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1. INTRODUCTION

As a result of the continuous drive to fabricate electronic
devices on lightweight, large-area plastic substrates by low-cost
processing techniques, organic electronics is currently running in
the fast lane. Following this trend, organic thin-film transistors
(OTFTs) have developed rapidly over the past decade due to
their promise as components in cheap and flexible electronic
circuits. Many potential applications have been demonstrated,
ranging from flexible displays' ~* and sensor systems®~'° to radio
frequency identification (RF-ID) tags,"' "> and some of these
systems are now getting excitingly close to the commercial
world."* There have been two motivations for the surge in
OTEFT research and development in the past 5S—10 years. The
first is the need to manufacture products at very low cost. The
manufacture of commercial liquid crystal displays (LCDs) has
moved through a series of technology generations, defined by the
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increasing size of the substrate, which gives rise to considerable
challenges. On the one hand, conventional integrated circuits for
large-area LCDs are currently patterned by photolithographic
processes, and the manufacturing costs associated with this
technique increase rapidly with this increase in size. On the
other hand, amorphous silicon (a-Si) thin-film transistors
(TFTs) are now capturing a large fraction of the market as
backplane circuits for active matrix liquid crystal displays. Fab-
rication of films of this material becomes both very challenging
technically and also costly for such large size displays. The unique
properties of organic materials have opened the door to a suite of
fabrication techniques that can simplify the equipment and
reduce the processing complexity required to meet the demands
of large-scale LCDs.

Another motivation is flexible or stretchable electronics.
Organic electronic devices or circuits fabricated on lightweight,
bendable plastic substrates have great potential for applications
in electronic displays, electronic smart cards, or biomedical
systems that are not easily achieved by conventional inorganic
electronics."® Organic TFTs and electronic circuits deposited by
printing-like techniques can be expected to meet the new needs
of the next generation of large area flexible backplanes.

Progress in OTFTs has been driven by advances in experi-
mental techniques, material synthesis, and theoretical calcula-
tions, and new improved experimental techniques are playing an
increasingly important role in this expansion. We believe that the
next rapid advance will come if low-cost, large-area printing-like
manufacturing techniques become sufficiently mature for suc-
cessful commercial-scale production. Many innovative techni-
ques have been developed for fabrication of OTFTs, but no one
technique has been found to be clearly superior in a manufactur-
ing environment. In fact, every technique has its advantages and
disadvantages, and therefore it is necessary to have a compre-
hensive understanding of these experimental techniques in order
to be able to exploit the various strengths of the different
techniques. This review begins by describing the use of char-
acterization techniques in OTFTs, including high-resolution
microscopy techniques, various spectroscopic techniques, and
other characterization methods. Next, we describe fabrication or
processing techniques—ranging from patterning and printing
techniques to deposition techniques—that have been success-
fully employed in the fabrication of the key components of
organic devices. Finally, we conclude with some discussion of
likely future trends and advances in such sophisticated experi-
mental techniques for the fabrication and characterization
of OTFTs.

2. TECHNIQUES FOR CHARACTERIZATION OF OTFTS

Before products based on active organic thin-film transistors
can reach the market, a great deal of work first needs to be done in
the laboratory to keep the manufacturing costs in the future as
low as possible. Many processing techniques have been devel-
oped in research demonstrations of discrete transistors in an
effort to meet the requirements of low-cost applications. How-
ever, before the goals of flexibility, long lifetimes, and inexpensive
processing can be achieved commercially, a variety of challenges
must be overcome; these involve choice of materials, device
design, optimization of key components of transistors, and
innovation in fabrication techniques."®”'® All the challenges
relating to organic transistors are actually on the micro- or
nanoscale level, and, in order to meet these challenges, there is

a clear need for characterization techniques to correlate our
macroscopic manipulation with important properties of organic
electronic devices on the micro- or nanoscale. Therefore, before
discussing fabrication techniques, we first introduce the tools
available for the characterization of the micro- or nanoscale
properties of OTFTs.

