resolution atomic force microcopy, it was determined that the LB films also showed
larger overall domain size, roughly 30% larger than the vapor phase deposited
films. The root mean square (RMS) roughness was similar for the LB films and the
vapor deposited OTS-V film, confirming that lower mobilities observed for OTS-V
treated OTFTs are not due to surface roughness effects [12, 13, 30]. The key film
characteristics (C–H stretching mode frequencies, contact angle and surface
roughness) for all the OTS films remained unchanged after heating to 200 �C under
argon, indicating the films are stable and do not undergo thermal phase changes in
the temperature ranges used for semiconductor deposition.

Table 2.1 Peak positions corresponding to the absorption maxima for the various CH2 and CH3

stretch modes probed using GATR-FTIR

Crystallinea

(cm-1)
Liquida

(cm-1)
LB-50
(cm-1)

LB-35
(cm-1)

LB-20
(cm-1)

OTS-V
(cm-1)

2,851 2,955 2,851 2,851 2,852 2,852
2,918 2,924 2,918 2,918 2,924 2,924
2,956 2,957 2,956 2,957 2,957 2,957
a Literature values for crystalline or liquid stretch modes from Ref. [28]
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2.3 Effects of OTS Density on Pentacene and C60
Transistor Performance

The pentacene charge-carrier mobility (l) extracted from saturation transfer char-
acteristics is plotted as a function of the density [inverse mean molecular area
(MMA)] of the OTS monolayer in Fig. 2.3c. The MMA is calculated based on the
total number of molecules deposited on the Langmuir trough, and the total area
occupied by the Langmuir film at the corresponding surface pressure. The average
pentacene hole mobility measured for 50 devices on each type of OTS increases with
increasing OTS density from 0.4 cm2 V-1 s-1 for the least compressed LB film
(LB-20) to 1.9 cm2 V-1 s-1 on the most compressed (highest order) LB film
(LB-50) despite only small differences in surface energy and roughness. This sug-
gests that the density of OTS is a critical factor effecting performance. The mobility

Table 2.2 Properties of OTS monolayers studied

Sample Mean molecular area
(Å2 molecular-1)

Height (nm) Contact angle (deg) RMS roughness (nm)

LB-20 24.8 2.0 101.7 0.2
LB-35 22.5 2.1 102.6 0.3
LB-50 20.1 2.1 104.1 0.2
OTS-V 28.7a 1.9 98.3 0.2
a The MMA values were estimated by calculating the area under absorption peaks from GATR-
FTIR spectra for the OTS-V surface and comparing them to the area under the absorption peaks
for the LB films with known MMA values

Fig. 2.2 a GIXD spectrum of LB-50 OTS monolayer. The white dotted line is drawn
perpendicular to highlight the mild arching in the OTS peak. b Line profile of OTS LB-50
spectrum. c Schematic of OTS film on Langmuir trough showing potential defects which can
arise during compression. The arrows indicate the direction of compression
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on the less dense OTS-V (MMA = 28.7 Å2 molecule-1) is comparable to the
lowest compressed LB film (20 m Nm-1, MMA = 24.8 Å2 molecule-1) substrate
despite lower film density. See Tables 2.3 and 2.4 for summary of average electrical
characteristics. C60 OTFTs showed an electron mobility as high as 5.2 cm2 V-1s-1

(measured in a nitrogen glovebox) on the LB-50 film and followed the same trend as
pentacene with mobility decreasing with decreasing OTS order. This C60 mobility
on the dense OTS is amongst the highest reported in the literature [4, 24].

The pentacene TFTs were fabricated on four different days during four different
depositions, and the C60 TFTs were deposited on two different days. For each
respective set of devices the performance was very similar on LB-50 regardless of
the deposition and the performance was consistently higher than the OTS-V treated
TFTs. Both types of transistors showed negligible change in the threshold voltage
on the various OTS surfaces, the on/off ratio was consistently above 105–106 and

Fig. 2.3 a, b GATR–FTIR spectrum for the OTS films with differing 2D phases, and densities
quantified by the mean molecular area MMA extracted from the Langmuir trough. b Schematic of
pentacene OTFT with underlying OTS monolayers in different 2D phases. c The average (over 50
devices per OTS treatment) saturation mobility l (cm2 V-1 s-1) of 45 nm pentacene OTFTs
measured in ambient and average (over 10 devices per OTS treatment) saturation mobility l
(cm2 V-1 s-1) of 45 nm C60 OTFTs tested in a N2 glovebox. The source–drain voltage was fixed
at -100 V for p-channel transistors (pentacene), and 100 V for n-channel transistors (C60).
d Typical I–V transfer curves for pentacene TFTs with LB-50 OTS treatment. The mobility,
threshold voltage and on/off ratios are provided as insets. e Typical I–V transfer curves for C60

TFTs with LB-50 OTS treatment. The mobility, threshold voltage VT and on/off ratios are
provided as insets
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the gate current was consistently several orders of magnitude lower than the drain
current (see Figs. 2.4 and 2.5). For 50 lm channel length TFTs the contact resis-
tances, are typically negligible compared to channel resistances; the device per-
formance is dominated by the channel, and thus by the pentacene grains in the
channel [31, 32]. From the output characteristics, the linear region of the IV curves
show no non-linearity indicating the absence of contact issues. In order to test for
the contribution of contact and channel resistances, several pentacene OTFTs with
different channel lengths were tested and contact resistance was extracted. The
contact resistances were nearly identical (within 3.0%) for TFTs fabricated on
different OTS monolayers and were much smaller than the channel resistances
indicating that indeed the channel effects dictate performance. (Fig. 2.5).

2.4 Organic Semiconductor Thin Film Analysis:
Grazing Incidence X-ray Diffraction
and Atomic Force Microscopy

In order to determine the effect of OTS monolayer density on organic semicon-
ductor nucleation and growth at the semiconductor/dielectric interface, pentacene
thin films (nominally 3 nm monitored by quartz microbalance during deposition)
were deposited onto the OTS films under identical conditions as those used for
OTFT fabrication. Due to the gate field, in the transistor’s ‘‘on’’ state, the majority
of charge carriers are induced and transported in the first *5 nm of semiconductor
near the dielectric interface; the packing and morphology of the initially deposited
interfacial layer is therefore critical [3, 33]. These were examined using atomic
force microscopy (AFM) and grazing incidence X-ray diffraction (GIXD), giving
information about the morphology and crystalline order of the pentacene mono-
layer film directly involved in charge transport. AFM was performed immediately
after deposition to ensure that the film did not undergo reorganization. AFM was
also performed before and after GIXD experiments to also ensure that films did not
change during exposure to X-rays (typically for 30 min).

To determine if the packing of pentacene in the first monolayer is affected by
the difference in OTS density, we carried out GIXD of the pentacene monolayers.
The characteristic pentacene (11L), (02L) and (12L) in-plane Bragg rods are seen
in the GIXD spectra (Fig. 2.6). On the LB-50 film (Fig. 2.6d), an additional broad
peak between the (11L) and (02L) pentacene peaks is observed again due to the
crystalline nature of the underlying OTS. The lattice constants of pentacene
(a = 5.93 Å, b = 7.58 Å, c & 90�) extracted from the diffraction peaks were
nearly identical regardless of the OTS preparation method and are similar to those
reported for pentacene grown on hexamethyldisilazane (HMDS) or OTS [34, 35].
The pentacene GIXD spectra (position of peaks in Qxy and Qz) are also similar on
all the OTS surfaces. This indicates that the difference in mobility on different
OTS surfaces is not due to different pentacene packing motifs. It is also interesting
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Fig. 2.4 Transfer and output curves for C60 45 nm TFT on different OTS layer. a transfer curve
LB-50, b output curves LB-50, c transfer curves LB-35, d output curves LB-35, e transfer curves
LB-20, f output curves LB-20, g transfer curve OTS-V, h output curves OTS-V
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to note there is an additional diffraction peak at Qxy = 1.6 Å-1 on OTS-V
(Fig. 2.6a) which corresponds to a portion of the film exhibiting the bulk penta-
cene phase. This 3D growth on OTS-V is further asserted by the AFM results
discussed below. The full-width at half max (FWHM) of the diffraction peaks can
be used to gauge the crystalline quality of the pentacene on various OTS surfaces.
However, for all the films studied, the FWHM was resolution limited (domain
size [10 nm) (see Experimental 2.7).

AFM of the nominally 3 nm pentacene films (Fig. 2.7) did, however, show a
clear trend between thin film morphology and charge carrier mobility. The growth
mode on the highly ordered LB films showed the more desirable 2D layer-by-layer
(Frank-van der Merwe type) growth (Fig. 2.7d) as compared to the less favorable
3D (Volmer-Weber type) growth on OTS-V (Fig. 2.7a) which leads to many island
severe grain boundaries after coalescence [1, 18, 19]. The growth mode on OTS-V
is purely 3D island-type; no complete monolayer forms within the first 3 nm of

Fig. 2.5 a Resistance versus
channel length for pentacene
TFTs with OTS-V or LB-50
dielectric modification layers.
The equation of the line of
best fit and the corresponding
R2 value are provided on the
graph. The equation is written
in a y = mx ? b format,
where m is the slope relating
the resistance (y) to channel
length (x), and extracting to
x = 0 the contact resistance
can be evaluated as b/2. Thus
the extracted two point
contact resistance for typical
LB-50 TFTs is 2.67 kX and
for OTS-V TFT is 2.75 kX.
The difference in contact
resistance is \3%. b Typical
gate and drain currents for
pentacene TFTs with LB-50
dielectric modification layers.
Typical gate currents are
orders of magnitude smaller
than drain currents
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nominal film thickness before additional layer growth, though the individual
crystalline islands are large and terraced. The island size is considerably larger on
OTC-V than on the LB films, which are composed of smaller connected islands.
This is a critical observation: the growth mode has an enormous effect on the
mobility even when the TFTs are fabricated using identical materials, at the same
deposition conditions.

2.5 Organic Semiconductor Crystallization and 2D Versus 3D
Growth Mode on OTS of Varying Order

Due to its paramount importance on the conductivity of thin films of pentacene, the
2D versus 3D growth mode for pentacene is described below and the strength of
pentacene OTS interactions are estimated for the different surfaces. Moreover, the

Fig. 2.6 Section of GIXD spectrum of 3 nm pentacene films deposited under identical conditions
to those used in OTFT fabrication (0.3 Å s-1 at 60 �C) on: a OTS-V, b on LB-20 c LB-35, d LB-
50 in all plots, Qz (magnitude of scattering vector normal to the surface) is vertical. To the right of
each GIXD spectrum are the corresponding line profiles which show the integrated peaks along Qz.
The corresponding values of Qxy are also provided above the line profiles
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interaction energies needed to drive 2D growth will be calculated, and related to
the density of the underlying OTS.

It is important to note that the majority of this analysis considers a simple
Kossel crystal (composed of cubes) since more complex crystals are often ana-
lytically impossible to analyze [18, 19]. The physics remain the same, but growth
models are constructed from this simplified view so analytical expressions can be
used and so that predictions of interaction energies are possible. For pentacene
approximation as a Kossel crystal is reasonable since: (1) its molecular shape can
be approximated as a rectangle, (2) the first monolayers of pentacene stand nearly
upright on the substrate, i.e., * zero tilt angle, (3) the molecules are symmetric (if
you cut a standing pentacene molecule in the middle lengthwise, or in the center,
the two halves are identical). (see Appendix for more the general thermodynamic
derivation of the 2D versus 3D nucleation a Kossel crystal).

The formation of a 2D or 3D crystal is related to the chemical potential driving
force for nucleation, the various surface energies of the crystal, the interfacial
energies, and the molecule substrate interaction energy. The change in free energy
for a finite sized pentacene crystal (which has two molecules in its unit cell) is
related to the crystal size and the chemical potential by (Eq. 2.1, also see Fig. 2.8)
[18, 19]:

DG ¼ �nabnc2Dlþ ½2nbncc100 þ 2nancc010 þ 2ndncc1�10

þ 2nencc110 þ nabðc110 þ csÞ� ð2:1Þ

Fig. 2.7 Nominally 3 nm thin film of pentacene deposited under identical conditions as used in
TFT fabrication (0.3 Å s-1 at 60 �C) on a OTS-V b OTS-20, c LB-35, d LB-50. The line
corresponds to the profile shown directly below each AFM image. The growth mode of pentacene
tends to be more and more 2D as the OTS density increases
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where nab is the number of unit cells in the ab-plane, nc is the number of unit cells
in the c direction (how many unit cells high the crystal is), Dl is the chemical
potential difference between the vapor phase and the crystalline phase (of infinite
size), na, nb, nd, and ne, are the number of unit cells corresponding to the 010, 110,
110, and 1–10 surfaces. The specific surface energy terms (per unit cell) are
denoted by ci (i again referring to the difference surfaces) and cs is the specific
interfacial energy which relates the difference in interlayer interaction energy
between layers of pentacene (c001) and between pentacene and the substrate
(cmol–sub). More rigorously defined, it is the difference in energy (per unit cell) at
the substrate, between interlayer adhesion energy and the adhesion energy of the
surface (ri,/Aab where Aab is the area per unit cell).

The critical cluster size, i.e., the number of unit cells needed to form a stable
island, can be approximated by differentiation of (2.1) with respect to na, nb, nd, nc,
and ne and equating to zero. Each solution is related to nc* (the critical dimension
of how many unit cells high the crystal is), Dl, and the surface/interaction ener-
gies. For discussion of 2D versus 3D growth mode nc* is the most important term.
The critical number of how many unit cells tall the crystal is, nc, has the following
solutions [19]:

n�c ¼
2ðc001 þ csÞ

2Dl

� �

; 1

� �� �

; ð2:2Þ

The first solution is for the 3D growth case (any size greater than 1 monolayer
in height). The solution ‘‘1’’ of course is for the 2D crystal case. The solutions to
the free energy at critical cluster size represent the energetic barrier which is
needed to be overcome for nucleation. The solutions for a 3D and 2D crystal are
given below [19]:

Fig. 2.8 The various facets
of a large pentacene crystal.
The number of unit cells
corresponding to each surface
is also given
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DG�3D¼
4ðc001þ csÞ½ð2ðc010þ c100Þðc110þ c1�10ÞÞ�ð2ðc2

010þ c2
100Þþ c2

110þ c2
1�10Þ�

ð2DlÞ2

ð2:3Þ

DG�2D ¼
2½ðc010 þ c100Þðc110 þ c1�10Þ� � ½2ðc2

010 þ c2
100Þ þ c2

110 þ c2
1�10�

2Dl� ðc001 þ csÞ
ð2:4Þ

Recall if DG�3D is lower, then 3D nucleation is favored, whereas if DG�2D is
lower in energy than 2D nucleation is favored. From Eq. 2.3, 3D nucleation can
occur for all supersaturations Dl[ 0. For supersaturated systems, 2D nucleation
can occur only once a supersaturation value Dl2 has been achieved (see Appendix)
[18],

Dl2 ¼
ðc001 þ csÞ

2
¼ cinterlayer � cmol�substrate ð2:5Þ

since at Dl[ Dl2 the solution to Eq. 2.5 becomes physically meaningful. As Dl
increases (beyond Dl2), there is a transition where the barriers of nucleation for 2D
and 3D nucleation become identical i.e. ðDG�2D ¼ DG�3DÞ, and of course this means
the 3D nuclei is one monolayer high or simply a 2D crystal! This value of critical
supersatution (Dlcr = 2Dl2) is twice the transition where 2D nucleation becomes
possible [18]. Of course for a given Dl, the differences in the interlayer and
molecule–substrate interaction energies will dictate whether 2D or 3D nucleation
is favored.

Dlcr ¼ 2Dl2 ¼ 2 cinterlayer � cmolecule�substrate

� 	

ð2:6Þ

So at Dl C Dlcr, only 2D crystals are formed. The transition from 3D to 2D
growth is one of the most important morphological criterions for high performance

Table 2.3 Summary of pentacene TFT data measured in ambient conditions

Surface treatment Average (cm2 V-1 s-1) Max (cm2 V-1 s-1) Ion/Ioff VT (V)

LB-20 0.4 (0.05) 0.6 106 -18
LB-35 1.2 (0.08) 1.4 2 9 106 -24
LB-50 2.1 (0.12) 2.3 2 9 106 -20
OTS-V 0.6 (0.1) 0.9 106 -19

The values are average over *50 devices for each OTS substrate treatment

Table 2.4 Summary of C60 OTFT data measured in a nitrogen glovebox

Surface treatment Average (cm2 V-1 s-1) (SD) Max (cm2 V-1 s-1) Ion/Ioff VT [V]
LB-20 0.3 (0.1) 0.4 3 9 105 35
LB-35 2.9 (0.5) 3.5 4 9 107 34
LB-50 4.1 (0.4) 5.3 3 9 107 33
OTS-V 0.2 (0.1) 0.3 2 9 106 40

The values are averaged over ten devices for each OTS substrate treatment
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pentacene transistors. Equation 2.6 is the most critical equation to analyze and
investigate when considering the 2D vs 3D growth at the dielectric interface. For a
fixed difference in chemical potential for pentacene deposited on the different
surfaces, (i.e., same substrate temperatures and deposition rates) as is the case for
the experiments presented in this chapter, Eq. 2.6 shows the growth mode is
determined by the strength on the molecule–substrate interaction energy since the
interlayer energy is a constant regardless of the underlying OTS. Recall that from
the GIXD the lattice of pentacene is identical regardless of the OTS density.

In order to determine the strengths of interactions between pentacene and the
various OTS monolayers with varying densities, the experimental conditions
(deposition rate and substrate temperature) can be used to determine Dl and thus
by studying the nucleation and growth mode, the interaction energies can deter-
mined. It is also important to note that here it is assumed that the chemical
potential difference is between the vapor phase of pentacene and an infinitely large
crystal of pentacene (at the substrate temperature). The potential difference, Dl,
can be expressed [18]:

Dl ¼
Z

Pv

Pc

olv

oP
dP�

Z

Pv

Pc

olc

oP
dP ¼

Z

Pv

Pc

ðVv � VcÞdP ð2:7Þ

where P is pressure, Pv is the vapor pressure during deposition and is related to the
flux of molecules from the source, and Pc is equilibrium vapor pressure of the
crystal at the substrate temperature. In Eq. 2.7 the second equality, the partial
derivative of chemical potential in phase i with respect to pressure is equal to the
molar volume (V) of phase i [19]:

oli

oP

� �

T ;P

¼ Vi ð2:8Þ

which leads to the rightmost equality in Eq. 2.7. Vv is the molar volume of the
vapor and Vc is the molar volume if the crystal. Since Vv [[[ Vc, and because the
pressure used during vapor deposition is low enough to assume ideal gas behavior
(P * 10-6 torr) where Vv = RT/P, Eq. 2.7 can be rewritten:

Dl � RT ln
Pv

Pc

� �

ð2:9Þ

The equivalent vapor pressure (Pv) can be calculated as a function of the
deposition rate (h) and temperature using [36]:

h
molecules

cm2 s

� �

¼ 3:51� 1022 Pv

RT
ð2:10Þ

The equilibrium vapor pressure of a crystal (Pc) at substrate temperature Tsub is
given by [19, 37]:
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Pc ¼ exp A� DHsub

RTsub

� �

ð2:11Þ

where DHsub is the enthalpy of sublimation and A is a constant related to entropy
and have been calculated elsewhere (DHsub = 37.7 kcal mol-1) [37]. Combining
Eqs. (2.9–2.11): the chemical potential driving force can be estimated from the
heat of sublimation, and input experimental parameters:

Dl � DHsub þ RTsub½lnðð2pMRTsubÞhÞ � A� ð2:12Þ

where R is the universal gas constant, Tsub is the substrate temperature, and M is
the molecular weight of pentacene (278.4 g mol-1) [18, 37]. For our pentacene
deposition conditions (0.3 Å s-1 and a substrate temperature of 60 �C), Dl is
calculated from (2.12) to be 0.07 eV.

Finally, Eq. 2.6 can be analyzed and interaction energies for pentacene and the
OTS with differing densities (cmol-substrate) can be approximated since now Dl has
been calculated, and cinterlayer is known. cinterlayer is approximately 0.13 eV, as has
been well established from quantum simulations and experiments [19].

Dlcr ¼ 2 cinterlayer � cmolecule�substrate

� 	

ð2:6Þ

cmol-substrate can then be estimated by determining the growth mode from AFM
[19]. For OTS-V, cmol-substrate is ca. * 0.08–0.9 eV since the growth is highly 3D
(also can be approximated by plugging into Eq. 2.4), while for the denser OTS
films which engender 2D pentacene growth, cmol-substrate is greater than 0.124 eV;
this value is an important numerical heuristic to consider. For a crystalline layer of
dense OTS like LB-50, the cmol-substrate is actually greater than cinterlayer (as will be
shown in detail in the next chapter). Nevertheless, what has been demonstrated is
how strong the interaction energy between pentacene (deposited at typical con-
ditions, i.e., rates and substrate temperatures) and the substrate must be in order for
2D growth to be possible. The numerical heuristic is important since one could
imagine running simulations to determine the estimated pentacene surface inter-
action energy for a variety of surfaces to determine which ones give rise to suitable
interaction energies needed to drive desirable 2D growth at the dielectric interface.

2.6 Conclusions

The most commonly used surface (an alkylsilane modified SiO2) for organic
transistors was investigated. The importance of phase and order of the organic
dielectric surface modification layer for achieving 2D semiconductor film growth
and high charge-carrier mobility in pentacene and C60, two of highest performing
organic semiconductors has been described. AFM and GIXD provide the first
complete picture for the effect of both crystalline order and growth mode of the
vital first few semiconductor monolayers on OTFT performance. These results
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give insight into several new and important issues relevant to engineering high
performance devices. Specifically, pentacene’s (and many other semiconductors’)
thin-film growth is highly sensitive to the precise nature of the surface. An increase
in density of the methyl terminated surface modification layer results in primarily
two-dimensional growth of subsequently vacuum-deposited organic semiconduc-
tors. These changes in nucleation and growth give rise to a substantial improve-
ment in the charge-transport characteristics in a number of materials, and suggest
that this approach is generally important for the optimization of OTFT (as will be
shown in Chap. 4). Finally, since the nucleation and growth mode were deter-
mined to be critical for OTFT performance, the chemical potential driving force
for heterogenous pentacene crystallization was calculated. The interaction neces-
sary to potentially engender 2D was also calculated. This knowledge may be
invaluable and could lead researchers to use simulations to screen potential opti-
mum dielectric materials. In the next chapter, the energetics of nucleation and
stability of even thinner films of pentacene (prior to coalescence) are investigated
in more detail on crystalline and amorphous OTS.

2.7 Experimental

2.7.1 Materials

Octadecyltrimethoxysilane (OTMS, 95%, purchased from Gelest Inc.) was puri-
fied by distillation and octadecyltrichlorosilane (OTCS, 99%, purchased from
Gelest Inc.) was used as received. Device substrates consisted of heavily doped Si
wafers with 300 nm of thermally grown silicon oxide having a capacitance per unit
area (Ci) of 10 nF cm-2. Pentacene was purchased from Sigma-Aldrich and
sublimed twice prior to usage. C60 was purchased from Alfa Aesar (99.5%) and
used as received. For ellipsometry and GIXD experiments, silicon wafers with 2–
3 nm of native oxide were used. Prior to OTS treatment the wafers were cleaned
with piranha (70:30 H2SO4:H2O2) for 60 min and then with ozone plasma (Jetlight
UVO-cleaner Model 42–100 V) for 10 min.

2.7.2 Fabrication of OTS films

LB Films: A OTMS solution (1 mg ml-1 in chloroform) was prepared in a nitrogen
glovebox and filtered (0.2 lm pore size). The trough (Nima model 612D) was
filled with Millipore water (pH = 3) prepared using concentrated hydrochloric
acid (38% HCl). The OTMS films were compressed (20 cm2 min-1) with respect
to change in trough area to the desired surface pressure and then Blodgett-trans-
ferred (1 mm min-1) to the Si/SiO2 substrate. The substrates were cleaned
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sequentially with toluene, isopropanol, acetone, distilled water and isopropanol
again and then dried using a nitrogen gun (99.9% pure).

2.7.3 Characterization

The grazing angle attenuated total reflectance (GATR) spectrum was obtained
using a Nicolet 6700 Fourier Transform Infrared Spectrometer (FTIR) using a
germanium crystal.

A Sopra Bois–Columbes ellipsometer with a Physike Instrumente laser (He–Ne,
k = 632.8 nm, angle of incidence of 708) and detector were used for OTS
thickness measurements. Thickness was calculated from W and D values and
measured for five areas on the substrate. The following input refractive indices
were used: air, n0 = 0; alkylsilane, n1 = 1.450; native silicon oxide, n2 = 1.460,
silicon, n3 = 3.873, k = -0.016.

The AFM images of organic semiconductors were collected using a Digital
Instruments MMAFM-2 scanning probe microscope. Tapping mode AFM was
performed on the samples with a silicon tip with a frequency of 300 kHz.

2.7.4 High Resolution AFM

The OTS substrates were washed sequentially with ethanol (99.99% pure from
Gold Shield Chemical Co.) and milli-Q water (18.3 MX) two times at room
temperature (296 K) and allow to air dry before characterization using AFM. The
OTS substrates were characterized in decahydronaphthalene solution (99.9%,
Sigma-Aldrich).The optimum imaging area to visualize local domain is
100 9 100 nm under AFM. Thus, the cursor profile and RMS value was obtained
using RHK-based imaging processing software at 100 9 100 nm area. For sta-
tistical analysis, both domain sizes (FWHM), separation (center-to-center and
edge-to-edge) and vertical height were measured quantitatively from over ten
cursor profiles per image, using characteristic features, at 300 x 300 nm areas.
Repeat experiments yielded similar results.

2.7.5 Grazing Incidence X-ray Diffraction

GIXD was performed on the samples at the Stanford Synchrotron Radiation
Lightsource (SSRL) on beam line 11–3 with a photon energy of 12.73 keV. A 2D
image plate (MAR345) with effective pixel size of 150 lm (2,300 9 2,300 pixels)
was used to detect the diffracted X-rays. The detector was 400.15 mm from the
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sample center. The angle of incidence was fixed at 0.1�. The GIXD data was
analyzed using FIT-2D and Peakfit software programs.

The resolution for GIXD was calculated using:

DQxy ¼
2pd tanð2hÞ

kD
ð2:13Þ

where:
DQxy = in-plane resolution (Å-1)
2h = the scattering angle (degrees)
k = X-ray wavelength (Å)
D = distance between the sample and the detector (cm)
d = sample length (cm)
Solving: DQxy = 0.06 Å-1

2.7.6 Electrical Characterization

A Keithley 2,400 semiconductor parameter analyzer was used to test p-channel
transistors in an ambient atmosphere, and n-channel transistors in a nitrogen
glovebox.

The charge carrier mobility (l) was calculated by fitting the saturation transfer
characteristics using:

IDS ¼
WC

2L
lðVG � VTÞ2 ð2:14Þ

where IDS is the drain current, W is the channel width, L is the channel length, C is
the capacitance of the oxide, VG is the gate voltage and VT is the threshold voltage.

Appendix 2.A: Growth of a Kossel Crystal

Due to its significance on the mobility and conductivity of pentacene thin films,
this appendix will introduce general concepts related to crystallization from the
vapor phase, and the heterogeneous nucleation of 2D versus 3D crystals. A Kossel
crystal is one where all the atoms/molecules are assumed to be cubic in geometry
[18]. This is the simplest kind of crystal; more complex geometries often lead to
equations which are analytically impossible to solve. Comparing with nucleation
of a liquid droplet from a supersaturated vapor, the crystallization of solid crystals
is more complex due to the various surfaces with their (often) distinct surface
energies [18]. Consider a homogeneous (i.e., not on a substrate or surface) 3D
Kossel crystal in equilibrium with the vapor phase (constant temperature and
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constant volume) then the change in Helmholtz free energy (dF) is zero and can be
expressed:

dF ¼ �PvdVv � PcdVc þ
X

n

rndAn ¼ 0 ð2A:1Þ

�ðPc � PvÞdVc þ
X

n

rndAn ¼ 0 ð2A:2Þ

where Pv is the pressure in the vapor phase, Pc is the vapor pressure of the crystal,
Vv and Vc are the vapor and crystal volumes, rn is the surface energy of surface
n with corresponding area An. Equation 2A.2 is the simplified form of Eq. 2A.1
since at equilibrium the total volume is constant (i.e. (dVv = -dVc)). The volume
of a crystal can also be expressed as a sum of volumes of pyramids with heights hn

and areas An, as suggested by Wulff in 1901 [18, 38]. Vc and dVc can then be
expressed:

Vc ¼
1
3

X

n

hnAn ð2A:3Þ

dVc ¼
1
2

X

n

Andhn ð2A:4Þ

To second order, the very small changes to the total volume dVc can be
accounted for by assuming constant area with infinitesimal changes in pyramid
height dhn (see Markov, Ref. [18] for more details). Reinserting into Eq. 2A.2

X

n

rn �
1
2
ðPc � PvÞhn

� �

dAn ¼ 0 ð2A:5Þ

Since each of the changes in area (dAn) are not related, the first term in the
bracket must equal zero

Pc � Pv ¼ 2
rn

hn
¼ constant ð2A:6Þ

This is a restatement of Wulff’s rule which states: ‘‘at equilibrium, the distances
of the crystal faces from a point within a crystal (called Wulff’s point which can
arbitrarily be chosen as the center of the crystal) are proportional to their corre-
sponding specific surface energies of these faces’’ [18, 38]. This concept is
extremely important in determining whether 2D or 3D crystal growth dominates.
Since the chemical potential difference is directly related to the difference in
pressures of the two phases by the molar volume of the crystal phase (Vc),
Eq. 2A.6 can also be written in a more convenient form:

Du ¼ uv � uv ¼ 2
rnvc

hn
ð2A:7Þ
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This is an important result which mathematically expresses the physical con-
cept that that the supersaturation is the same over the crystal surface, and the
growth mode (values of hn) is directly related to the supersaturation. Again, the
discussion above was given for a homogenous crystal. For heterogeneous nucle-
ation, which is relevant for organic semiconductor nucleation in OTFTs, Eq. 2A.7
must be slightly modified to include the interaction or adhesion energy (ri)
between the crystal and the substrate upon which it is nucleating:

Du

2vc
¼ r0 � r1

hn
¼ constant ð2A:8Þ

where ro refers to the homogenous case (surface energy); when ri is zero then the
homogenous Eq. 2A.7 is retained. For values where hn [ 1, 3D crystals will form,
whereas for hn = 1, desirable 2D nucleation prevails. Thus, the term ri, which
relates the strength of interaction between the semiconductor and the substrate is a
key parameter in determining whether 2D or 3D growth will prevail [18]. The
chemical potential driving force and the interfacial energies will determine the
growth mode. Define the total change in surface energy upon nucleation on a
foreign substrate by Dr where:

Dr ¼ rþ ri � r ð2A:9Þ

r is the surface energy of the crystal, ri is the interfacial surface energy (whose
magnitude can be either positive or negative) and rs is the surface energy of the
substrate [18]. There are three basic cases (Fig. 2.9).

Case 1: Dr\ 0, this case results when the interaction with the surface is greater
than the interlayer interaction energies. Of course in this case, 3D nucleation is
prohibited and 2D nucleation can occur at Dl = 0, and even at undersaturation
Dl\ 0 (provided that |Dl| \ |AmDr| where Am is molecular area).

Case 2: Dr = 0 indicates a balanced force between interlayer interaction
energy and molecule substrate interactions. This is the general case for nucleation
for a material on it crystal of itself (homogenous nucleation). Again in this case,
3D nucleation is thermodynamically impossible, and 2D wetting occurs for
supersaturated systems Dl[ 0.

Case 3: Dr[ 0, or when the system’s surface energy increases can give rise to
both 2D and 3D growth depending on Dl. This is the general case which was

Fig. 2.9 The relevant
surface/interfacial energies
used to determine the
equilibrium shape of a crystal
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discussed in Chap. 2. The barrier for 3D nucleation, DG�3D, is inversely related to
(Dl)2 (Eq. 2.3) and is possible for all values of Dl[ 0. Again 2D nucleation
becomes possible only at supersaturations greater than Dl2, where the change in
surface free energy upon nucleation is Dl2 = AmDr. This is a logical conclusion,
since there must be a driving force greater than the gain in surface energy for
nucleation, for the total free energy of the system to decrease. As Dl increases
beyond Dl2, there exists a critical supersaturation Dlcr (where Dlcr = 2Dl2 at
which the DG�3D ¼ DG�2D) or consequently the height the 3D island is one
monolayer high (i.e. a 2D crystal). The extension of Wulff’s rule shows that under
equilibrium a Kossel crystal will try to maintain its height/length ratio [18, 38]
(Fig. 2.10).

In the analysis presented in this chapter on pentacene growth, the chemical
potential driving force was fixed, and thus the energetics which determined growth
mode are related to the interfacial energies. This allowed for estimation of the
interaction energy between pentacene and the different OTS layers. In the fol-
lowing chapter it was determined that on crystalline OTS the pentacene molecule
substrate interaction energy is greater than the interlayer interaction energy and in
fact this would fall under case 1 (Dr\ 0) presented above.

The important caveat which must be mentioned is that for systems far from
equilibrium (high supersaturations) cannot be addressed using methodology dis-
cussed in this chapter, which use thermodynamic models for treating nucleation
and crystal shape.
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Chapter 3
The Nucleation, Surface Energetics
and Stability of Pentacene Thin Films
on Crystalline and Amorphous
Octadecylsilane Surface

3.1 Introduction

As discussed in the previous chapters, the performance of organic thin film tran-
sistors (OTFTs) is strongly dependent on the microstructure of the semiconducting
active layer [1–3]. For bottom gated OTFTs, the majority of the current flows
within the first few monolayers at the dielectric/semiconductor interface; thus
understanding and controlling the growth and nucleation of the semiconductor at
this interface is crucial for device optimization [1–3]. The vast majority of the
work on the thin film formation of pentacene, one of the highest mobility, and the
most widely studied organic semiconductor, was investigated on silicon dioxide
(SiO2) [4–9]. While SiO2 is a common (though less so than OTS treated SiO2)
dielectric for evaluating organic semiconductors, for future commercial device
applications including flexible low cost electronics, the dielectric will be an
organic or polymeric material [1, 10–14]. Fundamental understanding and control
of pentacene growth on organic surfaces is therefore crucial. As aforementioned,
the most common organic surface used for OTFTs is a methyl terminated one
wherein the SiO2 is treated with an alkylsilane monolayer like octadecylsilane
(OTS) [15–18]. Treating the SiO2 with OTS reduces the surface energy, changes
the chemical nature of the surface from polar to non-polar, and from inorganic to
organic. OTS modification of SiO2 has also been shown to change organic
semiconductor morphology and reduce interfacial hydroxyl groups which are
known to be trap states. Most papers reported an increase in OTFT performance
(mobility, and on/off) after treatment with OTS [1, 19, 20]. As was discussed in
detail in Chap. 2, the molecular order and density of the underlying OTS mono-
layer was determined to be a critical factor that affects device performance of
pentacene OTFTs [18, 21]. Despite the fact OTS treated SiO2 is the most common
dielectric surface, there have been few quantitative studies on organic semicon-
ductor growth on OTS modified SiO2.

A. Virkar, Investigating the Nucleation, Growth, and Energy Levels of Organic
Semiconductors for High Performance Plastic Electronics, Springer Theses,
DOI: 10.1007/978-1-4419-9704-3_3, � Springer Science+Business Media, LLC 2012
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In Chap. 2 and also later in Chap. 4, it was demonstrated that on a crystalline
OTS surface the pentacene OTFT performance was far superior to that on an
amorphous OTS layer. The pentacene charge carrier mobility was greater than
3.0 cm2V-1s-1 on the crystalline OTS and only 0.5 cm2V-1s-1 on an amorphous
OTS [21, 22]. Lee et al. reported a similar phenomenon, with pentacene mobility
on ordered OTS typically double that on amorphous OTS [18]. Recall from
Chap. 2 that the grazing incidence X-ray diffraction (GIXD) experiments did not
indicate any difference in the molecular packing of the pentacene on the differently
ordered OTS, but using AFM it was determined that the growth mode and
nucleation density were considerably different. A 2D-like pentacene growth and a
high nucleation density on the ordered crystalline OTS was observed, whereas on
the disordered amorphous OTS, pentacene showed a much lower nucleation
density and 3D island growth [22, 23]. It is known that 2D growth at the dielectric
is the desirable growth mode for high mobility due less detrimental grain
boundaries, but the role of nucleation density is still poorly understood. Counter to
common expectations, many of the highest mobility pentacene thin films exhibited
a high nucleation density and small crystalline grains at the dielectric interface. [1,
3, 6, 20, 24, 25]. This again indicates that the number of grain boundaries is less
important to charge transport than their structure.

In this chapter, the differences in pentacene nucleation density and stability on
crystalline versus amorphous OTS will be addressed. It was determined that the role
of a dense crystalline methyl terminated surface is primarily to lower the thermo-
dynamic barrier of nucleation, which is directly related to the pentacene-surface
interaction energy. Moreover, on the crystalline OTS surface, the sub-monolayer
pentacene film consisted of high density 2D crystals, which, upon further deposition
of pentacene, coalesced into a 2D layer ultimately resulting in a high charge carrier
mobility thin film. The work presented in this chapter indicates that nucleation
density and growth mode are closely related. While this may seem intuitive, prior to
this work, I am not aware of any reports in the field of organic electronics which
specifically address the relationship between nucleation density and growth mode.
A larger pentacene-surface interaction energy engenders 2D growth and also
increases the nucleation density by lowering the thermodynamic barrier to nucle-
ation (DG*).

The experimental results presented in this chapter suggest that the differences in
pentacene diffusivity on OTS of varying degree of order is not the dominating
factor for the differences in nucleation density and growth mode which dictate the
charge carrier mobility in completed OTFT. It has been previously suggested that
the pentacene diffusivity on OTS of varying density was the major factor gov-
erning the nucleation density [18]. Using atomic force microscopy (AFM) and
Monte Carlo simulations the relevant energetics of pentacene nucleation and
stability on different OTS surfaces were calculated to further demonstrate the
importance of the interfacial energy between pentacene and OTS. Sub-monolayer
pentacene thin films were 2D and did not reorganize or change with time on a
crystalline OTS layer; however on the amorphous OTS surface, the pentacene thin
films de-wet from the surfaces over time forming 3D islands. This analysis
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suggests important considerations in terms of thin film morphology and stability
necessary for monolayer OTFTs (see Chap. 6) and sensors [26–28].

3.2 Properties of the OTS Monolayers

In order to elucidate the role of methyl surface density on pentacene nucleation
and thin film growth, two types of OTS surfaces were prepared. The amorphous,
disordered or ‘‘liquid-like’’ OTS was prepared from vapor phase deposition fol-
lowing literature procedures (and Chap. 2) [1, 22, 29]. The crystalline OTS (LB-
50) was prepared using the LB technique described in the previous chapter a spin
coating technique which is described in detail in the next chapter [21, 22]. Grazing
incidence X-ray diffraction (GIXD) was utilized to confirm that the spin-cast OTS
was crystalline (which will henceforth be denoted cryOTS) while the vapor phase
OTS (henceforth denoted ampOTS) was amorphous. cryOTS packed hexagonally
with a 4.2 Å lattice constant, consistent with previous literature reports [30]. The
monolayers were further characterized by grazing angle Fourier transform infrared
spectroscopy (GATR-FTIR), ellipsometry, and AFM. As expected the area under
the absorption curve for the GATR-FTIR spectra was larger for cryOTS compared
to ampOTS, again validating that the cryOTS was a more densely packed
monolayer. The area under the absorption curve was 1.45 times greater for cryOTS
compared to ampOTS, indicating that the cryOTS film was about 1.45 times
denser than ampOTS, which corroborates the higher thickness measured by el-
lipsometry [22]. Also, the characteristic aliphatic stretch modes are shifted to
lower wavenumbers for cryOTS, again demonstrating a higher degree of order
compared to ampOTS [31]. AFM indicated that the RMS roughnesses of the two
films were nearly identical (*0.2 nm RMS roughness).

3.3 Pentacene Nucleation Density on Different OTS Monolayers

In terms of heterogeneous nucleation the following relevant energetics dominate
nucleation and thin film growth: the energetic barrier to diffusion (Ediff), the
energetic barrier to desorption (Edes), and the energetic barrier required to form a
crystal (DG*). The nucleation density (ND) is given by: [21, 32, 33].

ND ¼ Ra exp
Ei

kTS

� �

ð3:1Þ

where R is the rate of molecules impinging on the surface, a is a constant
related to the critical cluster size, and Ei is the crystal disintegration energy
(approximately equal to negative of the crystal formation energy for systems
close to equilibrium). Assuming that the relevant energetic barriers to
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nucleation scale equivalently with the deposition rate (i.e. each has the same
exponent), Ei = (-Edes ? Ediff ? DG*), and Eq. 3.1 can be re-written (see
Chap. 1). [32, 33]

ND ¼ Ra exp
�Edes þ Ediff þ DG�

kTS

� �

ð3:2Þ

where k is Boltzmann’s constant, and Ts is the substrate temperature. Strictly, each of
the molecular processes—diffusion, desorption, and nucleation—is also a function
of the molecule–substrate interaction energy. The molecule–substrate interaction
energy on ampOTS and cryOTS can be approximated by considering the growth
mode and was calculated for pentacene in Chap. 2 [23, 25].http://www.rsc.
org/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=JM&Year=2010&
ManuscriptID=b921767c&Iss=Advance_Article - cit19. As aforementioned the
pentacene nucleation density is considerably higher on cryOTS than on ampOTS
[23]. Figure 3.1 shows AFM images of pentacene deposited on the two different
OTS monolayers at different substrate temperatures.

The coverage is lower at higher temperatures indicating significant desorption.
The total energetic barrier of nucleation (Ei) can be determined by plotting the
natural log of nucleation density versus inverse substrate temperature (see
Fig. 3.2). By fitting the slope in Fig. 3.2, E(cryOTS) was determined to be 0.80 eV
and E(ampOTS) was 1.16 eV. There is a smaller total energetic barrier for nucleation
on the crystalline OTS.

In the organic transistor literature it is common to assume that the nucleation
density scales as ND * (R/D) where R is the deposition rate and D is the diffu-
sivity [18, 34]. In two earlier reports from other research groups on the nucleation
of pentacene on ordered versus disordered OTS, this scaling was used to explain
why different nucleation densities were seen on different surfaces [18]. From this
assumption, for a fixed deposition rate, the nucleation rate is determined solely by
the inverse of diffusivity. However, this scaling is oversimplified since it does not
take into account the energetics of the phase change—i.e. formation of a solid
crystal from a supersaturated vapor. The arguments presented prior to the work
presented in this chapter took into account Ediff and Edes, but not DG*. These
scaling laws, adopted from seminal work in the 1970s and 1980s by Venables and
others, do work quite well for a set of inorganic systems on clean surfaces, but do
not always translate directly to explain the growth of weakly bound organic thin
films where the molecules, and thus their interactions with the surface and each
other, are highly anisotropic (see Chaps. 1 and 2) [32–34].

The total energetic barrier to form a crystal is approximated by -Ei

(-Ei = Edes - Ediff - DG*). The difference in desorption and diffusion barriers
determines the mean distance a pentacene molecule travels on the OTS [33]. This
is true for very early stages of growth. A high barrier for desorption means the
molecule is unlikely to desorb because it is strongly bound to the surface. When
the barrier for diffusion is low, the pentacene molecules diffusivity is greater.
In summary, Edes - Ediff determines surface mobility [32, 34]. -DG* defines the
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Fig. 3.1 AFM images of pentacene thin films (nominally 1.5–2 nm measured by a quartz crystal
monitor during deposition, deposition rate * 0.2–0.3 Ås-1) on cryOTS and ampOTS at different
substrate temperatures. a 60�C on ampOTS, b 60�C on cryOTS, c 50�C on ampOTS, d 50�C on
cryOTS, e 40�C on ampOTS, f 40�C on cryOTS, g 30�C on ampOTS, h 30�C on cryOTS, i 20�C
on ampOTS, j 20�C on cryOTS. Each AFM micrograph is 100 lm2

3.3 Pentacene Nucleation Density on Different OTS Monolayers 55



energy barrier to crystal formation, and is a strong function of the differences in
free energies of the vapor and crystal phases, and the interfacial energies [25, 32].