2.1. Electrical Scanning Probe Microscopy

Electrical scanning probe microscopy (SPM) techniques are
some of the most common tools to characterize the surface
properties of organic semiconductors and study fundamental
questions of charge injection, trapping, and transport in organic
electronic devices. The different SPM techniques have made a
number of important contributions in many research fields,'”*°
and here we only highlight those techniques directly used in the
study of OTFTs, including tapping mode atomic force micro-
scopy (TM-AFM), conducting atomic force microscopy (C-
AFM), electric force microscopy (EFM), and scanning Kelvin
probe microscopy (SKPM). Since these techniques have been
described in detail elsewhere,”' ** we will only summarize
them below.

2.1.1. Tapping Mode Atomic Force Microscopy. AFM is
a technique that can measure surface textures of various materials
and quantitatively examine shapes/profiles of technologically
important surface structures. In a typical AFM experiment, the
sample surface is scanned by a sharp tip mounted beneath a
cantilever, and the vertical separation between probe and sample
can be precisely controlled by a piezoelectric actuator to keep the
force between tip and sample at a given set-point level. Two
modes of AFM are employed in studies of surface topography.
One is the contact mode, where the tip stays in permanent
contact with a sample during scanning. The other is the tapping
mode, where the tip interacts with the sample surface while the
cantilever oscillates with a constant resonant frequency, resulting
in a change in the dynamic parameters of the cantilever; the
cantilever motion is magnified by means of a laser beam, which is
deflected in a regular pattern over a photodiode detector.

Tapping mode AFM is the most common technique for
topographic imaging of organic semiconductors in OTFTs for
two reasons. One is that the intermittent tip—sample contact
leads to gentler imaging without the shearing associated with the
contact mode; another is that many organic semiconductors such
as self-assembled organic molecules and polymers have hetero-
geneous surfaces, which require the minimization of tip—sample
interactions to avoid damage to these soft material surfaces. It is
recognized that the performance of OTFTs is strongly influenced
by the first few organic monolayers close to the dielectric layer**
and that the nucleation and film-growth mechanisms are sig-
nificantly affected by the surface properties of a dielectric
substrate, resulting in different morphologies of thin films.*®
Therefore, TM-AFM is a powerful tool to characterize crystalline
morphologies and the intrinsic heterogeneities of organic thin
films on dielectric substrates.

The importance of the TM-AFM technique for topographic
imaging of organic semiconductors in OTFT's can be illustrated
by one typical example from the literature. In order to investigate
the effects of the phase state (ordered or disordered) of self-
assembled monolayers (SAMs) on the growth mode of penta-
cene films and the performance of OTFTs, Lee and co-workers
deposited pentacene molecules on ordered or disordered octa-
decyltrichlorosilane (ODTS) monolaéyers at various substrate
temperatures (30, 60, and 90 °C).*° They found significant
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Figure 1. AFM images and height profiles taken at various thicknesses
during the formation of pentacene films on ordered (a) and disordered
(b) ODTS monolayers at substrate temperatures of 30, 60, and 90 °C.
All images are 2 yum X 2 um in size. Reprinted with permission from
ref 26. Copyright 2008 American Chemical Society.

differences between the growth mechanisms on ordered and
disordered monolayers (as shown in Figure 1). At each tempera-
ture, numerous two-dimensional (2-D) islands were formed on
the ordered ODTS monolayers, whereas conglomerated island-
type structures were formed on the disordered ODTS mono-
layers. It was also found that the pentacene films grown on the
ordered ODTS monolayers had a better interconnectivity be-
tween the pentacene domains—which directly serves to enhance
the field-effect mobility—than those grown on the disordered
ODTS monolayers.

In addition, a great deal of other information can be provided by
the TM-AFM technique independently or in combination with
other characterization techniques, about the nucleation density, the
grain size, grain boundaries, molecular orientation, and crystalline
phases.”” >° TM-AFM can be employed in various environments
(vacuum, gas, liquid) and at controlled temperatures and therefore
is certain to be further developed as an advanced scanning probe
technique with broad applications in OTFT research.