3.4 Capture Zone Model Analysis

To determine which energetic terms are the most important, I treated the ener-
getics related thermodynamics of nucleation and the pentacene surface mobility
(diffusivity) separately. The barrier to pentacene nucleation can be decoupled from
the barriers to pentacene surface mobility using a capture-zone model for films
before coalescence [4, 35, 36]. This model assumes the growth rate of a stable
island is a function of the size of the island and the average distance traveled on
the surface by a molecule before desorption—i.e. related to Ediff and Edes. Since
stable islands are considered in this analysis, the barrier to nucleation (DG*) has
been accounted for. Comparing the average spacing of the islands (Ln), and the
mean distance traveled (k), and the overall shape of the crystal grains gives an
indication on whether growth is limited by diffusion [4, 35, 36]. Ln and k are
shown schematically in Fig. 3.3. k is related to the diffusion, desorption, and the
mean residence time on the surface by: [37].

k ¼
ffiffiffiffiffiffi

Ds
p

ð3:3Þ

Fig. 3.2 A plot of the ln (nucleation density) versus 1000/Ts for substrate temperatures (20, 30,
40, 50 and 60 �C). The R2 value shows a good linear fit. The nucleation density was calculated
using Nanoscope software and analyzing the AFM micrographs. * It should be noted, that since
both lines of best fit do not have the same y-intercept, the dependence of the nucleation density on
the rate of deposition are slightly different on the two surfaces. This may be due to the critical
cluster size which can vary depending on the type of crystal (2D vs. 3D) and the pentacene-
substrate interaction energy
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where the diffusivity D is expressed as:

D ¼ D0 exp
�Ediff

kTS

� �

ð3:4Þ

Do is the surface diffusion pre-factor, k is Boltzmann’s constant, and Ts is the
substrate temperature. The mean residence s is related to the surface vibrational
frequency t and the barrier to desorption by [37] :

s ¼ 1
t

exp
Edes

kTS

� �

ð3:5Þ

Combining Eqs. 3.4 and 3.5

k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

D0

t
exp

Edes � Ediff

kTS

� �

s

ð3:6Þ

The surface diffusion pre-factor scales with molecular weight (MW) in terms of
Do * MW-1/2 and surface vibrational frequency scales with substrate tempera-
ture as m * (2kTs)

1/2. These values are assumed to be identical for pentacene
molecules on both cryOTS and ampOTS surfaces [37]. The distance k is then
directly proportional to Edes - Ediff. Applying capture zone analysis, k can be
approximated by studying the dependence of crystal growth on the deposition rate
and time [4, 36]. The number of molecules in an island as a function of time (t) is
given by:

d n tð Þð Þ
dt

¼ RkP tð Þ ð3:7Þ

where n(t) is the number of pentacene molecules in a crystal, and P(t) is the
perimeter of the islands as a function of time. Using known lattice constants (a and
b) for pentacene in the thin film phase (the phase which dominates growth at the
interface) and assuming the islands are circular disks (short cylinders), the area of
the island as a function of time A(t) is:[4, 36]

A tð Þ ¼ n tð Þab

2
¼ a2b2

8
R2k2t2
� �

ð3:8Þ

Fig. 3.3 Schematic of
relevant length scales in
capture zone model. The
distance between stable
growing islands is Ln, and the
average distance a molecule
diffuses on the surfaces is k
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Solving for k:

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8A tð Þ
a2b2R2t2

r

ð3:9Þ

Thus, k can be determined by depositing a material for a given time at a given
rate followed by using AFM to measure the average size of the islands. AFM
analysis can also be used to determine the mean distance between islands (Ln). In
each of the three different experiments (for rates and time see Table 3.1), kcry (for
cryOTS) was roughly half that of kamp (for amorphous OTS). The average values
for mean distance between islands (Ln) and calculated mean distance traveled are
given in Table 3.1.

Though the calculated k is lower for cryOTS compared to ampOTS, this does
not necessarily indicate that the diffusivity is lower on cryOTS. When considering
the surface mobility, it is imperative to also consider the distance between islands
(Ln) [4, 36]. On cryOTS, the distance a pentacene molecule travels before joining
an existing island is much shorter because the density of stable islands is higher.
The distance between stable islands and the average distance travelled are nearly
identical on both surfaces. This suggests that the growth rate is not diffusion-
limited and, as a result, the diffusivity is probably not dramatically different on
cryOTS and ampOTS (i.e. the distance a pentacene molecule ‘‘can’’ travel on
cryOTS may very well be larger than on ampOTS but is not experimentally
accessible since the nucleation density is also much higher). Reiterating (this is an
important point), while differences in pentacene diffusivity may exist on the dif-
ferent surfaces, the effect appears to be negligible compared to other energetics
discussed next. The circular shape of the islands is also an indication of non-
diffusion limited growth, since diffusion limited growth typically gives rise to
highly fractal dendritic islands [6, 20]. Since it appears the surface diffusivity of
pentacene on the different surfaces was probably not the major factor governing
the nucleation density, the difference should be related to DG*.

3.5 Estimating the Barrier to Nucleation

The thermodynamic driving force for nucleation is the difference in chemical
potential of the saturated vapor phase (lv) and the crystalline phase (lc) (see
Chaps. 1 and 2), the so-called supersaturation Dl (where Dl = lv - lc) For a

Table 3.1 The calculated values for mean distance traveled (k) by a pentacene molecule using
the capture zone model and the distance between stable pentacene islands (Ln). The rates/times
chosen for capture zone analysis were 0.1 Ås-1/50 s, 0.1 Ås-1/100 s and 0.1 Ås-1/150 s

Surface Treatment k[lm] Ln[lm]

cryOTS 0.67 0.66
ampOTS 1.12 1.20
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small supersaturations (with respect to thermal energy kTs), the free energy of a 3D
crystal with respect to crystal size—number of pentacene molecules j—(the spe-
cial case for a 2D crystal discussed later is given in Chap. 2 and in References 25
and 33) can be described as:[26, 31, 32]

DG jð Þ ¼ �jDlþ j2=3
X

i
Airi ð3:10Þ

where the first term describes the thermodynamic driving force (the difference in
chemical potential of the pentacene vapor phase and crystalline phase) and the
second term describes the energetic penalty associated with creating or adding to a
new surface with a corresponding surface energy. In the equation above the term ri

corresponds to the surface energy (energy/area) associated with surface Ai. For
organic crystals formed from pentacene, there are often many facets and different
surfaces with different surface energies which make Eq. 3.10 complex. When
considering very small islands—where nucleation events occur and the cluster can
either disintegrate or grow, Eq. 3.10 becomes intractable. This is due to com-
plexities which arise from both the chemical potential term as well as the surface
energy term. First, the chemical potential term becomes hard to define as it is the
work required to add a molecule in a phase (l = (qG/qn)T,P), and G(n) is not a
smooth differential function. As discussed earlier, the Gibbs free energy (G) is a
macroscopic quantity describing the ensemble energy [32]. Similarly, surface
energy is a macroscopic term and thus is ill-defined. Nevertheless, Eq. 3.10 gives
the correct macroscopic relationship between free energy, crystal size, and surface
energies and is a valid starting point for the analysis of behavior during nucleation.
For a fixed rate and substrate temperature, the chemical potential term in Eq. 3.10
can be approximated to be equal for different surfaces (under the assumption that
the macroscopic crystal has the same vapor pressure); thus, differences in free
energy and growth modes can be attributed to the influences of the surface and the
relevant interfacial energies (see Chap. 2) [21, 25].

The barrier to nucleation DG* can be determined by taking the derivative of
DG with respect to the number of molecules j, and setting the expression equal to
zero:

oDG jð Þ
oj

� �

T ;P

¼ 0 ð3:11Þ

At DG(j) = DG*, j = i, where i is the so-called critical cluster size [32]. DG* is
the barrier to nucleation where the surface energy effects are maximized. Addition
of more molecules to the cluster increases the enthalpic interactions and lowers the
total free energy, and thus the intermolecular effects dominate the surface effects,
creating a stable island. A first approximation to the barrier to nucleation is
obtained by considering the macroscopic surface energies of the various facets in
conjunction with molecule surface interaction energies [25]. This approach,
adopted by Verlaak and co-workers, can be used to approximate the barrier to
nucleation as functions of the chemical potential, the surface energy of each facet,
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and the molecule–substrate interfacial energy. The barrier to 2D nucleation is
given by (see Chap. 2 for barrier to 3D nucleation used to calculated DG3D

* for
nucleation on ampOTS) [25]:

DG� ¼ 2 W010 þW100ð Þ W110 þW1�10ð Þ � 2W2
101 � 2W2

100 �W2
110 �W2

1�10

2Dl�Wmol sub

ð3:12Þ

where wi (hlk) refers to total energy of surface i (the specific area of surface i times
the specific surface energy (see Fig. 2.8). The values for the various pentacene
crystal surface energies have been calculated elsewhere experimentally and
computationally [9, 25]. The chemical potential driving force for the deposition
conditions used in our experiments (vapor pressure 10-6 Torr, rate 0.3 Ås-1, and
substrate temperature 60�C) was 0.07 eV. This low driving force further supports
using thermodynamic models to treat nucleation. The molecule substrate inter-
action wmol_sub were also estimated in Chap. 2 and for cryOTS is approxi-
mately * 0.14 eV, and for ampOTS is * 0.09 eV (Chap. 2). Notice that the
molecule substrate interaction energy is very important in determining DG*. The
greater the interaction energy, the lower the barrier to nucleation, and the greater
the tendency for 2D growth. Substitution of these quantities in Eqs. 2.4 and 3.12
yields: DG*cryOTS = 1.85 eV and DG*ampOTS = 2.25 eV. The difference in bar-
riers to nucleation is thus * 0.40 eV which is a significant portion of the
experimentally determined value of 0.36 eV for the difference in total crystal
formation energy. This indicates that the dominant energetic term for pentacene
nucleation density on amorphous versus crystalline OTS is in fact the barrier to
nucleation—not surface diffusivity. The barrier to nucleation is considerably
smaller on cryOTS, which leads to the formation of more pentacene nuclei. Since
the density of surface methyl groups on the cryOTS surface and thus the density of
OTS molecules itself is * 1.45 times greater than on ampOTS, the magnitude of
wmol_sub is correspondingly larger (see Eq. 3.12). Heterogeneous nucleation can
then be described in terms of homogeneous nucleation and a wetting factor related
to the overall interactions between the crystallizing molecule and the substrate
surface (Eq. 3.13) [37].

DG� ¼ DG�homo

2� 3 cos hþ cos3 h
4

� �

ð3:13Þ

The left side of the equation is the overall barrier for heterogeneous nucleation
and the first term on the right (DG*homo) is the energetic barrier for homogenous
nucleation. The second term is a wetting factor which describes the molecular
interactions where h is the contact or wetting angle which is between 0 and 180�
(this is assuming a spherical cap geometry, rigorously pentacene does not form a
spherical cap geometry and thus there would be some corrections to the h in a
modified Young’s law) [33]. In the case of complete wetting or h = 0�, there is no
barrier to heterogeneous nucleation. If h = 180�, the substrate imparts no
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energetic benefit (i.e., does not catalyze nucleation at all) and the heterogeneous
and homogeneous nucleation barriers are equivalent. Figure 3.4 shows AFM
images of nominally 3 nm thin films grown on ampOTS and cryOTS. It is clearly
evident that on the cryOTS the pentacene film tends to wet the surface and has a
higher surface coverage, which again is indicative of a low barrier to heteroge-
neous nucleation.

On ampOTS 3D nuclei are formed leading to partial surface coverage, and the
apparent contact angle is far from 0�, again illustrating a higher barrier to heter-
ogeneous pentacene nucleation compared to cryOTS.

3.6 Pentacene Thin Film Stability on Crystalline
and Amorphous OTS

The differences in interaction energies also greatly affect the stability of pentacene
films on cryOTS and ampOTS. As a crystal of pentacene is formed on a surface,
new surfaces with associated interfacial free energies are created between the
crystal and the vapor APentacenei�cPentacenei, where APentacenei is the area of facet i and
cPentacenei refers to the corresponding interfacial surface energy between facet i and
the vapor. There is also an interfacial energy between the crystal and the substrate
APentacene_OTS*cPentacene_OTS (where APentacene_OTS refers to area of the pentacene in
contact with the OTS and cPentacene_OTS refers to the corresponding interfacial
energy between pentacene and OTS). Finally there is a loss of interfacial surface
energy between the substrate and the vapor (-APentacene_OTS�cOTS) where
APentacene_OTS refers to the area of the pentacene crystal which is now covering the
OTS, and cOTS is the interfacial surface energy between the OTS surface and the
vapor. If the system remains close to thermodynamic equilibrium conditions
during the growth, one would expect thin film stability and would not expect any
changes in the morphology post deposition (system is at global minimum in terms
of free energy).

Recently, Yoshikawka et al. showed that thin films of pentacene (1–3 mono-
layers) are unstable on amorphous OTS surfaces, while they are very stable on
bare SiO2 [38]. They attributed this to the surface energy of SiO2 (61.4 mJ m-2)
being considerably higher than that of pentacene, whose lowest energy and largest
in terms of area is the 001 surface, with a surface energy of 49.7 mJm-2. The
authors argued that there is no driving force for reorganization—i.e., the system is
at equilibrium [39]. In their work, on the lower surface energy of OTS
(* 28 mJm-2 for disordered OTS) the pentacene domains aggregated forming 3D
islands (within 48–72 h), and by doing so exposed the lower surface energy OTS
and minimized the higher surface energy pentacene 001 surface [40]. In this work,
a similar phenomenon was observed for thin films of pentacene grown on am-
pOTS. Over time, the thin films would aggregate and form 3D structures. How-
ever, on the cryOTS (surface energy * 24 mJ m-2), despite having a lower
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surface energy than the ampOTS, the pentacene thin films did not undergo reor-
ganization. This vividly illustrates that surface energies are not an adequate metric
to discuss the energetics in systems comprised of extended anisotropic particles
like organic molecules. In such systems, the magnitude of the interaction energies
between the parts of a surface exposed to another phase have very little to do with
the energy stored in the surface. Rather, the interaction energy terms of all
interfaces need to be considered. In Fig. 3.5 the AFM of thin films of pentacene
(nominally 1.5 nm) on ampOTS and cryOTS and a schematic of the relevant
surface energies and the reorganization are shown.

The absence of reorganization on cryOTS despite the lower surface energy
compared to ampOTS is related to the strong intermolecular interactions between
pentacene and the cryOTS surfaces. In order to discuss the stability of a 2D
pentacene film, consider the following simplified scenario which is schematically
shown in Fig. 3.5e. Assume that a certain amount of pentacene can either be
invested in the formation of a large single-layer island (2D case, No.1 in Fig. 3.5e
or a two-layer stack that covers half the area on the OTS substrate (3D case, No.2
in Fig. 3.5e. As noted from the AFM the width of a pentacene island is typically
much wider (*0.25 lm) than the height (*2–6 nm). From GIXD investigations it
is known that pentacene thin films nucleate with their a–b plane on the substrate
surface plane, i.e., {001} facet up. Thus, the facets other than the {001} facets

Fig. 3.4 Atomic force micrographs (AFM) of nominally 3 nm thick pentacene thin films
deposited at a rate of. 0.3 Ås-1 at a substrate temperature of 60�C on a ampOTS and b cryOTS.
Each AFM is 400 lm2 in area. The line profile is provided below each AFM
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Fig. 3.5 AFM of thin films of pentacene (nominally 1.5 nm) on cryOTS a) right after deposition,
b) after * 48 h and on c) ampOTS right after deposition, d) AFM after * 48 h; e) a schematic
showing the relevant interfacial energies in pentacene islands on an OTS substrate. Two possible
growth types are discussed: the same amount of pentacene is invested in either (1) a single 2D
island or (2) a small 3D island with two stacked layers
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contribute much less surface to the total island/grain surface than the {001}-
faceted areas. Consequently, in the comparison of the two types of island growth
depicted in Fig. 3.5, the energetic contributions from the side walls (though the
stacked islands have H2 times more side wall area) can be safely neglected [9, 25].
The energetic balance is captured by the following equations:

Vtot
1 ¼ A1 cPn�cryOTS þ cPn�Air

� �

ð3:14Þ

Vtot
2 ¼

A1

2
cPn�cryOTS þ cPn�Pn þ cPn�Air þ cOTS�Air

� �

ð3:15Þ

here, V1
tot is the total energy for the system in case 1 (2D crystal), V2

tot is the total
system energy for case 2 (3D crystal), A1 is the area of the large 2D island
(Fig. 3.5e); cPentacene_cryOTS, cPentacene_Air, cPentacene_Pentacene, cOTS_Air are the
interaction energies of the pentacene/cryOTS, the pentacene/air, the pentacene/
pentacene (interlayer binding energy), and the OTS/air interfaces, respectively.
The cPentacene_Air, cOTS_Air interaction energy terms are negligibly small in com-
parison to cPentacene_cryOTS and cPentacene_Pentacene (* three orders of magnitude
smaller). It needs to be pointed out that this is not necessarily the case in atmo-
spheres other than air or vacuum such as organic solvent vapors, in which the
following stability consideration does not apply. The 2D island is more stable than
the 3D island when V1

tot \ V2
tot (i.e. more negative).

Vtot
1 \Vtot

2 : cPn�cry�OTS

	

	[ cPn�Pnj
	

	 ð3:16Þ

This condition is met when the absolute magnitude of cPentacene_cryOTS is greater
than that of cPentacene_Pentacene which is the intuitive result: if the interaction between
pentacene and cryOTS is stronger than the interaction between pentacene in sub-
jacent layers then the single layer island is energetically more favorable than the
two-layer stack. Though derived from a much simpler picture, this criterion is again
comparing the magnitudes of molecule–substrate and molecule–molecule interac-
tion energies, similar to the one derived by Markov and Verlaak et al. [25, 32].

Molecular force field calculations (non-bonded part of OPLS force-field), were
performed in order to obtain approximate values for cPentacene_cryOTS and
cPentacene_Pentacene and to complement/validate the interaction energies estimated
from AFM in Chap. 2 [40]. The binding energy of a pentacene monolayer dimer
(a dimer was chosen because the 001 plane contains two nonequivalent pentacene
molecules) on circular substrate sheets of the pentacene monolayer motif and
crystalline OTS was estimated by Monte Carlo sampling over all possible positions
within the respective substrate unit cells and azimuthal angles until convergence was
obtained. [8] The necessary crystal structure of OTS in the hexagonal 4.2 Å unit cell
was obtained from packing calculations with the same force field. The resulting
calculated interaction energies are cPentacene_cryOTS = -0.139 eV and
cPentacene_Pentacene = -0.136 eV. This calculated value for cPentacene_cryOTS is in very
good agreement with an earlier estimation based on AFM measurements discussed
in Chap. 2 [21]. From the GATR-FTIR spectrum, the density of cryOTS/ampOTS
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is * 29/20 (*1.45). If one assumes that the cPentacene_cryOTS value scales with the
surface density of the OTS molecules, the value cPentacene_ampOTS can be calculated
as (1/1.45) c Pentacene_cryOTS = 0.096 eV. These values readily explain why penta-
cene films on crystalline OTS are stable because again:

cPn�cryOTS\cPn Pn jcPncryOTS
j[ j[ jcPnPn

j

 �

ð3:17Þ

The interfacial energy between the semiconductor and the surface is a critical
consideration of OTFTs especially for emerging device architectures where the
semiconducting active layer is only a few monolayers [2], If the interfacial energy
is not sufficiently strong, the film will reorganize and the device performance will
rapidly decay with time. Current work on very thin OTFTs for monolayer tran-
sistors or sensors has relied on depositing the organic semiconductor onto ultra-
clean, high surface energy SiO2/Si substrates [41]. Mono- or bilayer OTFTs are
attractive since less material is used lowering device fabrication cost and may be
promising candidates for ultra-selective sensors (see Chap. 6). If the OTFT sensor
is only a monolayer, extreme sensitivity can be achieved since the analyte mol-
ecules will interact directly with the current carrying semiconductor molecules
[42]. The high surface energy of SiO2 provides stability against semiconductor
reorganization, but unfortunately the same issues discussed earlier (including low
performance and rigidity) persist. However, on the highly crystalline OTS
monolayer the semiconductor interacts strongly with the terminal methyl group
allowing for stable thin film structures which should not undergo reorganization
(more on this in Chap. 6).

3.7 Conclusions

In this chapter the relevant energetics of pentacene on methyl terminated surfaces
were described. Also to complement and expand upon Chap. 2, a more in depth
analysis on the nucleation density and stability of pentacene thin films on OTS-
modified surface was developed. The crystalline OTS surface increases the
pentacene nucleation density by appreciably lowering the thermodynamic barrier
to nucleation and not by changing the surface diffusivity. Another fortuitous
consequence of the favorable pentacene–cryOTS interaction is improved penta-
cene thin film stability. It appears that the interfacial energy scales with the SAM
density. These findings help to elucidate pentacene thin film formation and growth
mode on OTS, the most common surface used for organic transistors, and describe
how the dielectric surface should be engineered for higher performance OTFTs, as
well as reliable TFTs based on a monolayer of organic semiconductor (Chap. 6).
These finding are also potentially useful for sensor applications which will be
briefly discussed in subsequent chapters.
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Chapter 4
Technological Importance of Crystalline
Octadecylsilane Monolayers: Crystalline
Monolayers Fabricated by Spin-Casting

4.1 Introduction

Many linear alkyl derivatives, such as alkylthiols and alkylsilanes, have been used
to modify the chemical and/or physical properties of surfaces. These molecules
form self-assembled monolayers (SAMs) on the surface by physical adsorption or
covalent bonding of the head group to the substrate and are further stabilized by
attractive van der Waals packing of the alkyl chains. These SAMs have been
widely investigated with particular attention to systems like thiols on gold or
silver, silanes on SiO2, phosphonic acids on Al2O3 and carboxylic acids on metal
oxides [1]. Careful control and engineering of the SAM composition and mor-
phology is important for many applications [1–3].

As aforementioned in the past three chapters, octadecylsilanes (OTS), such as
octadecyltrimethoxysilane (OTMS) and octadecyltrichlorosilane (OTCS), have
been extensively used to modify the SiO2 dielectric surface in organic field-effect
transistors (OTFTs) and such modifications result in an increased charge carrier
mobility for a variety of vacuum-deposited and solution-cast organic semicon-
ductors [4, 5]. This modification has been used on the dielectric surface of bottom-
gated OTFTs since the nucleation and growth behavior of the organic semicon-
ductors is dramatically influenced by composition, roughness and quality of the
dielectric surface [6–8]. For high charge carrier transport, two-dimensional (2D)
growth is preferred over three-dimensional (3D) or island growth. Thin films that
exhibit 3D growth at the dielectric interface tend to form severe grain boundaries
during coalescence which act as trap sites that greatly reduce charge carrier
mobility. Two-dimensional layer-by-layer growth gives rise to films where islands
are better connected, and charge limiting traps are minimized, engendering higher
current flow (see Chaps. 2, 3) [9–13].

As discussed in Chap. 2, using the Langmuir–Blodgett (LB) technique, the
phase of OTS was systematically varied, and pentacene and C60 semiconductor
growth and OTFT performance were investigated [5]. Recall that in the LB
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technique, amphiphilic OTS molecules were compressed at the air–water interface
and under applied lateral pressure a 2D liquid, solid, and even a crystalline
monolayer can be formed. The maximum surface pressure that can be achieved
was 55 m Nm-1 before the OTS film began to collapse and form multilayers. At a
surface pressure at or exceeding 50 m Nm-1 a dense, crystalline OTS monolayer
was formed [5]. On this crystalline OTS monolayer, hereafter referred to as LB-50
(see Chap. 2), the mobility for pentacene and C60 thin films was significantly
improved over films deposited on amorphous, disordered OTS SAMs. In fact, their
mobility increased systematically with the LB OTS density (Chap. 2) [5].

The amorphous OTS SAMs are typically formed using conventional deposition
methods, such as solution immersion or vapor deposition (VD). Generally VD
gives rise to a smoother surface compared to solution immersion [4, 14]. Silanes,
especially trichlorosilanes, polymerize easily in the presence of water and form
rough multilayer surfaces. For example, in order to obtain ultra smooth mono-
layers, Wang et al. applied super dry conditions to fabricate an OTCS monolayer
in solution [15]. However, it took 48 h to form a full monolayer, and the solution
had to be maintained in ultra-dry conditions. Typically VD is performed under
vacuum and the silane is vaporized at elevated temperature (150–200 �C).
However, SAMs formed by VD usually have a low density and are disordered
[16]. Compared to conventional amorphous OTS SAMs, the crystalline OTS SAM
has a higher density of terminal methyl groups which leads to improved ‘‘wetting’’
for a variety of organic semiconductors, i.e., 2D island growth.

However, what was not mentioned in Chap. 2 is that the LB technique is
tedious and time-consuming. While it is useful for fundamental research, it is not
amenable for real-world applications. The LB technique is not easily scalable to
large area processing and films may tear during Blodgett-transfer from the air–
water interface creating defect sites [1]. Since a major advantage of organic over
inorganic electronics is quick and cheap processing, a new method for producing
the crystalline OTS, is highly desirable. In this chapter, a novel spin-coating
technique which is quick, simple, and scalable over large areas is described. The
thin film properties of the crystalline spin-cast OTS, and the improvement as
dielectric modification layers in organic transistors are compared to the vapor
deposited films and the LB-50 film is described.

The inspiration for creating highly ordered OTS layers from spin-casting was
based on work recently reported by Nie et al. who developed a simple technique to
fabricate well ordered monolayers of octadecylphosphonic acid (OPA) on
hydrophilic surfaces like aluminum oxide (Al2O3) [17]. They found that such
monolayers can be prepared from solutions of OPA in a non-polar solvent with a
dielectric constant between 3 and 5 (trichloroethylene or chloroform) by spin-
coating in ambient conditions onto clean oxide surfaces, such as UV/ozone-treated
silicon oxide and aluminum-oxide. Phosphonic acid groups can easily form strong
covalent bonds with aluminum oxide, but they only physisorb onto silicon oxide.
In this chapter, a spin-coating technique which allows for the deposition of a
smooth, crystalline OTS SAM with the same quality as the most ordered LB-50
film on silicon oxide is described. The crystalline spin-cast OTS SAM serves as
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excellent dielectric surface modification layer for OTFTs resulting in very high
charge carrier mobilities in a variety of organic semiconductors.

4.2 Crystalline OTS Monolayer Deposition
and Characterization

Nie et al. used nonpolar solvents with a dielectric constant (e) around 4, such as
trichloroethylene (TCE) or chloroform, to form ordered OPA SAMs on UV/ozone
treated hydrophilic oxide surfaces [17]. They hypothesized that ordered OPA
monolayers were formed due to the preferential solubility of the hydrophobic tail
group in the solvent, and the strong interaction of the polar head group with the
hydrophilic substrate surface. They found that the dielectric constant of the solvent
is crucial to ensure uniform full-coverage of OPA SAM. Only a small range of
solvent polarity results in significant ordering of the polar OPA headgroups on the
substrate surface. For the OTS system, solvents with a variety of dielectric con-
stants (e) were also tested and the corresponding SAM AFM images are shown in
Fig. 4.1. The films from hexane (e = 1.89), toluene (e = 2.38), and dichloromethane
(e= 8.9) gave rise to polymerized multilayer OTMS films that could not be
removed by sonication to give a smooth monolayer (Fig. 4.1). On the other hand,
good quality, dense and well ordered monolayers were deposited from chloro-
benzene (e = 5.62) and trichloroethylene (TCE, e = 3.42). The formation of a
crystalline OTS SAM seems to require a similar range of solvent polarity as well
ordered OPA SAMs [17].

The proposed formation of an ordered OTS SAM based on the mechanism
reported for OPA is illustrated in Fig. 4.2. For OPA, when the solvent dielectric
constant is significantly greater than 5, the phosphonic acids start to interact more
strongly with the solvent thus disrupting the self-assembly at the substrate-solution
interface. However, when the dielectric constant of the solvent is lower than 3,
OPA molecules tend to make reverse micelles in solution, which gives rise to
incomplete coverage of the OPA SAM. Since alkylsilanes have similar molecular
structures, i.e., a non-polar alkyl chain and a polar headgroup, the same mecha-
nism most likely applies. Therefore, based on the above experimental results, TCE
was used as solvent for the remaining alkylsilanes described in the rest of this
chapter.

In addition to the solvent, the silane solution concentration was also found to be
critical for the quality of the SAM film. At low concentrations (\1 mM),
incomplete monolayers with isolated islands were formed (Fig. 4.3a). At higher
concentrations ([5 mM), multilayers were formed (Fig. 4.3c). Several spin-cast-
ing speeds were tested, and 3,000 rpm was found to give the best results. Spin-
casting at much lower speeds sometimes led to multilayer formation; faster speeds
often led to incomplete coverage. After spin-casting, the substrates were exposed
to ammonia or hydrochloric acid vapor for 10 h at room temperature to accelerate
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hydrolysis of alkoxysilanes to and promote bonding to SiO2 surface (see this
chapter Appendix for more on the kinetics of SAM formation).

Following the acidic or basic vapor treatment, the substrate was then rinsed or
sonicated with solvents to remove any multilayers. If the films did not undergo
acid or base treatment, the polymerization and bonding to the surface was often
incomplete and the films were easily dissolved or delaminated by organic solvents.
If, however, OTCS was chosen as the alkylsilane, acid or base vapor was not
necessary to form a crystalline monolayer. The trichlorosilane head group is more
reactive and polar than the trimethoxy group. This leads to faster cross-linking.

Fig. 4.1 AFM images and line profiles of OTMS monolayers spin-cast from: a hexane,
b dichloromethane, c toluene, and d chlorobenzene solutions. The scan area and the height scale
of each image are 25 lm2 and 0–10.0 nm. Z value shows vertical distance between triangles
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Also the driving force for forming the ordered SAM may be higher since the
OTCS molecule has a larger difference in polarity between the head group and the
alkyl tail. Moreover, kinetic studies later performed show that even 2 h of acid or
base can be sufficient to cross-link the OTMS films and form a crystalline

Si

SiO2 

Solution

Octadecyltrimethoxy 

silane

Hydrophobic

HydrophilicSi

O
O

O

OTMS

Si

SiO2 

Spin -casting

Fig. 4.2 Schematic
illustration of OTMS
deposition by spin-casting is
based on the mechanism
proposed by Nie et al. [17]

Fig. 4.3 AFM images and line profiles of OTMS monolayer films by casting in TCE a is
\1 mM, b is 2–3 mM, and c is [3 mM. Image courtesy of Yutaka Ito
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monolayer. However, the exact density and crystallinity of the films as a function
of exposure time to the acid or base has yet to be determined (see Appendix). The
typical morphology of an OTMS monolayer deposited from optimized conditions
is shown in Fig. 4.4. It can be seen that the surface of the OTMS monolayer is very
smooth and showed a RMS roughness of 0.1–0.2 nm over large areas (25 lm2).
This surface produced by the spin-cast technique is smoother compared to silane
SAMs formed by vapor or solution deposition [5, 15]. The second and subsequent
layers are not covalently bound to the surface and can be removed by rinsing or
sonication. In the case of excessive multilayer formation, the multilayers were
easily removed by gently wiping the surface with a toluene soaked swab.

There was negligible difference in the films that were exposed to acid (HCl) or
base vapor (NH4OH). Both types of films exhibited similar root mean square
(RMS) roughness (*0.1–0.2 nm), and both formed crystalline OTS monolayers as
confirmed by grazing incidence X-ray diffraction (GIXD). The pentacene TFT
performance (tested for over 40 transistors) was also similar on both.

Molecules with various alkyl chain length, such as butyltrimethoxysilane
(BTMS), octyltrimethoxysilane (Octyl-TMS) and dodecyltriethoxysilane (DTES),
were also deposited by the spin-casting technique followed by NH4OH vapor
treatment. It was determined that the difference in polarity between the side chain
and the silane group to be vital for formation of well-ordered, dense monolayers:
e.g., longer alkyl chain silanes formed better films than shorter alkyl chains. The
theoretical molecular lengths, ellipsometric thickness on SiO2/Si wafer and water

Fig. 4.4 AFM image and
line profile of an OTMS
monolayer deposited by spin-
casting technique from
optimized conditions. The
scan area is 5 9 5 lm2.
Z value shows vertical
distance between triangles.
Figure courtesy of Yutaka Ito
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contact angles of each sample are summarized in Table 4.1. All the molecules
except BTMS showed shorter extended lengths than their molecular lengths
indicating they may be tilting. However, for OTMS the GIXD data indicate that
the molecules are standing up nearly vertically (*6� tilt). The incongruence in the
ellipsometric and GIXD data for OTMS is likely due to the difficulty in accurately
predicting refractive indices of monolayers on surfaces. The fact the BTMS height
was larger the calculated estimated molecular length may be due to experimental
inaccuracies with measuring very thin films. BTMS and octyl-TMS SAMs showed
low static water contact angles. Much better SAM surface coverage and higher
water contact angle were observed for DTES (Table 4.1). As the alkyl chain length
increases, the film coverage improves due to increased van der Waals interactions
between neighboring molecules [1]. An increase in contact angle without simul-
taneous increase in roughness is indicative of closer packing of the alkyl chains
and a decrease in surface free energy. The contact angles of DTES and OTMS
SAMs are similar to those reported previously for smooth alkanes [1, 17].

Additional characterization of spin-cast OTS films were carried out using static
water contact angle, and grazing-angle total reflectance Fourier transform infrared
spectroscopy (GATR-FTIR). The GATR-FTIR spectrum of the spin-cast OTS film,
the LB-50 film, and the amorphous VD OTS film are shown in Fig. 4.5. GATR-
FTIR can be used to investigate monolayer density and ordering. The integrated
area under the absorption curve is proportional to the monolayer density. The most
compressed and highly ordered LB-50 film and spin-cast film showed very similar
GATR-FTIR spectrum, which indicate that the spin-cast film has a high degree of
order and its mean molecular area is about 20 Å2 molecule-1 [5].

In order to determine if the spin-cast monolayer was indeed crystalline, grazing
GIXD experiments were performed. GIXD is an ideal tool to investigate the
structure of ordered monolayers. In this technique, the thin films are exposed to
high intensity synchrotron X-rays under a very shallow angle (*0.1�) so that the
X-rays penetrate and are scattered not only out-of-plane (perpendicular to the
substrate) but also in-plane. Thus for a monolayer, where only in-plane ordering
exists, GIXD allows one to determine if in-fact the monolayer is crystalline. If the
monolayer is crystalline, it satisfies the Bragg-condition in-plane so that a
Bragg rod is observed. Figure 4.8d shows the GIXD images of the spin-cast
OTMS monolayer. The diffraction peak of the spin-cast OTMS is unambiguous
evidence of the crystalline order of the OTMS monolayer. The diffraction pattern
is virtually identical to that of the highest density LB film (50 m Nm-1). From the
diffractogram the hexagonal lattice constant of the crystalline OTMS was 4.2 Å,

Table 4.1 Monolayer
thickness and static water
contact angle

Height (nm) Contact angle, deg (SD)

BTMS 0.7 75
Octyl-TMS 0.6 86
DTES 1.7 101
OTSM 1.8 105
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which agrees with previous reports for crystalline OTS and the results from
Chap. 2 [18]. Formation of dense and crystalline packing by spin casting is unu-
sual for alkylsilanes since common deposition methods usually result in disordered
or multilayer films. (See Appendix for more on common errors made using GIXD
in organic electronics).

4.3 TFT Performance on the Spin-Cast Crystalline
OTS Monolayers

Top-contact OTFTs using various organic semiconductors were fabricated and
TFT performance was tested to determine the efficacy of the crystalline spin cast
OTS SAM as a dielectric surface modification layer. Tables 4.2 and 4.3 shows
charge carrier mobility, on/off ratio, and threshold voltage for OTFTs with
pentacene (p-channel) or C60 (n-channel) active layers on spin-cast OTS and
conventional VD OTS [4, 19].

Fig. 4.5 GATR-FTIR spectrum of the most ordered LB film (with a molecular density of 1
molecule/20 Å2 from Refs. [5] and Chap. 2) the spin-cast OTS, and OTS-vapor. The area under
the absorption curve can be used to estimate the molecular density. The area under absorption
peaks for the LB 50 film and the OTS spin-cast films indicates they are of similar density. The
absorbance of the OTS-vapor film is much less which further asserts that it is less dense and less
ordered than the crystalline spin-cast and LB OTS films

Table 4.2 Pentacene TFT performance on spin-cast and vapor deposited OTS

Surface treatment l, cm2 V-1 S-1 (SD) Ion/Ioff (SD) VT, V (SD)

OTS-V 0.54 (0.04) 1.6 (0.02) 9 105 -9.5 (-0.7)
Spin cast OTS 2.9 (0.1) 4.9 (0.9) 9 105 -13.5 (-3.5)
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Pentacene and C60 were chosen for p-type and n-type semiconductors respec-
tively, because they possess exceptionally high field-effect mobilities and are
among the most extensively studied organic semiconductors; moreover, direct
comparison with the LB-50 film described in Chap. 2 can be made [4, 5]. On spin-
cast OTS SAMs, pentacene and C60 OTFTs exhibited mobilities as high as 3.0 and
5.3 cm2 V-1 s-1, (Fig. 4.6) respectively, while much poorer mobilities of 0.56 and
0.27 cm2 V-1 s-1 were obtained on vapor-deposited OTS SAMs. The mobilities
on the crystalline OTS are among the highest reported for these two organic
semiconductors [20, 21].

It is well-known that the charge transport in thin film OTFTs is confined to the
first few monolayers at the dielectric-semiconductor interface [22, 23]. To
understand the role of the OTS on the charge carrier mobility in more detail,
nominally 3 nm of pentacene onto the different OTS-SAM treated substrates. The
morphology of these samples was studied by AFM and GIXD. Figure 4.7 shows
AFM images of 3 nm pentacene deposited on spin-cast OTMS, highly ordered
LB-50 OTS, and vapor OTS. Pentacene grown on vapor (disordered) OTS
exhibited undesirable 3D island growth and thus formed a discontinuous film. The
AFM line profile for the pentacene grown on VD OTS shows very tall discon-
tinuous 3D islands (Fig. 4.7a). In contrast, the pentacene growth on the crystalline,
spin-cast OTS SAMs is very different. The strong interaction between pentacene
molecules and the dense methyl terminated substrate resulted in a contiguous 2D
sheet with less severe energetic trap states. More in-depth comparison and analysis
of semiconductor growth mode on disordered vs. crystalline OTS are given in a
Chaps. 2 and 3 [5]. It is important to note that AFM was taken immediately after
deposition to avoid film reorganization or degradation of the pentacene deposited
on the OTS vapor films (recall there is no pentacene thin film reorganization on the
crystalline OTS—see Chap. 3).

The characteristic pentacene (11L), (02L) and (12L) in-plane Bragg rods are
seen in the GIXD spectra shown in Fig. 4.8. On the crystalline OTS (Fig. 4.8b
and 4.8c), the diffraction from the OTS-SAM can be clearly observed between
the (11L) and (02L) pentacene peaks. The lattice constants of pentacene (a =
5.93 Å, b = 7.58 Å, c & 90�) extracted from the diffraction peaks were nearly
identical for both the disordered and crystalline OTS and are similar to those
reported for pentacene grown on alkylsilanes (and Chap. 2) [5, 24–26]. The
pentacene GIXD spectra (position of peaks in Qxy and Qz) are also similar on all
the OTS surfaces. This suggests that the difference in mobility on different OTS
surfaces is not due to different pentacene packing motifs. It is also interesting to
note that there is an additional diffraction peak at Qxy = 1.6 Å-1 on vapor OTS

Table 4.3 C60 TFT performance on spin-cast and vapor deposited OTS

Surface treatment l, cm2 V-1 S-1 (SD) Ion/Ioff (SD) VT, V (SD)

OTS-V 0.27 (0.15) 7.5 (6.3) 9 105 39.8 (7.5)
Spin cast OTS 4.7 (0.41) 3.5 (1.2) 9 105 35.6 (6.3)
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Fig. 4.6 Representative current–voltage (IV) curves for OTFTs with spin-cast OTS dielectric
surface modification layer. a Pentacene output IVs, b pentacene transfer IVs, c PTCDI-C4F4

output IVs, d PTCDI-C4F4 transfer IVs, e C60 output IVs, f C60 transfer IVs. The red lines in the
transfer plots indicate the slope used to calculate mobility. The thickness of the organic
semiconductor is about 45 nm measured by a quartz crystal microbalance during deposition
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(Fig. 4.8a) which corresponds to a portion of the film exhibiting the bulk
pentacene phase (Chap. 2). This partial 3D growth on vapor OTS is consistent
with thin film morphology investigated by the AFM (Fig. 4.7). In principle, the
full-width at half max (FWHM) of the diffraction peaks can be used to gauge the
crystalline quality of the pentacene on various OTS surfaces, but for all the films
studied, the FWHM was resolution limited (due to sample size effects see
Chap. 5 Appendix).

For the typical n-channel material, C60, the densely packed SAM served as an
excellent dielectric modification layer and a field-effect electron mobility as high
as 5.3 cm2 V-1 s-1 was achieved. In addition to the morphological effects on
semiconductor growth, the densely packed SAM effectively passivates electron
traps on SiO2 which can also contribute to the high mobilities especially for
electron transporting materials [27–29]. Another other n-channel organic semi-
conductors based on perylene tetracarboxylic diimide (PTCDI), which is one of
the most promising n-channel candidates due to the high electron affinity and the
large p-orbital overlap in the solid state, was also tested. The field-effect mobility
of N,N0-bis(heptafluorobutyl)-3,4:9,10-perylene tetracarboxylic diimide (PTCDI-
C4F7) increased to 1.4 cm2 V-1 s-1 on the spin-cast OTS compared to 0.72
cm2 V-1 s-1 for the OTFT device prepared on vapor-treated OTS [19]. A PTCDI
compound with two fluorine atoms at the core-aromatic ring also exhibited
enhanced mobilities on spin-cast OTMS SAM layer (0.66 cm2 V-1 s-1) compared
to the vapor-treated OTS (0.35 cm2 V-1 s-1) [3, 4]. The spin cast OTS allowed for

Fig. 4.7 AFM images of 3 nm, and pentacene deposited on a OTS-vapor, b spin-cast OTS, and
c LB 50 OTS
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the observation of ambipolar transport for a variety of pentacene derivatives while
they could not be observed on vapor OTS (see Fig. 4.9) [27, 30]. These results
indicate that the spin-cast OTS SAM layer is useful for the preparation of high
performance n-channel and ambipolar OTFTs [14, 31].

The corresponding list of semiconductors whose mobility is presented in
Fig. 4.9 is provided below. Electron mobilities are presented in bold, and the
threshold voltages are italicized.

Fig. 4.8 GIXD spectrum of
3 nm pentacene deposited on
a OTS-vapor (note there is no
diffraction peak observed
from the amorphous OTS),
b spin-cast OTS, c LB-50
OTS, d spin-cast OTS (with
no pentacene) showing that,
indeed, the monolayer is
crystalline
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4.4 Conclusions

In this chapter, a simple, ambient condition, solution-deposition technique to
create crystalline layers of OTS on SiO2 surfaces was described. Modifying the
SiO2 dielectric using a crystalline OTS layer compared to the conventional
amorphous OTS resulted in much higher charge carrier mobilities for both p- and
n-channel vapor deposited organic semiconductors. The improvement in perfor-
mance was again attributed to the ability to control the semiconductor growth to be
the more desirable 2D growth on crystalline OTS leading to well connected highly
conductive films, as opposed to 3D growth which is commonly observed on
amorphous OTS. The high density and close packing of the terminal methyl
groups in crystalline OTS monolayer interact favorably with the semiconductor
layer initially deposited and template 2D growth (see Chaps. 2 and 3). Moreover,
compared to other techniques for crystalline OTS deposition, such as the
Langmuir–Blodgett method, this technique is more amenable to large area pro-
cessing. Although a 5 inch wafer was the largest we demonstrated, this technique
should be scalable to larger areas. The formation of a crystalline OTS layer, which
greatly increases performance, from a simple solution deposition process repre-
sents an important development for organic electronics.

Fig. 4.9 The average mobility (for at least six devices on each OTS treatment) on crystalline
OTS-Y (Left) and amorphous OTS-V (Right). Both the electron and hole mobility on a variety of
semiconductors is higher on the crystalline OTS. See below for the corresponding list of
semiconductors (most of these molecules were synthesized by Dr. Ming Lee Tang)
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4.5 Experimental

4.5.1 Materials

The alkylsilane compounds, octadecyltrimethoxysilane (OTMS), octadecyltri-
chlorosilane (OTCS), dodecyltriethoxysilane (DTES), octyltrimethoxysilane
(Octyl-TMS), and butyltrimethoxysilane (BTMS) were purchased from Gelest Inc.
and used without further purification. They were stored under dry argon prior to
usage and in nitrogen after usage. All solvents were purchased from Fisher
Scientific. All other chemical reagents were purchased from VWR International
except for ammonium hydroxide (Arista, BDH). Si wafers with 1–2 nm native
oxide or 300 nm thermally grown oxide were obtained from Silicon Quest inc.
They were cleaned in a piranha solution (70:30, H2SO4:H2O2—caution highly
reactive with organic compounds) and UV/ozone (Jetlight Model 4050) treatment
for 10 min, followed by copious rinsing with deionized (DI) water. Pentacene and
C60 were purchased from Sigma–Aldrich and Alfa Aesar, respectively. C60 (99.5%
pure) was used as received, and pentacene was purified twice by zone sublimation
before usage. Professor Frank Würthner from the Universität Würzburg provided
the PTCDI-C4F4N,N0-bis(heptafluorobutyl)-3,4:9,10-perylene tetracarboxylic dii-
mide (PTCDI-C4F7) and was sublimed prior to usage. Other semiconductors were
synthesized by Dr. Ming Lee Tang.