2.1.2. Conducting Atomic Force Microscopy. Conduct-
ing AFM (also called conducting probe AFM) is mainly used to
study electrical transport in nanotubes, nanoparticle assemblies,
nanoscale semiconductor devices, and individual molecules on
local length scales. In the C-AFM experiment, the surface
topography is measured using a metal-coated AFM tip, which
is directly in contact with the sample controlled by feedback
electronics capable of maintaining a set-point load with a
precision of several nanonewtons. The current flowing through
the biased tip—sample junction is recorded in order to measure
the current—voltage (I—V) relationship for the sample. Since
C-AFM can characterize samples surrounded by insulating
regions due to its feedback mechanisms being independent of
the sample conductivity, C-AFM is one of the most attractive
techniques for electrical transport measurements in OTFTs.

( b) Dielectric IT
Dielectric ITI

Current (pA)

Lateral distance (um)

Figure 2. (a) Schematic diagram of the C-AFM experiment. (b)
C-AFM topographs of 5 nm thick pentacene films on the poly(at-
methylstyrene)/Al,O5 dielectrics II (based on etched Al foil) and III
(based on sputtered Al). (c) C-AFM current images of the areas in the
white boxes in b, as collected at Vi, = 2 V. (d) Cross-sectional height
and current profiles. Reprinted with permission from ref 33. Copyright
2010 American Chemical Society.

C-AFM has been used to map the lateral transport properties
in a number of polycrystalline grains.””*"** For example, Yang
and co-workers used C-AFM to measure lateral current varia-
tions for 5 nm thick pentacene films deposited on different
dielectric layers.”> They found that the current variation across
the edges of dimples on a dielectric surface was only slightly
different from that across the grain boundaries of a flat dielectric
surface (Figure 2). It was therefore concluded that the presence
of microscale curvature on the local dielectric surface does not
affect the growth of pentacene in terms of the contact length scale
of the seeding molecules.

In addition to obtaining qualitative maps of variations in
electric current, C-AFM has also been used to characterize
contact resistance in molecular junctions. The metal—molecule
interface can be probed by C-AFM in order to examine how the
metal—molecule contact affects the I—V characteristics of the
junction.***> Furthermore, C-AFM has also been used to
measure the carrier transport in organic semiconductor sexithio-
phene crystals in order to understand the key role played by grain
boundaries in the transport properties of OTFTs.***” C-AFM
has become a useful tool to measure variations in local charge
transport as a result of local heterogeneity and to analyze the
effects of microstructure and contacts on the performance
of OTFTs.

2.1.3. Electric Force Microscopy. Electric force microscopy
(EFM) can be used to map the electric-field gradient at a film
surface. The basic principle of EFM is that tapping mode AFM
imaging is used to determine surface topography on a first pass.
On a second pass, the AFM tip retraces the topography while
oscillating at a constant distance over the sample, and simulta-
neously the tip is biased at a voltage with respect to the substrate.
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Figure 3. From top to bottom: 2-D images, section profiles along the
red line and 3-D images of pentacene islands on an n-type silicon wafer
covered by ~4 nm thick thermal oxide. (a) TM-AFM images of the
islands. (b) EFM images (phase shift, Vggn =4V, z = 80 nm) of the same
islands before charge injection. (c) EFM images (phase shift, Vv =4V,
z =80 nm) of the same islands after a local injection (Viny = 42V for 4
min) on the central island (injection point marked by the arrow). (d)
EFM images (phase shift, Vigy = 4 V, z = 80 nm) after a subsequent
local injection at Vg = —2 V for 4 min. All images are 5 m X 5 um in
size. Reprinted with permission from ref 41. Copyright 2004 American
Chemical Society.

Finally, the shift in the cantilever resonant frequency is recorded
as a function of the tip voltage allowing the measurement of
potential profiles with the high resolution of scanning probe
microscopy. Comprehensive details of the principles of EFM can
be viewed in ref 38, and we will limit our attention to applications
of the EFM technique in characterizing OTFTs.