4.5.2 Characterization

Static contact angles were measured with an Edmund Scientific goniometer and
the probe fluid was milli-Q water. Ellipsometric measurements of SAMs on Si
wafers with a native oxide were performed with a Sopra Bois-Columbes ellips-
ometer. The light source was a Physike Instrumente He–Ne laser with k = 632.8
and the angle of incidence was 708. The thickness of the SAM was calculated from
the measured W and D values using special integrated software (Optrel GbR) with
the following parameters: air, refractive index (n0) = 1.0; alkylsilane, n1 = 1.450;
native silicon oxide, n2 = 1.460, thickness (d)= 1.77 nm; silicon, n3 = 3.873,
k = -0.016. The SAM films were assumed to be isotropic and homogeneous.

The atomic force microscope (AFM) images of organic semiconductor thin
films and the SAM-treated SiO2/Si substrates were collected using a Digital
Instruments MMAFM-2 scanning probe microscope. Tapping mode AFM was
performed on the samples with a silicon tip with a frequency of 300 kHz.

The grazing angle attenuated total reflectance (GATR) spectrum was obtained
using a Nicolet 6700 Fourier Transform Infrared Spectrometer (FTIR) using a
germanium crystal.

Grazing incidence X-ray diffraction (GIXD) experiments were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) on beam line 11–3 with a
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photon energy of 12.73 keV. A 2D image plate (MAR345) with effective pixel
size of 150 lm (2,300 9 2,300 pixels) was used to detect the diffracted X-rays.
The detector was 400.15 mm from the sample center. The angle of incidence was
kept fixed at 0.18 to maximize the diffracted signal and minimize the background
from the substrate scattering. The GIXD data was analyzed using FIT-2D and
Peakfit software programs.

4.5.3 TFT Device Fabrication

Heavily n-doped silicon substrates with a thermally grown 300 nm silicon dioxide
dielectric layer with a capacitance per unit area (Ci) of 10 nF/cm2 were used as
transistor substrates. For top-contact geometry, the organic semiconductors were
deposited at a rate of 0.3–0.6 Å s-1 under a pressure of 5.0 9 10-7 Torr and a
substrate temperature of 60 �C for pentacene or 110 �C for C60 to a final thickness
of 45 nm determined by a quartz crystal monitor in the evaporation chamber.
Then, gold electrodes (*40 nm in thickness) were deposited using shadow masks
with a W/L of 20(W = channel width, L = channel length), where L = 40–200 lm.
The electrical characteristics were obtained at room temperature using a Keithley
4200 (Hewlett-Packard) semiconductor parameter analyzer in air for pentacene or
under nitrogen for C60. Transfer IV characteristics were obtained with a fixed
source-drain voltage of -100 V for pentacene TFTs and 100 V for C60 TFTs.

4.6 General Method for Fabrication of Crystalline
OTS SAM from Spin-Casting

General alkylsilane deposition conditions were developed by modifying the pro-
cedure reported for octadecylphosphonic acid (OPA) monolayers on hydrophilic
substrates by spin-casting [17]. For alkyl-trialkoxysilanes, the solution was dis-
pensed onto SiO2/Si wafers and allowed to partially self-assemble for 10 s prior to
spinning coating at 3,000 rpm for 10 s. The substrate was subsequently vapor
annealed in ammonia or hydrochloric acid. The best conditions for crystalline OTS
is the following: 3 mM OTMS solution in trichloroethylene (TCE) was cast onto a
UV/ozone cleaned SiO2/Si wafer to cover the entire surface and was allowed to
partially assemble for 10 s; the substrate was then spun at 3,000 rpm for 10 s.
Following spin-casting the substrate was put in a closed container with a small vial
which contained a few millimeters of ammonium hydroxide solution (28–30% in
water) for 10 h at room temperature. The substrates were then rinsed with DI water
and sonicated in toluene.
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Appendix: Kinetics of Self Assembled
Monolayer Formation

As mentioned in this chapter, the kinetics of the SAM formation are highly
sensitive to the ambient moisture. Initially, we noticed that without acid or base
hydrolysis the SAM would not form covalent bonding and could be easily
removed by organic solvents. It was determined that for the OTMS (the trimeth-
oxy) version, crystalline SAMs formed after 10 h of exposure to the acid or base
vapor. However, initially rigorous kinetic studies were not performed. In sub-
sequent months after discovering the spin-cast OTS technique, and the general
importance of crystalline OTS, we sought to study more about the kinetics of SAM
formation.

OTMS (octadecyltrimethoxysilane) and OTCS (octadecyltrichlorosilane)
monolayers were deposited using the spin-cast technique described in this chapter.
The films were then placed under HCl or NH4OH vapor for either: 0, 2, 4, 6, 8, or
10 h. After the exposure to HCl the films were removed and characterized using
grazing incidence X-ray diffraction. Interestingly, the OTCS films did not require
any acid or base vapor in order to form a crystalline layer. See Fig. 4.10. The high
reactivity of the trichlorosilane group allowed for formation of the crystalline
SAM without additional catalysis provided by the acid or base vapor. For OTMS
the crystalline SAM could be formed after 2 h of exposure to HCl. There is
ongoing work trying to understand more about the formation of crystalline OTS

Fig. 4.10 GIXD
diffractogram of OTCS spin-
cast monolayer (without any
exposure to acid or base
vapor). The large arrow
points to the diffraction rod
due to the underlying OTS
being crystalline

Fig. 4.11 GIXD
diffractogram of OTMS spin-
cast monolayer after exposure
to HCl for 2 h. The large
arrow points to the diffraction
rod due to the underlying
OTS being crystalline
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monolayers. The proposed plan includes trying to study in situ the formation of
crystalline layers using GIXD (Fig. 4.11).

References

1. Ulman A (1991) An introduction to Ultrathin organic films from Langmuir–Blodgett to self
assembly, 1st edn. Academic Press, San Diego

2. Aizenberg J, Black AJ, Whitesides GM (1999) Control of crystal nucleation by patterned
self-assembled monolayers. Nature 398:495–498

3. Porter MD, Bright TB, Allara DL, Chidsey CED (1987) Spontaneously organized molecular
assemblies 0.4. Structural characterization of normal-alkyl thiol monolayers on gold by
optical ellipsometry, infrared-spectroscopy, and electrochemistry. J Am Chem Soc
109:3559–3568

4. Bao Z, Locklin J (2007) Organic field effect transistors. CRC Press Taylor and Francis Group,
Boca Raton

5. Virkar A et al (2009) The role of OTS density on pentacene and C-60 nucleation, thin film
growth, and transistor performance. Adv Funct Mater 19:1962–1970

6. Tang ML, Oh JH, Reichardt AD, Bao ZN (2009) Chlorination: a general route toward
electron transport in organic semiconductors. J Am Chem Soc 131:3733–3740

7. Tang ML, Reichardt AD, Miyaki N, Stoltenberg RM, Bao Z (2008) Ambipolar, high
performance, acene-based organic thin film transistors. J Am Chem Soc 130:6064

8. Veres J, Ogier S, Lloyd G, de Leeuw D (2004) Gate insulators in organic field-effect
transistors. Chem Mater 16:4543–4555

9. Ruiz R et al (2004) Pentacene thin film growth. Chem Mater 16:4497–4508
10. Tang ML et al (2006) Structure property relationships: asymmetric oligofluorene-thiophene

molecules for organic TFTs. Chem Mater 18:6250–6257
11. Verlaak S, Steudel S, Heremans P, Janssen D, Deleuze MS (2003) Nucleation of organic

semiconductors on inert substrates. Phy Rev B 68:195409
12. Virkar A, Ling MM, Locklin J, Bao Z (2008) Oligothiophene based organic semiconductors

with cross-linkable benzophenone moieties. Synthet Met 158:958–963
13. Yang HC et al (2005) Conducting AFM and 2D GIXD studies on pentacene thin films. J Am

Chem Soc 127:11542–11543
14. Tang ML, Okamoto T, Bao ZN (2006) High-performance organic semiconductors:

asymmetric linear acenes containing sulphur. J Am Chem Soc 128:16002–16003
15. Wang YL, Lieberman M (2003) Growth of ultrasmooth octadecyltrichlorosilane self-

assembled monolayers on SiO2. Langmuir 19:1159–1167
16. Peanasky J, Schneider HM, Granick S, Kessel CR (1995) Self-assembled monolayers on

mica for experiments utilizing the surface forces apparatus. Langmuir 11:953–962
17. Nie HY, Walzak MJ, McIntyre NS (2006) Delivering octadecylphosphonic acid self-

assembled monolayers on a Si wafer and other oxide surfaces. J Phys Chem B
110:21101–21108

18. Lee SH, Saito N, Takai O (2007) The importance of precursor molecules symmetry in the
formation of self-assembled monolayers. Jpn J Appl Phys Part 1 Regul Pap Br Commun Rev
Pap 46:1118–1123

19. Oh JH, Liu S, Bao Z, Schmidt R, Wurthner F (2007) Air-stable n-channel organic thin-film
transistors with high field-effect mobility based on N,N ‘-bis(heptafluorobutyl)3,4 : 9,10-
perylene diimide. Appl Phys Lett 91:212107

20. Gundlach DJ, Kuo CC, Nelson SF, Jackson TN (1999) Organic thin film transistors with field
effect mobility [2 cm/sup 2//V-s. In: 1999 57th annual device research conference digest
(Cat. No.99TH8393). doi:10.1109/DRC.1999.806357

4.7 Appendix: Kinetics of Self Assembled Monolayer Formation 89

http://dx.doi.org/10.1109/DRC.1999.806357


21. Zhang XH, Domercq B, Kippelen B (2007) High-performance and electrically stable C-60
organic field-effect transistors. Appl Phys Lett 91:92114

22. Dinelli F et al (2004) Spatially correlated charge transport in organic thin film transistors.
Phys Rev Lett 92:116802

23. Dodabalapur A, Torsi L, Katz HE (1995) Organic transistors—two-dimensional transport and
improved electrical characteristics. Science 268:270–271

24. Fritz SE, Martin SM, Frisbie CD, Ward MD, Toney MF (2004) Structural characterization of
a pentacene monolayer on an amorphous SiO2 substrate with grazing incidence X-ray
diffraction. J Am Chem Soc 126:4084–4085

25. Mannsfeld SCB, Virkar A, Reese C, Toney MF, Bao ZN (2009) Precise structure of
pentacene monolayers on amorphous silicon oxide and relation to charge transport. Adv
Mater 21:2294

26. Shtein M, Mapel J, Benziger JB, Forrest SR (2002) Effects of film morphology and gate
dielectric surface preparation on the electrical characteristics of organic-vapor-phase-
deposited pentacene thin-film transistors. Appl Phys Lett 81:268–270

27. Chua LL et al (2005) General observation of n-type field-effect behaviour in organic
semiconductors. Nature 434:194–199

28. Jones BA et al (2004) High-mobility air-stable n-type semiconductors with processing
versatility: Dicyanoperylene-3, 4 : 9, 10-bis(dicarboximides). Angewandte Chemie-Int Ed
43:6363–6366

29. Jones BA, Facchetti A, Wasielewski MR, Marks TJ (2007) Tuning orbital energetics in
arylene diimide semiconductors: materials design for ambient stability of n-type charge
transport. J Am Chem Soc 129:15259–15278

30. Chua LL, Ho PKH, Sirringhaus H, Friend RH (2004) High-stability ultrathin spin-on
benzocyclobutene gate dielectric for polymer field-effect transistors. App Phys Lett
84:3400–3402

31. Tang ML, Reichardt AD, Wei P, Bao ZN (2009) Correlating carrier type with frontier
molecular orbital energy levels in organic thin film transistors of functionalized acene
derivatives. J Am Chem Soc 131:5264–5273

90 4 Technological Importance of Crystalline Octadecylsilane Monolayers:



Chapter 5
Alkylsilane Dielectric Modification Layer:
Molecular Length Dependence
and the Odd–Even Effect

5.1 Introduction

The spin-cast technique discussed in Chap. 4 allowed for the fabrication of
alkysilane SAMs on SiO2 of varying chain length. It was determined that longer
chain alkylsilanes gave rise to denser films. Furthermore, crystalline monolayers of
octadecyltrichlorosilane (which is the most reactive) were formed even without
activated hydrolysis using acid or base vapors (see Appendix 4A.1). Shorter chain
alkylsilanes the monolayer was as not dense as longer chained ones (determined by
GATR-FTIR and GIXD). The ability to create high quality crystalline monolayers
at a high throughput on multiple substrates using spin-casting allowed for more
rapid investigation into the role of the SAM on the growth of pentacene on
different surfaces and corresponding TFT performance.

To study these effects, SAMs with the following alkyl chain length were
deposited onto SiO2/Si substrates: C6, C7, C8, C11, C12, C16 and C17. The first
interesting thing we observed was that at chain lengths of C16 or greater the SAM
forms a crystalline monolayer. SAMs of C13–C15 are not commercially available,
therefore they were not included in the study. Also since the phase of the SAM was
found to be so critical (Chaps. 2–4), for the first part of this chapter some inter-
esting results about the difference between odd and even short chained alkaylsilane
SAMs is discussed. The next section describes how often very similar (in terms of
measureable experimental parameters) SAMs may give rise to very different
pentacene growth and TFT performance. The role of the chain length of the
alkylsilane on pentacene TFT performance is then described. The importance of
SAM purity and reactivity, and some comments on SAM formation and repro-
ducibility are discussed.

In Chaps. 2 through 4, the role of density of the alkylsilane modified SiO2 on
pentacene nucleation, growth, and transistor performance were investigated. In this
chapter, for the first time to my knowledge, the potential sensitivity of pentacene
thin film growth to the number of methylene units in the alkylsilane dielectric

A. Virkar, Investigating the Nucleation, Growth, and Energy Levels of Organic
Semiconductors for High Performance Plastic Electronics, Springer Theses,
DOI: 10.1007/978-1-4419-9704-3_5, � Springer Science+Business Media, LLC 2012
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modification monolayer is described. Due to the recent findings about the influence
of SAM phase (crystalline vs. amorphous) on pentacene TFT performance, I ini-
tially chose to study shorter chain amorphous alkylsilanes with carbon chain
lengths of 7, 8, 11, or 12 (past a chain length of 16 the alkylsilane forms a
crystalline monolayer as determined by GIXD) [1–3].

Initially, the motivation was to observe if pentacene TFTs were sensitive to
whether the underlying SAM consisted of an odd or even number of carbons. For
alkanethiols on gold, the terminal methyl group has a different orientation with
respect to the rest of the carbon chain and the surface depending on whether the
SAM is odd or even. This gives rise to many interesting odd–even effects which
have been observed, and will be discussed later in this chapter. For the commonly
used even numbered silanes [octyltrimethoxysilane (C8-TS), and dodecyltrimeth-
oxysilane (C12-TS)] dielectric modifications pentacene TFTs performed as
expected. These transistors showed mobilites *0.4–0.6 cm2V-1s-1, on/off ratios
[106, and typical field-effect gating. However, for the initial set of studies,
pentacene TFTs with odd numbered alkylsilane modifications (heptyltrichlorosi-
lane (C7-TS) and undecyltrichlorsilane (C11-TS)) showed no transistor perfor-
mance (for more than 70 transistors and three different depositions). Using atomic
force microscopy (AFM) and grazing incidence X-ray diffraction (GIXD) it was
found that on odd numbered alkylsilanes the first few monolayers of pentacene
grow highly disordered in-plane leading to an insulating film. On even numbered
silanes, on the other hand, the first few deposited pentacene monolayers form a
polycrystalline film with grains well organized in-plane. * (It is important to note
that later in the chapter, I will discuss how after more complete tests done on other
C7 and C11 SAMs where the trichloro group was converted to trimethoxy by
quenching in methanol prepared by the LB technique, and by vapor deposition,
actually did show TFT behavior with pentacene values showing 0.2–0.5
cm2V-1s-1).

5.2 Initial Experiments Using Odd and Even Length
Alkylsilanes as Dielectric Modification Layers
in Pentacene TFTs

The odd and even alkylsilane SAMs, with carbon chains consisting of 7, 8, 11 or
12, were characterized by AFM, ellipsometry, water contact angle, GATR-FTIR,
and GIXD. The heights of the monolayers were determined from ellipsometry
(Table 5.1). For each of the SAMs, the estimated molecular length is longer than
the length measured by ellipsometry. This would indicate that the monolayers are
fairly disordered.

All the films had nearly identical RMS roughness values—this is important to
note since rough films can result in different semiconductor film morphology and
in some cases significantly degrade TFT performance [4]. GATR-FTIR was used
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to gauge the ordering and relative densities of the SAMs. The area under the peaks
is directly related to the density of the methylene groups in the SAM [5]. The peak
area roughly scales with molecular length as expected. For the longer chain SAMs
(C11 and C12) the density of methylene groups is higher since the molecules are
taller and also more densely packed (as confirmed by water contact angle
measurements) compared to the shorter (C7 and C8) SAMs. The C11 and C12 SAMs
do exhibit a similar degree of ordering and density; the C7 and C8 SAMs are also
similarly ordered and dense. All of the SAMs had characteristic CH2 and CH3

stretch mode absorbance maxima at the same wavenumbers. The peak positions at
wavenumbers of * 2924 cm-1 and 2855 cm-1 indicate that the monolayers are
equally disordered and ‘‘liquid-like’’ [5]. Moreover GIXD analysis proved that
none of the SAMs were crystalline (no diffraction peak was observed) Fig. 5.1.

The static water contact angles for C7/C8 SAMs and C11/C12 SAMs (Table 5.1)
are very close with slightly lower contact angle for the even SAM in each pair. The
small dips in contact angle for even numbered chains has been observed before for
alkanethiol/gold systems [6]. As aforementioned, in alkanethiol systems, odd
carbon SAMs give rise to a different angle between the terminal methyl group and
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Fig. 5.1 Grazing angle total
reflectance-Fourier transform
Infrared (GATR-FTIR)
spectrum of alkylsilanes
studied (C7, C8, C11 and C12).
A slight increase in the
absorption area under the
longer chain silanes is
expected. In all the cases
there is no change in the
absorption maximum peak
position indicating that the
order of the alkylsilanes is
equivalent

Table 5.1 Properties of the alkylsilane monolayers studied

Surface
treatment

Height
[nm]

Extended
molecular
length [nm]

Contact angle
[deg] (SD)

RMS
roughness
[nm]

C7 0.8 1.1 84 (4) 0.3
C8 0.8 1.2 84 (3) 0.3
C11 1.3 1.6 96 (3) 0.3
C12 1.4 1.7 94 (1) 0.2
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the head group compared to even numbered SAMs which results in a slightly
different surface structure [6].

Initially, I thought that the precise structure of the surface methyl groups in the
alkylsilane SAM may also greatly affect the nucleation and growth of pentacene
and performance of pentacene TFTs. Figure 5.2 shows typical transfer and output
current–voltage (I–V) characteristics for pentacene TFTs on the different SAM
modified surfaces. The average electrical performance for over 50 TFTs measured
for each SAM dielectric modification are presented in Table 5.2. For even num-
bered alkyl chains C8 and C12, typical pentacene TFT performance is observed.
The charge carrier mobilities in the range of *0.4–0.6 cm2V-1s-1 and on/off
ratios exceeding 106 are consistent for pentacene TFTs with disordered alkylsilane
treated dielectrics [1]. The performance on the odd numbered alkyl chains C7 and
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C11 modified dielectric, however, showed no transistor behavior; i.e. there was no
increase in source-drain current as a function of increased gate voltage (Fig. 5.2e
and 5.2f).

In order to understand the effects of semiconductor microstructure on charge
transport in thin film transistors, it is necessary to closely examine the first few
monolayers of semiconductor deposited at the semiconductor/dielectric interface
[7, 8]. Again I deposited nominally 3 nm thin films of pentacene (*1.5 mono-
layers) onto the various SAM surfaces under identical conditions as used for TFT
fabrication. Thicker 20 nm and 45 nm films of pentacene were further probed
using GIXD discussed later. On the odd numbered SAMs the pentacene growth
was highly 3D with most of the islands showing multilayered features. On the even
numbered SAMs the pentacene monolayer coverage is also considerably greater
than on the odd numbered SAMs, indicating a stronger interaction and wetting
tendency on even alkylsilanes (see arguments put forth in Chaps. 2 and 3). It is
important to note that the AFM of the 45 nm pentacene thin films deposited on the
odd and even alkylsilanes did not show noticeable difference. This reinforces the
need to study the morphology of the molecular layers at the dielectric interface.

A much more compelling set of GIXD experiments clearly indicated differences
in morphology of the initially grown pentacene on the various surfaces. The GIXD
spectrum for pentacene (3 nm, 20 nm and 40 nm thin) films deposited under
identical conditions as TFT fabrication on the various SAM treated surfaces is
shown in Fig. 5.3. The importance of studying the very thin (3 nm) film has been
discussed several times in earlier chapters. Films of 20 nm thickness were depos-
ited since it is approximately at 20 nm where the transition from thin film pentacene
to bulk pentacene is typically observed [9]. This transition is related to the relax-
ation from the strain induced by the substrate. The bulk phase is the thermody-
namically most stable molecular packing for a single crystal. The thicker (40 nm)
films were probed with GIXD to study if the very different initially deposited film
morphology at the dielectric interface propagates the entirety of the film.

The 3 nm pentacene thin film showed pronounced differences between the
GIXD spectrum on odd and even alkylsilanes. On C8 and C12 (Fig. 5.3b and d) the
pentacene diffraction rods are straight, vertical and are parallel with one another.
The diffraction spectrum is similar to the reported spectrum for pentacene grown
on bother bare silicon oxide (SiO2) and on octadecylsilane modified SiO2 [10].
Both these surfaces (OTS and SiO2) are known be dielectric surfaces onto which
pentacene forms a semiconducting channel and working TFTs [1, 2, 9, 11, 12].
The extracted lattice constants for pentacene grown on C8 and C12 (a & 5.9Å,

Table 5.2 Pentacene
transistor performance on odd
and even alkylsilanes

Surface
treatment

l [cm2V-1S-1] Ion/Ioff VT [V]

C7
*0 *1-2 NA

C8 0.4 (0.1) 106 -20
C11

*0 1-2 NA
C12 0.6 (0.2) 106 -24
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b &7.6 Å and c & 90�) are consistent with the thin film phase grown on OTS (also
even numbered) [13, 14]. The fact that the characteristic Qxy diffraction rods are
parallel indicates that the crystalline domains at the semiconductor/dielectric
interface are coplanar and that there is little out of plane disorder at the dielectric
interface [11]. On the other hand, the diffraction spectrum for 3 nm pentacene on
the odd numbered alkylsilanes is very different and shows considerable arching
(Fig. 5.3a and c). This arching is indicative of poorly oriented domains at the
dielectric interface. The clearly visible diffraction peaks suggest that the film
exhibits crystalline domains, but arching indicates out of plane disorder. A com-
pletely amorphous sample would give rise to a diffuse ring pattern. The poorly
oriented domains in the film result in trap states which severely interrupts charge
transport between source and drain electrodes. For thicker pentacene films (20 and
40 nm) several reflections are observed indicative of highly crystalline films
regardless of alkylsilane chain length of the underlying SAM (Fig. 5.3). On all of
the surfaces, the bulk phase pentacene phase was observed at QXY * 1.6 Å-1. For
pentacene on C7 and C11 the arching which was clearly prevalent in the 3 nm films
is still evident in the thicker films-but in general the spectra are not significantly
different from those on C8 and C12 SAMs Fig. 5.4.

Fig. 5.3 All pentacene was deposited under identical conditions as used for TFT fabrication; the
rate of deposition was 0.3–0.4 Å s-1 and the substrate temperature was fixed at 60 �C. GIXD
diffractogram: (a–d): pentacene nominally 3 nm deposited on C7, C8, C11, and C12 respectively.
(e–f): pentacene nominally 20 nm deposited on C7, C8, C11, and C12 respectively. (i–l): pentacene
nominally 40 nm deposited on C7, C8, C11, and C12 respectively

Fig. 5.4 Schematic showing the morphology of the interfacial pentacene grains directly
involved in charge transport, deposited on even and odd numbered alkylsilanes
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5.3 Similarities and Differences Between Alkylsilane/SiO2
and Alkanethiol/Gold Systems

From the earlier chapters it was determined that the density of the terminal methyl
groups on the surface has a profound effect on pentacene morphology and TFT
performance [1–3]. As aforementioned, it is well known that density and structure
of the terminal methyl group is different for odd and even numbered alkanethiols
on gold [6, 15, 16]. In alkanethiol SAMs the terminal methyl (CH3) group has a
different orientation, with respect to the surface bonding thiol group, depending on
if the alkyl chain has an odd or even number of carbons (refer to Fig. 5.5 for a
schematic showing the structure of even and odd alkanethiol SAMs on gold
adapted from Reference 18) [6, 17]. For even numbered alkanehtiols on gold, the
transition dipole and the dominant virbrational mode of the terminal methyl group
is perpendicular to the surface; for odd numbered alkanethiols the transition dipole
and the dominant vibrational mode of the terminal methyl group is more parallel to
the surface [17]. It is believed that these differences in active virbational modes
and orientation of the transition dipoles give rise to the observed difference in
surface properties of odd and even alkanethiols on gold [6, 17]. Odd numbered
alkanethiol SAMs have higher surface energy than even numbered ones when they
differ by one methylene unit (for example a gold surface with a SAM of C13H27SH
has a higher surface energy than one with a C14H29SH SAM) [6]. Also for a
consecutive series, the friction coefficient measured by AFM on an odd numbered
alkanethiols is also known to be higher than that of even numbered alkanethiols
[16]. The odd–even effects in alkanethiol systems are attributed to the inherent
ordering and anchoring of the sulfur group onto the crystalline gold surface [6, 17].

In most alkylsilane/SiO2 systems there is no inherent ordered bonding between
the silane head group and the amorphous SiO2 surface. However, due to the way
the monolayer is prepared, by spin-coating, it is possible that the molecules are
locally ordered in very small domains (below the limit of GIXD resolution) and
similar effects which occur in alkanethiol systems are taking place [18]. I also
measured slightly lower water contact angles (higher surface energy) for odd
alkylsilanes compared with even ones.

It is known that the nucleation and growth of molecular semiconductors is
highly sensitive to the surface morphology. It was shown previously that crystal
growth is extremely sensitive to defects in the SAMs on which they were deposited
[19]. In a recent article Biscarini and co-workers showed that the number of
methylene units in alkanethiols, which are commonly used to modify the gold
electrodes in bottom contact OTFTs, can have significant influences on pentacene
TFT performance [15]. Using quantum mechanical calculations they showed that
the electronic coupling between pentacene and the alkanethiol was dependent on
whether the SAM was odd or even numbered which determined how easily the
charges can tunnel from the gold electrode through the alkanethiol and finally into
pentacene [15]. The authors found that the charge injection was faster (easier)
through even numbered alkanethiol chains compared to odd numbered ones.
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In this work a similar effect may be present: the exact electronic structure (dipoles
and dominant vibrational stretch modes) of the exposed methyl groups is different
depending on whether the chain is odd or even. The nature of these difference may
be very complicated to determine, but may be similar to the alkanethiol system
where terminal methyl groups have different dominant vibrational and transition
dipoles depending on the structure. Maybe this seemingly small difference in odd
or even chain length does drastically influence the thin film nucleation and growth
behavior of pentacene.

From a technological standpoint, the ability to use different SAMs to pattern
pentacene semiconductor growth may allow result in better circuit performance
and less cross-talk between devices. Hermans and co-workers demonstrated that
surfaces with different chemical functionalities can be used to create either dis-
continuous, or continuous pentacene films [20]. Interestingly in the work presented
so far in this chapter, no clear difference in film topology was seen on different
silane SAMs. Even though a 40 nm thick pentacene film showed insulting
behavior on odd numbered alkylsilanes, presumably due to in-plane disorder at the
dielectric interface.

5.4 The Role of Alkylsilane Density and Reactivity
of Silane Group on the ‘‘Odd–Even’’ Effect

In order to understand more about the odd–even effect, we collaborated with
Professor Paulette Clancy’s group in the department of Chemical engineering at
Cornell Univeristy. The Clancy group works on computer simulations of organic
semiconductor nucleation and growth. Recent molecular dynamic simulations
conducted by the Clancy group predicted that for alkylsilane systems the penta-
cene nucleation and growth should become less distinct between odd and even
alkylsilanes as the density of the monolayers increase (i.e. the ‘‘odd–even’’ effect
should be even more pronounced for C7 and C8 as the SAM densities decreases).
Their simulation results showed that the differences in distribution of the angle of
the terminal methyl group should increase with decreasing SAM packing density.

Fig. 5.5 Schematic of odd
an even alkanethiol on gold.
The arrow indicates the
dominant virbational mode
and transition dipole

98 5 Alkylsilane Dielectric Modification Layer



They predicted that on low density poorly ordered odd alkylsilane SAMs like C7,
pentacene may grow non-coplanar (similar to the phenomenon seen by GIXD).
The simulations also seemed to show that on low density C7 surfaces, the dif-
ferences in the angle of the terminal methyl group gives rise to areas of local
energy minima between terminal methyl groups between neighboring C7 mole-
cules. This could potentially lead to non-coplanar and more 3D type pentacene
growth. To test this hypothesis Langmuir–Blodgett (LB) films of C7 and C8 were
fabricated on SiO2/Si (see Chap. 2). A wide range of densities the SAMs were
deposited on SiO2/Si substrates. Pentacene transistors were then fabricated.

To my surprise, on the least dense C7 and C8 SAMs (transferred at surface
pressures of 10 or 20 mNm-1) fabricated by the LB technique transistor perfor-
mance was very reasonable 0.2–0.5 cm2V-1s-1 with an on/off ratio of 106. Recall
that from the simulation results it should have been on the least dense C7 where
pentacene performance was the poorest. The simulations, however could only
calculate diffusivity at a timescale of *1 ns, and thus probably does not capture
the physics over relevant time scales (* on the seconds timescale). There may be
batch to batch differences based on the kind of SiO2/Si substrates and even on the
quality/type of the silane used. Also, odd chained alkylsilanes may be harder to
synthesize of purify, and this may have lead to the observed ‘‘odd–even’’ effect

5.5 Role of Alkylsilane Chain Length on Pentacene TFT
Performance

The LB experiments (and more vapor and spin-cast experiments) suggested that
the differences in pentacene growth and grain orientation initially observed may
not be due to the odd–even effect, but perhaps some subtle nature of exactly how
the SAM is deposited. What is very interesting is that the SAMs deposited via
spin-casting were nearly identical in terms of all measureable experimental
parameters (GIXD, FTIR, ellipsometry, and contact angle) but still dramatically
affected the pentacene growth. Finally, another potential reason for the differences
in the spin-cast and LB films may also be attributed to the high reactivity of the C7

and C11 silanes used for spin-casting. C7 and C11 SAMs formed by spin-casting
were fabricated from the trichlorosilane version of these silanes; the reactivity and
sensitivity to moisture of the tricholosilane head group may also have made the
SAM formation slightly different than the less reactive (and more reproducible)
trimethoxysilane (TMS) versions which are not commercially available. For the
LB work described above, the TMS version was synthesized from the trichloro
version by quenching with methanol. The tricholorsilane versions are far too
reactive with water to be deposited using the LB technique.

Since the ‘‘odd–even’’ effect still remains elusive, and remains an active area of
research in our group, the more reliable and commercially available even chain
alkylsilanes were also studied. The series of molecules from C6, C8, C12, and C16
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were also deposited on SiO2/Si using the spin-cast procedure similar to as
described in Chap. 4. Pentacene TFTs were also fabricated. There were several
interesting trends which arose. First, from the spin-cast technique, at chain length
of C16, the SAM forms a crystalline monolayer. The GIXD diffractogram of C16

clearly showed a peak indicating the SAM was crystalline (see Appendix).
Another interesting, and a nice corollary with the work presented in earlier

chapters about the importance of SAM density on pentacene TFT performance, is
that the pentacene charge carrier mobility increased systematically with alkylsi-
lane SAM chain length; the denser and more ordered the SAM the more 2D the
pentacene growth and the higher the charge carrier mobility Fig. 5.6.

There is a pronounced jump in mobility when the alkylsilane becomes crys-
talline. Finally, it is important to note that the mobility in the experiments
presented above on the crystalline C16-SAM is lower than on crystalline OTS
presented in earlier chapters. Recall the pentacene mobility on crystalline
OTS is *2–3 cm2V-1s-1, whereas here the mobility on crystalline C16 is
1.2 cm2V-1s-1. This is most likely a reflection of the poorer purity pentacene used
in the experiments presented above. The pentacene purity was only 99.5%,
whereas for the pentacene TFTs used in earlier chapters the purity was greater than
99.99%. As a control, TFTs fabricated using vapor deposited OTS (OTCS) showed
a mobility of *0.2 cm2V-1s-1, a factor of 2–3 less than the data presented in
previous chapters where higher purity pentacene was used.

In summary, this chapter contained a detailed study of pentacene growth, and
TFT performance on a series of alkylsilane SAM modified SiO2/Si surfaces.
Initially very interesting odd–even effects were seen for pentacene on odd and
even short length alkylsilanes. However, after more careful experiments, it was
still difficult to attribute these differences precisely to differences in the number of
carbons in the alkylsilane SAM. The odd even effect seems very sensitive to the
density of the underlying SAM. The exact purity of the SAM, variability in the

Fig. 5.6 The charge carrier
mobility of pentacene
transistors as a function of the
length and order of the
dielectric surface
modification monolayer. The
silane density increases as the
chain length increases
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SiO2/Si substrates, and potentially some differences in either humidity or SAM
reactivity may have given rise to the observed differences in pentacene growth and
TFT performance. After the experiments were repeated several times, using a new
‘‘fresh’’ high purity silanes, and using different deposition techniques (LB and
vapor deposition) no big odd–even effects were evident. Furthermore, the proposed
differences in SAM surface energies and methyl group vibrational modes, which
have been reported for alkanethiols on gold, seem to be more complex for
alkylsilane SAMs. This is due to the fact that while alkylthiols pack based on
sulfur–gold bonds, which determine surface density (and the surface is crystalline),
for alkylsilane systems the density is dominated by both bonds between the silane
head groups as well as with a poorly defined amorphous SiO2 surface.

The most interesting and useful findings which can be extracted from the work
presented is how once again the morphology and growth of the first few nano-
meters of pentacene at the dielectric surface dominates performance, and how
sensitive this growth is to the underlying structure of the dielectric surface. The
GIXD confirmed non-coplanar growth and poor grain orientation on some odd
numbered alkylsilane SAMs which lead to insulating behavior!

Finally, to complete the work on pentacene on alkylsilanes of varying length,
and to learn more about formation of crystalline alkylsilane SAMs from the spin-
cast technique developed, heptadecyltrimtheoxysilane (C17-TMS) was synthesized
(by Song Hyun a visiting chemist). The material was checked for purity and
distilled until it was *99% pure (based on nuclear magnetic resonance NMR).
The high purity odd alkylsilane was deposited via the spin-cast technique. GIXD
diffractograms showed that C17-TMS was crystalline and packed with the same
4.2 Å hexagonal lattice constant as both OTS (C18-TMS) and C16-TMS (see
Appendix). The pentacene TFT performance on the C17-TMS was also quite good
(1.9 cm2V-1s-1 averaged over 14 TFTs). This was an interesting finding, since to
the best of my knowledge, it was the first odd-chain alkylsilane SAM which has
been shown to be crystalline. Fundamental studies about the properties of these
different crystalline odd and even alkylsilane SAMs may be of interest to many
research groups studying ultrathin films and SAM formation.

5.6 Conclusions

In this chapter, the importance of the dielectric/semiconductor interface in organic
transistors was further investigated. It was seen that even on similar surfaces
(in terms of the experimental properties that can be studied) very different organic
semiconductor growth behavior can occur. This chapter contained information
which hopefully can instruct those working on organic transistors about some
common pitfalls. When I first arrived at what I thought was the ‘‘odd–even effect’’,
I was excited and thought it could be a significant finding. However, after thinking
more about the alyklsilane SAM formation on SiO2, which is significantly different
from the more reproducible and better studied alkanethiol on gold system, and
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doing some more investigation and discussion with chemists who have expertise in
silane chemistry, I realized I needed to do more control experiments. After
working with high purity odd and even silanes, and those with similar reactivities,
no odd–even effect was observed. In general, it’s good advice to perform many
control experiments when working with organic transistors since the purity and
sensitivity of many organic molecules can by highly variable and getting repro-
ducible results requires good quality materials. There is on-going work (which will
be discussed in Chap. 8) being conducted to study more about the alkylsilane
SAMs as a surface modification layer in organic transistors. Finally, once pure
silanes were used, the data in this chapter follows nicely with the previous
chapters. The highest pentacene mobility TFTs were those which were fabricated
using crystalline alkylsilane SAMs.

5.7 Experimental

5.7.1 Materials

Heptyltrichlorosilane, octyltrichlorosilane, undecyltrichlorosilane, and dodecyl-
trichlorosilane (95% purity), octyltrimethoxysilane ([97% purity) and dodecyl-
trimethoxysilane (98%) were purchased from Gelest Inc. Device substrates
consisted of heavily doped Si wafers with 300 nm of thermally grown silicon
oxide having a capacitance per unit area (Ci) of 10 nFcm-2. Pentacene (99.9%)
was purchased from Sigma-Aldrich. The pentacene was sublimed twice prior to
fabrication of TFTs with C17 silane modification. For ellipsometry and GIXD
experiments, silicon wafers with 2–3 nm of native oxide were used. Prior to OTS
treatment the wafers were cleaned with piranha (70:30 H2SO4: H2O2) for 60 min,
washed copiously with DI water, dried with a nitrogen gun and then with ozone
(Jetlight UVO-cleaner Model 42–100 V) for 10 min.

5.7.2 Deposition of Alkylsilane Monolayers

Alkylsilane solutions (3–4 mM in trichloroethylene) was prepared and filtered
(0.2 lm pore size) in a nitrogen glovebox. The solution (* 0.5 mL) was dispensed
onto the Si/SiO2 substrate until the entire surface was covered. After waiting for
10 s, the spin coater was turned on (3000 RMP) for 10 s. The substrate was then
placed into a large bottle (200 mL) along with a small vial (2 mL) of HCl or
NH4OH, which catalyzes OTS polymerization. The bottle was then closed and set
aside in ambient conditions for 10 h. The substrates were sequentially sonicated in
toluene, acetone, isopropanol for 10 min and then dried using a nitrogen gun
(99.9% pure). If a residual cloudy polymerized film was observed, a swab-sponge
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soaked in toluene was used to lightly brush over the surface to remove any
unbound-multilayer film.

5.7.3 Characterization of SAMs and Pentacene Thin Films

Self-assembled silane monolayers were analyzed using FTIR to study aliphatic
stretching modes and to confirm similar molecular packing and density. The
grazing angle attenuated total reflectance (GATR) spectrum was obtained using a
Nicolet 6700 Fourier Transform Infrared Spectrometer (FTIR) using a germanium
crystal. In order to further gauge molecular packing and surface energy, static
water contact angle was measured by an Edmund Scientific goniometer. Ellips-
ometry was used to characterize thickness of the organosilane monolayer. A Sopra
Bois-Columbes ellipsometer with a Physike Instrumente laser (He–Ne,
k = 632.8 nm, angle of incidence of 708) and detector were used for OTS
thickness measurements. Thickness was calculated from W and D values and
measured for five areas on the substrate. For data modeling the following input
refractive indices (ni) were used : air, n0 = 1.0; alkylsilane, n1 = 1.450; native
silicon oxide, n2 = 1.460, silicon, n3 = 3.873, k = -0.016.

The AFM images of organic semiconductor thin films were collected using a
Digital Instruments MMAFM-2 scanning probe microscope. Tapping mode AFM
was performed on the samples with a silicon tip with a frequency of 300 kHz.

GIXD was performed at the Stanford Synchrotron Radiation Laboratory
(SSRL) on beam line 11-3 with a photon energy of 12.73 keV. The angle of
incidence was kept fixed at 0.1�.

Following formation of the SAM monolayers, pentacene was deposited at
0.3 Ås-1 at a pressure of *10-6 Torr to a thickness of 45 nm (as measured by
quartz microbalance) onto heated substrates (60 �C). The top-contact transistors
were completed by thermal evaporation of gold through a shadow mask defining
source and drain electrodes; the channel length was 50 lm and channel width was
1000 lm. It is also important to note that the SAM layers do not undergo
noticeable changes as measured by contact angle, ellipsometry, and GATR-FTIR
before and after heating to the substrate temperature used for pentacene deposition
(60 �C). A Keithley 2400 semiconductor parameter analyzer was used to test
p-channel transistors in an ambient. The charge carrier mobility (l) was calculated
by fitting the saturation transfer characteristics using:

IDS ¼
WC
2L

lðVG � VTÞ2 ð5:1Þ

where IDS is the drain current, W (1000 lm) is the channel width, L (50 lm) is the
channel length, Ci is the capacitance of the oxide (10 nFcm-2), VG is the gate
voltage and VT is the threshold voltage Fig. 5.7, Fig. 5.8.
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Appendix 5.A.1: Grazing Incidence X-ray Diffractograms of C16
and C17 Alkylsilanes

Appendix 5.A.2: Estimating the Crystallinity
of Thin Films Using Grazing Incidence
X-ray Diffraction

In organic electronics research it is common to estimate the crystallinity of an
organic semiconductor thin film using the Scherrer formula (for more information
see [21]. This equation relates the full width half max (FWHM) of a diffraction
peak to the coherence length. The coherence length is the size over which a crystal
is ‘‘correlated’’ i.e. a larger coherence length is indicative of a larger crystalline
domain. From the Scherrer formula, the coherence length (CL) is related to the
FWHM of a diffraction peak by:

Fig. 5.7 GIXD
diffractogram of nominally
3 nm pentacene deposited on
hexadecylsilane (C16)
monolayer treated SiO2/Si.
The characteristic pentacene
Bragg rods are shown. The
peak due to the crystalline
hexadecylsilane monolayer is
highlighted below the large
arrow

Fig. 5.8 GIXD
diffractogram of the
heptadecylsilane (C17)
monolayer on SiO2/Si. The
peak due to the crystalline
heptadecylsilane monolayer
is highlighted below the large
arrow
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CL ¼ 0:9k
ðFWHMÞ cos h

ð5:A:1Þ

where k is the wavelength of the X-ray and h is the Bragg angle. Analysis of
Eq. 5.A.1 indicates that a smaller FWHM (a more narrow peak) is indicative of a
more crystalline (larger crystalline domain) films. However, the Scherrer formula
which is exact for powder diffraction and a point detector, does not apply to GIXD
incidence where the FWHM is detected on a 2D detector. Though many research
groups estimate the crystallinity using the Scherrer formula from GIXD, it is
incorrect.

For the 2D detector used in these GIXD experiments, every crystallite in a thin
film gives rise to a Gaussian diffraction peak, the sum of the peaks is additive and
gives rise to the peak observed. The Sherrer formula accurately estimates the
coherence length of a single crystalline domain, however in GIXD with a 2D
detector, the peak width is dominated by the sample size. Figure 5.9 shows how
the same sample of pentacene (20 nm thick) deposited on SiO2/Si shows a different
FWHM depending on the sample size. Of course the crystalline grains do not
change in size, but blind application of the Scherrer formula would make one think
that the samples have different crystallinity. The smaller the sample more crys-
talline the film appears.