The EFM technique specializes in exploring the charge properties
or electrostatic behavior of semiconducting materials,*>*° and EFM
has also been used to examine charge trapping and injection effects
in OTFTs. Heim and co-workers have used EFM to measure the
2-D distribution and concentration of locally injected electrons and
holes in a single pentacene monolayer island, and reported how the
injected carriers either remain localized or are able to delocalize over
the island depending on the molecular conformation (ordered vs
disordered) of this island.*! Figure 3 shows the TM-AFM image of
pentacene monolayer islands on a substrate with low roughness and
the EFM images before and after the charge injection. The dark
features in the EFM image before the charge injection are due to the
capacitance coupling effect and/or to a small residual charge in the
islands. The large bright feature seen in the EFM image after the
charge injection (Figure 3c) indicates that a net positive charge is
now stored in the islands as a result of the delocalization of the
injected charges along the entire pentacene island, and the strong
dark feature seen in Figure 3d indicates that a net negative charge is
now stored in the island, demonstrating that the excess negative
charges are now totally delocalized over the entire domain. Such a
charge delocalization is consistent with good molecular packing in
the island, and it demonstrates that a good 77— overlap exists in the
pentacene monolayer.

Marohn and co-workers have resolved charge traps using EFM
measurements on pentacene-based OTFTs. They found that
trapping was not associated with visible grain boundaries in the
films, and the traps were distributed inhomogeneously in space.**

By monitoring the EFM signal as a function of time in a fixed
location, the same group showed that the trap density in these
devices is on the order of ~1 trapped charge per 640 pentacene
molecules in regions of maximum trap density,*’ and that the
trapping rate is dependent on the free hole density.

To summarize, the EFM technique is a useful tool to study
charge trapping and injection effects in OTFTs. It can also be
used to study the electronic properties of isolated conducting
materials and various semiconductor films on dielectric sub-
strates at an early stage of growth. The injection/EFM detection
technique is also playing a key role in characterizing other
monolayers and molecules of interest for molecular-scale
electronics.**

2.1.4. Scanning Kelvin Probe Microscopy. Scanning
Kelvin probe microscopy (SKPM) is a well-established techni-
que for measuring lateral potential profiles between a conductive
tip and a sample. In its basic operation, it is similar to EFM;
however, in contrast to EFM, SKPM uses a nulling feedback
technique to keep the tip—surface potential difference at 0V, and
in the second pass, the mechanical oscillation of the cantilever is
replaced with an alternating current (AC) voltage waveform and
a direct current (DC) voltage offset to the tip. A lock-in amplifier
is used to measure the resulting mechanical oscillation, and a
feedback loop to the bias voltage nulls the oscillation.

To date, the most important application of SKPM in the study
of OTFTs is in examining the influence of contact resistance on
device performance. For example, Nichols and co-workers
reported large potential drops at the source with magnitude
dependent on contact metallurgy in bottom-contact pentacene
transistors, indicating that device performance can be contact-
limited under operating conditions.*® Puntambekar and co-
workers have also studied the potential drop between source
and drain in top- and bottom-contact pentacene transistors using
SKPM.*” Their results showed that the bottom-contact transis-
tors were contact-limited at large gate voltages, while top-contact
devices were not contact-limited but bulk-limited. These results,
along with other experiments,**** demonstrate that SKPM is a
powerful tool to characterize contact resistance, thus allowing a
more detailed understanding of transport in OTFTs.