Fig. 5.9 20 nm film of pentacene deposited on SiO2/Si. Top: the sample is 0.5 cm in width.
Middle: sample is 1.0 cm in width. Bottom sample is 3.0 cm in width. Notice, it looks like the top
most sample is the most crystalline (from analysis of Scherrer equation), however all the samples
are the same. (In fact the same sample was cut to produce the smaller samples). Thus, the
crystalline domains or the polycrystalline thin films are identical, and sample size effects
dominate the peak width. It is critical to ensure for thin films, that to even qualitatively compare
crystallinity the samples must be identical in size

Appendix 105



References

1. Hwan Kim D, Sung Lee H, Yang H, Yang L, Cho K (2008) Tunable crystal nanostructures of
pentacene thin films on gate dielectrics possessing surface-order control. Adv Funct Mater
18:1363–1370

2. Sung Lee H, Hwan Kim D, Ho Cho J, Hwang M, Jang Y, Cho K (2008) Effect of the phase
states of self-assembled monolayers on pentacene growth and thin-film transistor
characteristics. J Am Chem Soc 130:10556–10564

3. Ajay V, Mannsfeld S, Joon Hak O, Michael T, Yih Horng T, Liu G, Campbell S, Robert M,
Zhenan B (2009) The role of OTS density on pentacene and C60 nucleation, thin filmgrowth
and transistor performance. Adv Funct Mater 19:1962–1970

4. Steudel S et al (2004) Influence of the dielectric roughness on the performance of pentacene
transistors. Appl Phys Lett 85:4400–4402

5. Porter MD, Bright TB, Allara DL, Chidsey CED (1987) Spontaneously organized molecular
assemblies.4. Structural characterization of normal-alkyl thiol monolayers on gold by optical
ellipsometry, infrared-spectroscopy, and electrochemistry. J Am Chem Soc 109:3559–3568

6. Tao F, Bernasek SL (2007) Understanding odd–even effects in organic self-assembled
monolayers. Chem Rev 107:1408–1453

7. Park B–N, Seo S, Evans P (2007) Channel formation in single-monolayer pentacene thin film
transistors. J Phys D Appl Phys 40:3506–3511

8. Dinelli F et al (2004) Spatially correlated charge transport in organic thin film transistors.
Phys Rev Lett 92:116802

9. Ruiz R et al (2004) Pentacene thin film growth. Chem Mater 16:4497–4508
10. Fritz SE, Martin SM, Frisbie CD, Ward MD, Toney MF (2004) Structural characterization of

a pentacene monolayer on an amorphous SiO2 substrate with grazing incidence X-ray
diffraction. J Am Chem Soc 126:4084–4085

11. Bao Z, Locklin J (2007) Organic field effect transistors. CRC Press Taylor and Francis Group,
Boca Raton

12. Halik M et al (2004) Low-voltage organic transistors with an amorphous molecular gate
dielectric. Nat 431:963–966

13. Ruiz R et al (2004) Structure of pentacene thin films. Appl Phys Lett 85:4926–4928
14. Yang HC et al (2005) Conducting AFM and 2D GIXD studies on pentacene thin films. J Am

Chem Soc 127:11542–11543
15. Pablo Stoliar RK, Massi M, Annibale P, Albonetti C, de Leeuw DM, Biscarini F (2007)

Charge injection across self-assembly monolayers in organic field-effect transistors: odd–
even effects. J Am Chem Soc 129:6477–6484

16. Mikulski PT, Herman LA, Harrison JA (2005) Odd and even model self-assembled
monolayers: links between friction and structure. Langmuir 21:12197–12206

17. Ulman A (1991) An introduction to ultrathin organic films from Langmuir–Blodgett to self
assembly. Academic Press, San Diego

18. Nie H-Y, Walzak MJ, McIntyre NS (2006) Delivering octadecylphosphonic acid self-
assembled monolayers on a Si wafer and other oxide surfaces. J Phys Chem B
110:21101–21108

19. Aizenberg J, Black AJ, Whitesides GM (1999) Control of crystal nucleation by patterned
self-assembled monolayers. Nat 398:495–498

20. Steudel S, Janssen D, Verlaak S, Genoe J, Heremans P (2004) Patterned growth of pentacene.
Appl Phys Lett 85:5550

21. Mannsfeld SCB, Virkar A, Reese C, Toney MF, Bao ZN (2009) Precise structure of
pentacene monolayers on amorphous silicon oxide and relation to charge transport. Adv
Mater 21:2294

106 5 Alkylsilane Dielectric Modification Layer



Chapter 6
Low-Voltage Monolayer Pentacene
Transistors Fabricated on Ultrathin
Crystalline Self-Assembled Monolayer
Based Dielectric

6.1 Introduction

In this final chapter on organic transistors, two of the issues limiting the fabrication
of low-cost, high performance transistors are addressed by using concepts pre-
sented in earlier chapters. The first major hurdle is associated with wasting
materials during the deposition processes. Using a thinner layer of the semicon-
ductor (much thinner than 40 nm usually used) allows for a lower material cost.
In this work, the two-dimensional growth of pentacene on crystalline OTS was
utilized to fabricate monolayer thin transistors (M-TFTs), wherein the active
semiconducting channel is only one monolayer in thickness. The second major
issue is the very high operating voltages associated with a thick dielectric
(*100 V). To resolve this issue M-TFTs were fabricated on an ultrathin (OTS)
gate-dielectric; this allows for operating voltages of *3 V or less.

Pentacene monolayer transistors are fabricated on a crystalline monolayer of
octadecylsilane (OTS) modified SiO2. Mobilities as high as 0.12 cm 2 V-1 s-1,
and on/off ratios [105 were demonstrated. Also ultra-low voltage monolayer
pentacene TFTs were fabricated on a crystalline OTS monolayer dielectric on
native silicon oxide. The densely packed OTS served as a fairly good dielectric
layer, and monolayer pentacene TFTs showed mobilities of 0.04 cm2 V-1 s-1.
This represents (to the best of my knowledge) the first known demonstration of a
monolayer OTFT on an ultrathin gate dielectric.

As discussed in earlier chapters, for a commonly used bottom gated structure,
the applied gate field confines the induced mobile charge to within the first few
nanometers of semiconductor at the dielectric/semiconductor interface, so a con-
tiguous monolayer of semiconductor can serve as the active layer [1, 2]. There
have been several recent breakthroughs in the field of organic M-TFTs. Smits and
co-workers created M-TFTs using a molecule which was composed of a thiophene
based semiconducting moiety covalently attached to an aliphatic silane tail. The
M-TFT could easily be formed from solution with the terminal silane group
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binding to the silicon oxide (SiO2) dielectric [3]. Mobilities as high as 0.04
cm2 V-1 s-1were achieved. This approach is quite elegant, since the M-TFTs
were created by simply allowing the semiconductor molecule to self assemble
from solution. M-TFTs were fabricated reproducibly over large areas (4 inch
wafers) [3].

Asadi fabricated pentacene M-TFTs on unmodified SiO2 with bottom contact
metal electrodes treated with thiols that improved pentacene growth and demon-
strated mobilities as high as 0.05 cm2 V-1 s-1 [4]. Finally, Huang and co-workers
showed that chemical sensors based on mono or bilayer TFTs on unmodified SiO2

are extremely sensitive since the molecules sensing the analyte are also directly
involved in charge transport [5]. The field of OTFT sensors is an exciting and
promising one, and its success may be dictated by the ability to create high
mobility, low-cost, high sensitivity M-TFTs.

However, previous work on M-TFTs had been based on depositing a monolayer
on bare SiO2 [3–5]. The surface energy of SiO2 is much higher than that of organic
semiconductors, so the semiconductor grows two dimensionally (2D) on bare SiO2

(see Chap. 3) [6]. There are several problems associated with the semiconductor/
SiO2 interface, including trapped water and dendritic semiconductor growth,
which have been described in Chaps. 1 and 2 [7, 8]. For future commercial organic
electronic applications it is more likely the dielectric will be organic, and thus
creating M-TFTs on organic surfaces is desirable [9, 10].

6.2 Pentacene Monolayer Transistors on Crystalline
OTS Modified SiO2

To fabricate pentacene M-TFTs the 2D growth of pentacene on crystalline OTS
was exploited. Initially, to fabricate the M-TFTs, highly doped silicon wafers
(n++) with 300 nm of thermally grown oxide served as the substrate. The sub-
strates were cleaned with pirhanna (7:30 H2SO4/H2O2) and then OTS by the spin-
casting technique described in Chap. 4 [11]. Pentacene (nominally 2–3 nm in
thickness as monitored by a quartz microbalance) was then deposited onto the OTS
treated SiO2/Si substrates at a pressure of 10-6 torr, and a rate of 0.3–0.4 Å s-1;
the substrate temperature was held at 60 �C. Finally, gold was thermally evapo-
rated (at 0.5 Å s-1 to a film thickness of 40 nm) through a shadow mask to define
source and drain electrodes (channel width: 1,000 lm; channel length: 50 lm).
The relatively large distance between the electrodes required highly 2D pentacene
growth and a contiguous layer.

The atomic force micrograph of the pentacene channel on the crystalline-OTS
(see Chap. 4) treated substrate is presented in Fig. 6.1. On the crystalline OTS the
growth of pentacene is 2D over a large area (image area is 400 lm2). The
pentacene wets the surface forming a continuous 2D monolayer sheet. The height
difference between the monolayer and underlying OTS was measured to be about
1.8 nm, which is close to the molecular length of pentacene (*1.4–1.5 nm) [12].
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On the crystalline OTS layer, the monolayer of pentacene was sufficient to
function as the active layer in a TFT. Figure 6.2 shows a typical transfer current–
voltage (I–V) curve for the M-TFT. The mobility averaged over ten devices was
0.09 cm2 V-1 s-1 (±0.02) with a maximum value of 0.12 cm2 V-1s -1, the
threshold voltage was -5 (3) and the on/off ratio was *105. The values for
mobility here are substantially higher than previously reported for those on bare
SiO2 [3, 13]. The improvement is probably due to the removal of hydroxyl traps
and improved pentacene growth on OTS compared to bare SiO2 [14].

Fig. 6.2 Typical pentacene
M-TFT transfer I–V plot. The
dashed line shows the slope
used to calculate mobility.
The mobility, on/off ratio,
and threshold voltage are
presented as an inset

Fig. 6.1 a Atomic force
micrograph of pentacene
nominally 2.6 nm on
crystalline OTS on SiO2/Si
substrate b the corresponding
line profile
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6.3 Ultrathin Dielectric Based on a Crystalline
OTS Monolayer

The benefits of crystalline OTS as a dielectric surface modification layer have been
well established over the past several chapters. However in all the previous
chapters, all the OTS monolayers used for TFT fabrication have been deposited on
SiO2/Si substrates; the SiO2 on these substrates is a thermally grown oxide which
is 300 nm in thickness. Typically thick layers of oxide are necessary to provide a
barrier against high leakage current [15, 16]. These substrates are very commonly
in research and are produced by the companies fabricating silicon wafers. The
300 nm thick layer requires very high operating voltages to generate the electric
fields necessary to accumulate mobile charges in the channel. The charge density
(q) in the channel induced by the applied gate voltage (VG), is related to the
capacitance (C) of the dielectric by:

VG ¼
q
C

ð6:1Þ

The capacitance is proportional to the permittivity of free space (eo), permit-
tivity of the dielectric (e), and inversely related to the dielectric thickness (t).[17].

C ¼ e0e
t

ð6:2Þ

Combining Eqs. 6.1 and 6.2,

VG ¼
qt

e0e
ð6:3Þ

The gate voltage necessary to accumulate a sufficient charge density is directly
proportional to the thickness of the dielectric. For the 300 nm thick dielectrics the
voltage requirements are high and impractical. This is why in earlier chapters the
gate voltages applied were in the ten’s of volts. Usually the maximum applied
voltage was 100 V. Several research groups have addressed the problems asso-
ciated with the high voltage requirements by trying to use thin (10–20 nm)
polymeric layers as the dielectric [18]. Roberts et al. developed a cross-linked
polymeric dielectric which operated at voltages below 1 V [19–21]. This allowed
them to use the OTFTs as underwater sensors (since the hydrolysis of water occurs
at greater than 1 V) [19]. Klauk and co-workers were pioneers in using ultrathin
self-assembled monolayers of alkyl phosphonic acid (such as octadecylphosphonic
acid (OPA)) on very thin *2–3 nm aluminum oxide (Al2O3) layers. Using a gate
dielectric which was composed of a SAM of OPA on Al2O3 voltages lower than
3 V were used to operate high performance pentacene TFTs [17].

Though Al/Al2O3 are attractive as substrates for organic electronics, the Al2O3 is
often fabricated using atomic layer deposition (ALD) to make an ultrasmooth sur-
face. ALD may not be amenable for large area or cost effect production. Extending
from Klauk and co-workers, it was hypothesized that the crystalline OTS layer on
SiO2/Si could also serve as a gate dielectric in OTFTs. It should be noted, that heavily
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doped silicon wafers without 300 nm thermal oxide are also readily available.
However, when the silicon is exposed to ambient conditions the top-most atomic
layers oxidize to form a native oxide which is typically 2–3 nm in thickness and also
quite smooth (typically same smoothness as underlying Si*0.1–0.3 nm). Klauk and
co-workers also showed that for OPA and Al2O3, the SAM dielectric works well
since the OPA forms a dense and highly ordered monolayer (though they have yet to
characterize if the OPA is actually crystalline, from the contact angle and ellipso-
metric data I am quite confident the monolayer is crystalline). They also described
that their previous attempts using OTS on native SiO2 failed [16]. The OTS was not
well ordered and dense enough and leakage currents were too high to operate a
transistor. However, since the crystalline OTS layer we developed is much more
dense (about 1.45 times) than typically OTS films made previously by other groups, it
could serve as a monolayer dielectric on native SiO2 [11].

The crystalline OTS layer was deposited on a heavily doped Si substrate with
2–3 nm of native SiO2 using the spin-cast technique described in Chap. 3. To test
initially if the OTS could serve as a dielectric, 40 nm thick pentacene transistors
were fabricated. The transistors worked quite well (under identical conditions as
described in previous chapters). Unfortunately, measuring the exact capacitance of
the OTS monolayer is difficult. The capacitance is necessary for accurate deter-
mination of the charge carrier mobility (see Eq. 1.2). While most research groups
deposit metals like gold onto the SAM via thermal evaporation to measure
capacitance, this has been shown to be inaccurate [22]. The hot and heavy gold
atoms typically penetrate the SAM layer. In fact, making contacts to molecular
junctions has been a difficult task and a major research effort in the field of
molecular electronics [22]. Realizing the inherent problems in accurately mea-
suring capacitance via thermal evaporation of gold onto the OTS, another method
was explored. The gold was deposited onto an elastomeric (polydimethylsiloxane
PDMS) substrate. Then the PDMS with patterned gold was placed in contact with
the OTS layer. However, reproducible and reliable capacitance measurements were
difficult to make since the measured capacitance changed if too much or too little
pressure was applied to OTS by the gold covered PDMS. Also as the PDMS flexed
and bent the gold film cracked which also lead to inaccuracies in the measured
capacitance. Only recently, Akkerman and co-workers demonstrated a robust and
reliable method to probe conductivities and capacitances of SAMs. They used a
conductive polymer as a buffer layer to prevent damage to the SAM layer during
thermal evaporation of gold [22]. For more details see Ref. [22]. Failures to
accurately measure capacitance lead me to assume that the capacitance of the OTS
monolayer was similar to the OPA monolayers which have been extensively
characterized [17]. Both SAMs are eighteen carbons in length and of comparable
density. The measured thickness of native SiO2 was 2.4 nm and OTS was 2.1 nm.
The total capacitance of the 2.4 nm SiO2 plus the OTS can be calculated by:

Ctot ¼
1

1
COTS
þ 1

CSiO2

ð6:4Þ
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For the OTS, the values calculated by Klauk et al. were used, and I have
assumed a value of 1.05 lF cm-2 for COTS (the capacitance of OTS). CSiO2 was
calculated to be 1.4 lF cm-2 [17]. The total capacitance for the OTS/SiO2 hybrid
dielectric was then calculated using Eq. 6.4 and was found to be 0.61 lF cm-2

(a value fairly close to the OPA/Al2O3 system 0.7 lFcm-2 ) [17].
As aforementioned, the major problem with using low density OTS SAMs as

dielectric was very high leakage currents. In order to test the leakage current with
and without the crystalline OTS SAM, circular gold electrodes (diameters between
501,000 lm) were deposited onto the crystalline OTS treated native SiO2 sub-
strate, as well as the bare SiO2 substrate. The leakage current is shown in Fig. 6.3.

The leakage current is two orders of magnitude lower when the crystalline OTS
layer is used as the dielectric. Also, it should be noted that this is an underestimate
of the differences in the leakage current since again the gold deposited penetrates
the OTS layer causing damage and potential for shorts. In the completed top
contact transistor, the semiconductor acts a buffer layer to prevent degradation to
the OTS layer. Using the estimated value for the capacitance, the 40 nm pentacene
TFTs had mobilities of 1.8 cm2 V-1 s-1 (0.3). The on/off ratio was consistently
above 106, and the average threshold voltage was -12 V (-6) (averaged over ten
transistors). The maximum gate voltage applied was -3 V.

6.4 Low Power Monolayer Thick Pentacene Transistors

The ability to fabricate pentacene TFTs with good performances on the ultra thin
dielectrics help further the utility of the crystalline OTS SAM in plastic electronic
devices. Finally, the two concepts from this chapter: a monolayer pentacene
transistor and an ultrathin monolayer dielectric using crystalline OTS were com-
bined. To fabricate the transistors, a monolayer of pentacene (nominally 2.2 nm)

Fig. 6.3 Leakage current
with and without the
crystalline OTS SAM
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was deposited on the crystalline OTS modified native SiO2 substrate. The substrate
temperature was held at 60 �C (which from earlier work was determined to be the
optimal temperature for our system). Pentacene was deposited at a rate on
0.3–0.4 Å s-1. The monolayer pentacene TFTs on the ultrathin dielectrics per-
formed quite well. The average charge carrier mobility was 0.04 cm2 V-1 s-1

(0.01), and the on/off ratios was 104 (averaged of five devices). The major problem
with these devices was the stability of pentacene. For 40 nm thick films there is a
greater barrier between the ambient (oxygen and water both known to degrade
pentacene TFT performance) and the active channel. The monolayer of pentacene
in the M-TFT was very susceptible to degradation, and the TFT could only be
operated about ten times in ambient (about 20 min) prior to device failure. The
failure may be avoided by using an encapsulation layer [15].

6.5 Conclusions

In conclusion, by utilizing the highly 2D growth mode and strong interaction
energy of pentacene with crystalline OTS, monolayer pentacene TFTs were fab-
ricated on organic surfaces. Moreover, using the dense crystalline OTS layer,
ultrathin dielectrics could be fabricated and the TFT maximum operating voltage
was reduced from -100 to -3 V. Combining both the 2D growth of pentacene on
crystalline OTS, and the ability for crystalline OTS to serve as a dielectric, the first
ultralow power monolayer organic transistors were fabricated. If the devices can
be encapsulated properly they may be very attractive as building blocks for
organic circuitry since both low operating voltages can be used, and the amount of
organic semiconductor needed is considerably less which ultimately reduces the
time and cost required to fabricate an OTFT.
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Chapter 7
Highly Conductivity and Transparent
Carbon-Nanotube and Organic
Semiconductor Hybrid Films: Exploiting
Organic Semiconductor Energy Levels
and Growth Mode

7.1 Introduction

The previous chapters have focused on understanding and controlling organic
semiconductor growth for high performance organic transistors. In this chapter, the
lessons learned from studying organic semiconductor nucleation and growth for
transistors are applied to improve the conductivity of carbon nanotube (CNT)
networks for transparent electrode applications. A carbon nanotube network
(CNTnw) is a mono (or multi) layer of nanotubes deposited on a substrate
(schematically shown in Fig. 7.1).

CNTnws are typically prepared by dispersion of the CNTs in a solvent. The
dispersion is then cast onto a substrate by a variety of techniques including dip
coating, spin-coating, spray coating, or a variety of other solution coating
techniques. The solvent is then dried/evaporated to form a CNTnw.

7.2 Transparent Electrodes

One of the major applications envisioned for CNTnws are transparent electrodes.
Transparent electrodes (TEs) are vital components in solar cells, flat panel
displays, and touch screens, wherein materials with high electrical conductivity and
low optical absorption are required [1]. However, optical transparency and con-
ductivity are inversely related, and thus represent an interesting and challenging
material science problem. Currently, the material most widely used for transparent
electrodes is indium tin oxide (ITO), though other doped metal oxides are also
promising candidates (like aluminium doped zinc oxide, fluorine tin oxide). Elec-
tronically, metals oxide have a large bandgap and are optically transparent (in the
visible region of the spectrum), however by doping, the impurity states offers free
charges for charge transport. There are, however, many problems associated with
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ITO (and other metal oxides) including the price and scarcity of indium, high
processing temperatures and brittleness [1]. For many thin film solar technologies,
up to 25% of the cell cost may be due to the metal oxide transparent electrode.
Furthermore, the high processing temperatures (*100–500 �C) render ITO (and
other metal oxides) incompatible with flexible substrates.

Aside from CNTs, there are a few other materials being considered as
replacements for doped metal oxides for TE applications. These include metal
nanowire networks and graphene [2–4]. The strategy for nanowire meshes is very
similar to CNTnws, i.e. highly conductive silver nanowires are deposited as a thin
film from solution to form a conductive network [3]. Also, similar to CNTs, even
though the silver nanowires themselves are highly absorptive, thin meshes can be
very transparent since the interstitial areas between nanowires still allow the vast
majority of light to be transmitted [3, 4]. Graphene is another interesting candidate
since it has an incredible sheet conductivity. Currently there are still challenges in
fabricating inexpensive high quality graphene sheets over large areas [2]. The two
primary metrics used to characterize the performance of a TE are transparency and
sheet resistance (Rs), which is the inverse of sheet conductivity. Of course since the
transparency is a function of the incident wavelength, by convention, 550 nm has
been chosen since it is in the middle of the visible spectrum range and is an
important wavelength to consider for solar, touch screen and display technologies
[1]. The sheet resistance is simply the three dimensional resistance normalized to
the thickness of the conductor. Thus for thin films or coatings it gives the two-
dimensional resistance but is dimensionless in area and thus in units of Xh-1,
where the h represents the square dimensions (but is unit-less). Depending on the
application, the trade off between sheet resistance and transparency is managed. For
example, for solar cells the Rs should be as low as possible, and transparency should
be as high as possible. This allows for the most light to enter the active semicon-
ducting layer and also for the maximum power extraction. ITO used in solar cells
has a Rs of roughly 10–40 Xh-1 at 80–90% transparency (at 550 nm) [1]. How-
ever, for touch screens the desirable Rs is roughly 250 Xh-1 at[93% transparency.

7.3 Carbon Nanotube Based Transparent Electrodes

CNTnws are attractive as TEs in the aforementioned applications because CNTs
can have exceptional conductivities (the mobility of a single tube can be 100,000
cm2 V-1 s-1), mechanical integrity, stability, and can be processed inexpensively

Fig. 7.1 A schematic of a
carbon nanotube network.
The lighter tubes represent
semiconducting CNTs, and
the darker tubes represent
semiconducting CNTs
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from solution onto flexible substrates. Major strides in fabricating conducting films
of CNTnws from solution have been reported, but the resulting films are still too
resistive, absorptive, or rough (thick) and the metrics are still far poorer than ITO
[5–7]. Progress in fabricating CNTnw TEs has been limited due to two major
factors. Firstly, as aforementioned in the introductory chapter, the CNTnw contains
a mixture of semiconducting and metallic CNTs based on their chirality (the way
the graphene sheet is wrapped up). A good approximation is that 2/3 of a CNTnw is
composed of semiconducting tubes, and 1/3 metallic [8–10]. To further complicate
matters, the bandgap and molecular orbital energies for CNTs are related to the size
(diameter) and deformation of the tube, and by defects. The semiconducting tubes
are less conductive than the metallic tube, and thus impede the performance of
CNTnw TEs. Aside from these ‘‘fundamental’’ limitations with CNTnws, there are
also practical issues. Firstly, due to their strong intermolecular interactions, CNTs
are typically not soluble in high concentrations in most solvent [11]. Also, since
junction resistances dominate thin film conductivity, longer tubes are also desirable,
but again they are even harder to disperse than shorter tubes [10].

Many researchers have processed the CNTs with surfactants or polymers in
order to improve the solubility of the CNTs, but both lower the overall conductivity
of the network [7, 9]. A considerable amount of work had addressed some of the
CNT processing issues, but, the performance of CNTnw TEs are still considerably
poorer than ITO, with the best doped CNTnw Rs values around *80 Xh-1 at 80%
transparency, or 1 kXh-1 at 93% transparency (Fig. 7.2) [9]. Furthermore, these
‘‘champion’’ values were obtained by doping the CNTnw using thionyl chloride or
iodine. Both thionyl chloride and iodine are unstable, and the doping is temporary
due their high vapour pressure; moreover, thionyl chloride is toxic and can react
with other materials in a device making efforts to encapsulate even more
challenging [9].

In this chapter a permanent ‘‘nanosolder or nanoglue’’ approach was utilized
whereby fullerenes are deposited onto very thin, partially aligned CNTnws to
greatly reduce tube–tube junction resistance. Subsequently, thicker films of highly
electronegative fullerenes are deposited to provide permanent and stable doping of
the semiconducting tube resulting in among the highest performing and most
stable CNT based TE.

7.4 Fabrication of Hybrid CNT Based Transparent Electrode

The first step towards making a high performance CNTnw base TE is the fabri-
cation of uniform CNTnws with controlled density, alignment, and degree of
bundling. Recent theoretical work has shown that an ideal monolayer CNTnw,
with minimal resistances, and all metallic tubes, could produce Rs of 1 Xh-1 at
[95% transparency [10]. For this work we chose to concentrate on optimizing a
monolayer (or bilayer) of CNTs to ensure high transparency. Monolayer thin
CNTnws were formed from a solution of CNTs were dispersed (stably in
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concentrations up to 500 lg ml-1) in N-methylpyrrolidone (NMP) without sur-
factant or polymer additives (both can lower conductivity). NMP has recently been
identified to be an excellent solvent for CNTs [8, 11].

Even with optimized CNTnw morphology, the resulting performance was
comparable to previous reports, with Rs *10–100 kXh-1 at 98% transparency.
Again, the poor conductivity can be attributed to high tube–tube junction resis-
tances, especially between metallic and semiconducting tubes due to Schottky
barriers that can be 200 kX to greater than 1 MX, few methods for mitigating the
largest source of resistance, CNT/CNT junctions, have been reported [12–14].

A previous approach demonstrated that individual CNT/CNT junctions can be
welded together to form a molecular junction upon irradiation with energetic
particles in vacuum at high temperatures ([700�C). Simulations have predicted an
increase in electrical conductivity and ductility of the junction upon welding [15,
16]. Experimentally, the increase in electrical conductivity of the resulting
nanowelded junctions has yet to be rigorously characterized, although the con-
ductivity was shown to increase in CNT ‘‘buckypaper’’ upon irradiation [16]. In a
chemical approach, covalent attachement of gold at CNT/CNT junctions was
found to enhance conductivity of a single junction [17]. These studies are inter-
esting but may not be practical for large-area films. Instead we sought to decrease
the junction resistance over large areas by nanosoldering the CNT junctions
together with a conductive material (Fig. 7.3).

In this work, thin films of fullerenes were deposited onto CNTnws. Fullerenes
were chosen due to their electronegativity and strong interaction energies with
CNTs. The binding energy of C60 at highly coordinated CNT sites (like junctions)

Fig. 7.2 A compilation of the values published in literature of carbon nanotubes based
transparent electrodes. The improvements in sheet resistances by using one of the unstable
dopants are shown by the dashed line. (From Ref. [9])
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is *1.0 and 0.2–0.5 eV along CNT sidewalls, suggesting that nucleation initiates
at junctions and then propagates along the CNT (Fig. 7.4) [18]. The strong
interaction energies between fullerene and CNTs also ensure that the vast majority
of the C60 will tend to nucleate and grow on the CNT as opposed to the underlying
glass or PET substrate [18, 19]. This is critical, since the interstitial areas between
CNTs in the network needs to remain open for high transparency. In short, the idea
here is to take advantage of the nucleation theory presented earlier. If given
enough thermal energy to diffuse along the surface, the C60 (or C70) molecules will
tend to nucleate initially at the CNT junctions. These sites are the most energet-
ically favourable since the coordination is the greatest and during nucleation, the
cluster is stabilized.

Upon deposition of a 1 nm thick layer (all thicknesses quoted are nominal as
measured by quartz microbalance), C60 preferentially nucleated at junction sites,
compared to tube sites. The thin film morphology had small crystallites on the
nanotube networks, with the vast majority of these fullerene crystallites occurring
at the junctions (Fig. 7.5), implying nucleation is indeed energetically favoured at
these sites.

Fig. 7.3 Optimized CNTnw
deposited without surfactants
or polymers from NMP
(image courtesy of Dr. Melbs
LeMieux). The sheet
resistance of such films are in
*10–100 kXh-1 range. The
image is 25 lm-2

Fig. 7.4 Schematic of
potential energy landscape
depicting interactions
between a fullerene and a
CNT junction. The most
energetically favourable
location for nucleation is at
the junction since the barrier
to nucleation is the lowest.
The cluster is stabilized by
the high coordination and
interaction energy

7.4 Fabrication of Hybrid CNT Based Transparent Electrode 119



After depositing 1 nm of C60, the Rs of the network decreased nearly 5–10 times,
with a minimal (1% decrease in transparency). The sheet resistance dropped from
*100,000 to 10–20,000 Xh-1. indicating that the C60 nanosolder is in fact
decreasing the junction resistances. C70 also showed similar preferential nucleation
at junctions (Fig. 7.6c) and according to density functional theory (DFT) calcula-
tion performed by a collaborator, the interaction energy of C70 on a CNT is 10 meV
larger than that of C60. For 1 nm C70 nanoglue, an unprecedented decrease in sheet
resistance of nearly two orders of magnitude was observed relative to unmodified
CNTnws, and the best performance measured for 1 nm C70 modified CNTnws was
1 kXh-1 at *98% transparency. This value makes these films suitable for a
variety of applications including electrostatic discharge and antistatic films. The
reason why the C70 performs so much better than the C60 as a nanoglue is not
entirely clear. There are two possible explanations. The slightly higher binding
affinity of C70 to the CNTs may aid in charge transport (potentially better overlap
between the molecular orbitals of the fullerene and the CNT). Also, the Fermi
energy of C70 is lower than C60, so it is possible the C70 is not only acting as a
nanoglue, but may also be locally doping the CNTs at the junction (see Fig. 7.6).
The fullerene doping is not a conventional interstitial doping, but instead is a charge
transfer from the CNT to the fullerene. The charge transfer of an electron from the
CNT to C70, leaves a mobile hole in the CNT. Figure 7.6 shows the molecular
energy levels for C60, C70, the approximate C60 and C70 fullerite energy levels, and
the range of energy levels for the semiconducting CNTs used. The Fermi energy
(Ef) values of intrinsic, undoped, semiconductors like fullerenes used in this study is
approximately halfway between the highest occupied molecular orbital (EHOMO)
and lowest unoccupied molecular orbital (ELUMO) [Ef = (EHOMO ? ELUMO)/2].
For intrinsic (undoped) semiconductors the Fermi energy is related to the molecular
orbital energies, temperatures (T), Boltzmann’s constant (k) and the density of
states of the valence (Nv) and conduction bands (Nc):

EF ¼
EHOMO þ ELUMO

2
þ kT

2
ln

Nv

Nc

� �

ð7:1Þ

Fig. 7.5 Scanning electron
micrograph (SEM) showing
the preferential growth of C60

(the white nodes) at the
junctions sites between CNTs
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The HOMO and LUMO energy values are much larger than the thermal energy
kT (0.026 eV) and the natural log function also decreases the value of the second
term on the right hand side of the equation, so that the Fermi energy can safely be
approximated as halfway between the HOMO and LUMO energies. For fullerenes,
the Fermi energy (Ef) can decreases nearly 1 eV as fullerite (*5 monolayers) is
formed; the Efs of solid C60 or C70 can be *1 eV lower than molecular C60 or C70,
so thicker films of both C60 and C70 can potentially dope CNTs (Fig. 7.6) [19]. In
order to test this hypothesis, 5 nm films of C60 and C70 were deposited onto the
CNTnws.

After 5 nm of C60 was deposited, a bamboo-like structure formed on the entire
CNTs. The preference for the C60 on the CNT compared to the substrate again is
due to favourable interaction energies. Concomitant with the AFM and SEM
micrographs, the preference for growth on the CNTnw is evident from the UV–Vis
measurements, which show that the transparency of the hybrid film barely
decreases (\3%) even after 5 nm of fullerene was deposited (Fig. 7.7). The
amount of material on the network increased after deposition, while the trans-
parency has essentially remained the same.

Fig. 7.6 The molecular orbital energies of the CNTs and fullerenes. For the CNTs there are a
wide range of HOMO and LUMO energies which are represented by the band of energies The
energy levels can drop nearly 1 eV when solid fullerite is formed. The approximate conduction
and valence band energies for C60 and C70 fullerite are also given
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C70 exhibited more conformal growth on the nanotubes than C60. Rather than
the bamboo-like structure observed with C60, a continuous thinner ‘‘nanowire’’
morphology was observed after a 5 nm deposition of C70 (Fig. 7.8).

The deposition of thicker films of the fullerenes resulted in even lower sheet
resistances. CNTnws with 5 nm of C70 were found to be much more conductive
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Fig. 7.7 a A schematic of two nanotubes crossing with the nanosolder C60 (or C70). The second
step shows the doping of the semiconducting tube into metallic using a thicker film of fullerenes.
b AFM of nominally 1 nm of C60 deposited on the CNTnw showing the preferential nucleation at
the junctions j and along the tube t. c The deposition 1, 3, and 5 nm of C60 deposited on the
CNTnw is also shown. The transparency barely decreases due to the addition of the small
molecule organic semiconductors. Finally, only after 40 nm of C60 is deposited does the
transparency decrease substantially

Fig. 7.8 a AFM of a dense CNTnw after 5 nm of C70 has been deposited (area is 100 lm2). b A
zoomed in, less dense CNTnw after 5 nm of C70 has been deposited (area is 4 lm2). The
conformal growth and tight binding is clearly visible. The scale for both images is 20 nm
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than similar networks on which C60 had been deposited (Fig. 7.9). CNTnws with
5 nm of C70 showed sheet resistances as low as 600 Xh-1 at 95% transparency.

From the thicker films of C70 deposited, it became evident that the increase in
conductivity was not only due to improvement of junction resistances, but also due
to doping of the semiconducting tubes. When the fullerenes and CNTs come into
contact, and equilibrate, the Fermi energy of the two materials must also become
equal. This occurs when the higher energy electrons in the CNT highest molecular
orbital (HOMO) populate the lowest molecular orbital (LUMO) energies of the
fullerenes. This doping becomes prominent when fullereite is formed since the
LUMO for C70 decreases substantially [19]. From this result, it is hypothesized
that the decrease in CNTnw sheet resistance due to deposition of C60 is primarily
due to the morphological enhancement that provides increased area for charge
transport, and intimate contact at CNT junctions. However, for C70, a combined
gluing and doping effect occurs. The more conformal growth with C70 and the
lower Ef compared to C60 resulted in much more effective doping, since the
number of holes introduced into the CNTnw is directly related to the area of
contact between the fullerene and the CNT. The Ef of C60 is comparable (Fig. 7.6)
to the EHOMO of the semiconducting CNTs (roughly -4.0 eV for the arc-discharge
tubes used here), therefore electron transfer to C60 is possible, but not nearly as
favourable as to C70 (confirmed by l-Raman spectroscopy).

Finally, in addition to using energy level diagrams, charge transfer doping is
verified with micro(l)-Raman spectroscopy. l-Raman spectra were obtained for
hybrid samples (with nominally 5 nm of C60, or C70 deposited on CNTnw) using
633 and 532 nm laser excitations. Investigating the tangential mode region
(G-band) at 633 nm excitation for the C60 and C70 nanoglue dopant, prominent
differences are observed (Fig. 7.10) for the C70/CNT hybrid compared to the
C60/CNT hybrid [20, 21]. Other dopants with even lower molecular energy levels
were also deposited to confirm charge transfer. The C60/CNT hybrid spectrum

Fig. 7.9 The effect of C60

and C70 deposition on
CNTnws. After deposition
of 5 nm of C70, the sheet
resistance of the CNTnw
decreased nearly two orders
of magnitude
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resembles a pristine CNTnw in terms of lack of G- band position and lack of non-
CNT peaks over the entire spectrum. The pronounced narrowing of G- peak
(Fig. 7.10) in the C70/CNT hybrid relative to a bare CNTnw (and the C60/CNTnw)
has previously been attributed to charge transfer. Correspondingly, the charac-
teristic radial breathing mode (RBM) undergoes a loss in intensity for the C70/
CNTnw. This reflects a much larger degree of charge transfer compared to the C60/
CNTnw, and validates the C70 usage as a more efficient nanoglue dopant [20, 21].

These results indicate that charge transfer from the CNT to the dopant increases
as from C60 to C70 (i.e. increases as small molecule ELUMO decreases) and are
commensurate with the conductivity trend observed upon doping the CNTnws.

Fig. 7.10 l-Raman of
hybrid CNT networks.
a Averaged G-band spectrum
at 633 nm for the indicated
sample types. The enhanced
doping observed from the
Raman spectra G- band
narrowing in the case of C70

over C60 is explained by the
energy diagram (Fig. 7.6).
For the other more
electronegative dopants D1
and D2, the G- band is
further narrowed, along with
the formation of a
pronounced shoulder adjacent
to the G- band that is more
evident in the C60 F48 case.
As noted in the text, the
formation of peapods is
unlikely since only C60 has a
small enough diameter for
this to occur. For C60 there
are no evident peapod peaks
observed in the l-Raman
spectra. b Averaged RBM
spectrum at 633 nm for the
CNT networks hybridized
with the indicated fullerene,
compared with a bare CNT
network. Here, the RBM is
quenched with the level of
doping as indicated in (a). All
spectra were normalized, and
taken from films with 5 nm of
C60 and C70. Image courtesy
of Dr. Melbs LeMieux
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l-Raman spectroscopy can also verify the lack of peapod formation [22, 23].
For the fullerenes used in this work, the smallest (C60) is the most likely to form
the peapod structure in the *1.5 nm diameter arc-discharge SWNTs. However,
due to the relatively fast deposition rates (0.3 Å s-1), low defect density of the
CNTs (small peak at 1,325 cm-1 defect band, Fig. 7.10a), and low substrate
temperature used during deposition, peapod formation should be suppressed. This
is confirmed by analysis of the RBM. RBM peak positions remain unchanged after
the C60 deposition, while for peapods a redshift of the 173 (633) and 188 cm-1

(532 nm) was reported [22, 23]. C70 peapods should show a splitting in the
260 cm-1 mode at 532 nm excitation which again was not observed [22, 23].

7.5 Conclusions

Using C60 and C70 that preferentially grow on CNTs and CNT junctions, the most
energetically favorable site for nucleation, as a nanosolder, and then further doping
the film with thicker fullerene films, a high performance carbon based TE has been
fabricated. Deposition of fullerenes morphologically and electronically glued the
partially aligned CNTnws together, thereby decreasing junction resistance, while
thicker fullerene films further decreased the overall CNTnw resistance. In doing so,
major hurdles with regard to CNT-based transparent electrodes were overcome by
focusing on the most critical issues: decreasing the junction resistance and chirality
mixture in these films. Furthermore, the ultrathin hybrid CNTnw is stable for
months in ambient and at 250 �C for over 40 h, fabricated using simple processing
techniques at low temperatures, and compatible with flexible substrates making it a
more attractive ITO replacement than other technologies. In addition to producing a
new carbon-based high performance transparent electrode material, this new large-
area nanoglue concept, which employs selective nucleation at junctions, may be an
effective approach for forming and connecting nanoassemblies in parallel that may
yield exciting materials for applications in opto- and nanoelectronics.

7.6 Experimental

7.6.1 Materials and Methods

Preparation of Surfaces

Glass substrates from corning were cleaned for 45 min in hot Piranha solution
(3:1 H2SO4:H2O2), rinsed copiously with water, dried under N2, and taken inside a
dry N2 glovebox for silane modification. SAMs of aminopropyltriethoxy silane
(APTES, purchased from Gelest Inc, silanes were distilled prior to use) were
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formed from 0.4% solution (in anhydrous toluene) for 1 h at room temperature.
The surfaces were rinsed twice in toluene, sonicated in toluene, and rinsed again in
toluene, then dried under N2. With these conditions, the substrates typically have
contact angle of 60� and ellipsometry measured thickness of 0.6 nm. The C60

(99%) and C70 (99%) fullerenes (SES research) were used as received.

Nanotube Solution Preparation

Solutions of the purified arc-discharge nanotubes (see previous reference for
purification details) were dispersed by sonication for 45 min (solution kept in ice
bath) in NMP (1-methyl-2-pyrrolidone, Omnisolve, Spectrophotometry grade) at
concentrations ranging from 10 to 500 lg ml-1.

Sample Fabrication

Typically, 400–600 ll of the CNT solution was spincoated onto the APTES
treated display glass at RPMs ranging from 1,000 to 4,000 RPM to achieve partial
SWNT alignment. Afterwards, the glass was heated under vacuum to remove
residual solvent. 40 nm gold electrodes with 2 mm spacing were then deposited
(thermal evaporation) for characterization of the sheet resistance. Finally, fullerene
deposition took place via thermal evaporation with thicknesses ranging from
1–40 nm, at a pressure of 10-6 Torr. Fullerenes were also deposited form solution
(1–5 mg ml-1) in toluene or NMP.

Sample Characterization

AFM topography images were acquired in the tapping mode regime using a
Multimode AFM (Veeco). All electronic tests were conducted using a Keithley
4200 SC semiconductor parameter analyzer. Micro-Raman (LabRam Aramis,
Horiba Jobin-Yvon) measurements were carried out at 633 (1.96) and 532 nm
(2.41 eV) excitations at 100x magnification and 1 um spot size, and a 1,200
grating. Excitation power was 2 mW for the 633 nm line and 1 mW for the
532 nm line. All data was acquired from automated multi-point (usually 12 points)
mapping over random areas (three different areas, excluding the extreme 2 mm
diameter center of the wafer) of the samples, with two spectra accumulated and
averaged at each single point. UV–Vis (Cary 6000i) measurements were done at
300 nm min-1 with 1 nm wavelength intervals. SEM images were collected using
a Raith 150 (Gm bH) without gold coating at low operating voltages (3 kV) using
a secondary electron detector.
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Chapter 8
Outlook/Conclusions

8.1 Outlook

Overall there still remains several technical challenges which face the widespread
utilization of organic electronics. The stability and performance or organic semi-
conductors still needs improvement. There are also still issues associated with robust
and reliable patterning. Nevertheless, the potential for low-cost, flexible, and
printable electronics is so attractive that organic electronics will remain an important
scientific and engineering focus for academia and industry. Moreover, the discovery
of new high performance carbon based materials like CNTs and graphene will further
research efforts in plastic electronics since these materials have conductivities and
mechanical properties far exceeding conventional inorganics.

Based on the work presented in this thesis, several future directions may be
interesting. First, fabrication of organic circuits using the crystalline octadecylsi-
lane monolayer requires further developments in patterning and processing.
Experiments exploring the kinetics of spin-cast alkylsilane monolayer fabrication
using grazing incidence X-ray diffraction are on-going. It will also be interesting to
study the odd–even effect on organic semiconductor nucleation and growth on
alkylsilane monolayers. The development of low voltage monolayer transistors
and sensors is another promising area. Finally, studying the charge transport of
CNTnws with nanoglue is an on-going project. There is interest in investigating
their thin film structure using X-ray diffraction.

8.2 Conclusions

In summary, this thesis has resulted in the following findings which should be
valuable to the development of organic electronics:

A. Virkar, Investigating the Nucleation, Growth, and Energy Levels of Organic
Semiconductors for High Performance Plastic Electronics, Springer Theses,
DOI: 10.1007/978-1-4419-9704-3_8, � Springer Science+Business Media, LLC 2012
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1. The importance of controlling and engineering organic semiconductor growth for
high performance electronics has been shown. Promoting the two-dimensional
growth of organic semiconductors at the dielectric interface leads to very high
charge carrier mobilities.

2. A systematic study of the nucleation and growth of organic semiconductors on
the most common surface used for organic transistors has been presented. The
energetics of pentacene on octadecylsilane modified surfaces were analyzed in
depth. Numerical heuristics and interaction energies necessary to drive desir-
able growth were calculated. Also, the energetics of nucleation were studied
and it was determined that the density of octadecylsilane monolayer affects the
barrier to nucleation and not diffusivity as was previously suggested.

3. The general importance of a crystalline monolayer of octadecylsilane for
organic transistors was demonstrated. The development of a spin-casting
crystalline octadecylsilane provides a simple and scalable method for produc-
ing surfaces which may have important technological implications. The crys-
talline octadecylsilane monolayer allowed for the ability to fabricate low
voltage monolayer transistors which may very interesting for both organic
circuits and in the emerging field of organic transistor based sensors.

4. The selective nucleation and growth of organic small molecules on carbon
nanotube networks lead to record performance transparent electrodes. The
nucleation of fullerenes on the nanotube junctions in a network greatly reduced
the junction resistances, while thicker fullerene films provide stable and effi-
cient doping. Prototype solar cells and touch screens have been fabricated using
the new hybrid carbon based electrode.
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