Additionally, SKPM has also been employed for the surface
potential imaging of working OTET devices.’* >* Teague and
co-workers have described SKPM studies of the potential
distribution in solution-processed, bottom-contact OTFT's with
the aim of determining the role of film microstructure in device
performance.”® By analyzing the variations in potential drop, they
found that different factors determine the mobility of working
devices with different channel lengths. For a S m channel OTFT
device, the grain size of material has the same order of magnitude
as the channel length (Figure 4A), and when the device is
operating in the linear region, the primary voltage drop occurs
at the source electrode—semiconductor contact, with only a
gradual voltage drop across the organic semiconductor itself
(Figure 4B). Such a potential profile indicates that the main
barrier to charge transport in this device is charge injection into
the organic semiconductor from the source electrode. As the
channel length increases, grain boundaries and regions of poorly
nucleated material play a more important role in determining the
mobility of the system due to the potential drop variations, as was
clearly demonstrated by the SKPM studies.*

Recently, SKPM has also found other applications, such as
indirectly monitoring trap evolution through variations in thresh-
old voltages and potential profiles in OTFTs,>® and assessing the
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Figure 4. (A) SKPM data fora S um OTFT device structure (Vg =—5V,
Vs = —40V): the SKPM potential map (color) is overlaid on top of the
corresponding 3-D topographic AFM image. The topographic and
potential data were acquired simultaneously. The horizontal dashed
line in (A) corresponds to the location of the topographic and potential
line profiles shown in (B), and the vertical dotted line in (B) indicates
the location of the Au contact edges. Reprinted with permission from ref
50. Copyright 2008 Wiley-VCH Verlag.

recombination profile in ambipolar OTFTs.>* Its broad applica-
tions make SKPM one of the most useful techniques for
characterization of OTFTs, and SKPM is certain to be further
developed in order to study the intricate details of device
behavior.

2.2. Spectroscopic Characterization Techniques

Spectroscopic characterization techniques, mainly electronic
and vibrational spectroscopic techniques, are powerful methods
for characterizing organic semiconductors and organic interfaces.
Such techniques include near-edge X-ray absorption fine struc-
ture (NEXAFS) spectroscopy, photoelectron spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), IR + visible
sum-frequency generation (SFG) vibrational spectroscopy,
micro-Raman spectroscopy, and optical spectroscopy. They
can provide complementary information about many aspects of
OTFTs, such as the interface-related properties of organic
semiconductors, the chemical composition in the surface region
of organic semiconductor films, the changes in the vibrational
characteristics of organic semiconductors during operation of
OTFTs, and the molecular orientation and the structure evolu-
tion in organic nanoscale films. In this section, we review how
these spectroscopic techniques can be used in the characteriza-
tion of OTFTs and compare the results obtained using the
different methods in order to highlight their complementary
capabilities.

2.2.1. Near-Edge X-ray Absorption Fine Structure
Spectroscopy. NEXAFS spectroscopy can be used to quantify

chemical composition, molecular orientation, and defects in a
variety of organic semiconductor films in OTFTs. NEXAFS is a
nondestructive, synchrotron-based spectroscopic technique in
which soft X-rays are absorbed, causing resonant excitations of
core K- or L-shell electrons to unoccupied molecular orbitals,
which may have either - or O-symmetry. The absorption
probability for linearly polarized X-rays depends on the relative
orientations of the vector of the resonance orbital and the electric
field vector of the incident X-ray,> and therefore the dependence
of the intensity of a particular absorption resonance on the
polarization direction of the electric field of the incident X-ray
reveals any preferential orientation of the molecular groups.
From this simple relationship, one can derive the order param-
eters, which describe quantitatively the average molecular or-
ientation. In addition, due to its controlled sampling volume and
elemental sensitivity, NEXAFS spectroscopy can detect defects
in semiconductor films by chemical recognition of the underlying
substrate such as an oxide dielectric.

In order to provide a basis for understanding the practical
implementation of this technique, we present several examples of
NEXAFS analysis of commonly used semiconductors in OTFTs.
DeLongchamp and co-workers have used NEXAFS spectroscopy
to quantify the molecular orientation of solution-processable
oligothiophene semiconductors by evaluating the angular de-
pendence of carbon K-edge spectra.”® The carbon—carbon 77*-
and o*-resonant intensities (Figure Sa) exhibit a strong angular
dependence that corresponds to a dipole defined by the spatial
orientation of the final state orbital. As shown in Figure 5b, the 77*
resonance is a vector normal to the conjugated plane, while the
0* resonance vector lies along the long axis. The formula defined
in Figure 5b indicates that the resonance intensity is proportional
to the square of the cosine of the angle between the incident
electric field vector and the resonance vector. Therefore, if the *
intensity is largest at normal incidence (90°), this indicates that
the conjugated plane of the oligothiophene tilts away from the
substrate in an “edge-on” orientation, and if the 0 intensity is
greatest at glancing incidence (20°), this means that the long axis
of the oligothiophene is normal to the substrate in a “standing-
up” orientation.

Yuan and co-workers used NEXAFS spectroscopy to provide
the average tilt angle over all molecules of the molecular
conjugated plane with respect to surface normal®” In the
NEXAEFS spectroscopy studies, they measured Auger electron
yield (AEY) and total electron yield (TEY) simultaneously.
Because of different degrees of surface sensitivity of the two
yield signals, the comparison of peak intensities in these two
spectra can identify the molecular orientation near surface.
NEXAFS spectroscopy has many capabilities but is most power-
ful when it is combined with crystallographic techniques such as
grazing incidence X-ray diffraction (GIXD) or scanning probe
techniques such as AFM.**~®' By means of such combinations,
one can obtain details of the molecular packing in thin organic
semiconductor films and more detailed microstructure informa-
tion that can be correlated to fundamental electronic properties
or device performance. NEXAFS spectroscopy is only beginning
to be used effectively in the field of organic electronics such as
OTFTs, and the combination of NEXAFS with the wealth of
other characterization techniques available, together with the
knowledge already gained in this field, will drive its further
implementation.

2.2.2. Photoelectron Spectroscopy. Photoelectron spec-
troscopy, which has been one of the major surface science
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Figure 5. (a) NEXAFS carbon K-edge spectra collected at different
incident angles from a film of the symmetric sexithiophene obtained by
thermal treatment at 200 °C. Spectra are normalized to the net carbon
signal. The green area indicates the oligothiophene 77* resonance used to
determine the planar orientation, while the pink area indicates the 0*
resonance used to determine the long-axis orientation. (b) Image
depicting the orientation of symmetric sexithiophene and spatial or-
ientations of its primary K-edge carbon resonances. Blue arrows indicate
incident polarized soft X-rays with electric field vectors extending
normal to the plane of photon polarization. An off-axis component to
the 0 resonance of symmetric sexithiophene exists that has been
omitted for simplicity. Reprinted with permission from ref 56. Copyright
2005 Wiley-VCH Verlag.

techniques in the field of inorganic semiconductor research for
decades, has also been successfully applied more recently to
study organic semiconductors and their interfaces. The interface
between the electrodes and the semiconductor has always been
recognized as key topic in OTFT research considering its role in
OTFT geometries. However, this device interface cannot be
regarded as a simple contact between the metal and the organic
layer. In fact, it is very complicated, and energy level alignments at
the metal—semiconductor junction, partial interfacial contam-
ination, and structure disorder near the contact, as well as other
factors, must all be taken into account. Therefore, techniques to
study the electronic structure of metal—organic semiconductor
interfaces are required. Ultraviolet photoelectron spectroscopy
(UPS) together with X-ray photoelectron spectroscopy (XPS)
are the commonly used techniques for probing the electronic
structure of various metal—organic semiconductor interfaces
in OTFTs.

In UPS, a sample in a vacuum is irradiated with high energy
monochromatic radiation, and the induced photoelectrons that
escape into the vacuum are collected, energy resolved, slightly
retarded, and counted; this results in a spectrum of electron
intensity as a function of the measured kinetic energy. The kinetic
energy values are then converted into binding energy values

which are more readily applied and understood.®* XPS is used to
study the energy levels of atomic core electrons for chemical
analysis, since it is based on the principle that the core levels have
small chemical shifts depending on the chemical environment of
the atom which is ionized, allowing chemical structures to be
determined. It can be used to obtain chemical information about
an interface region of around 2 nm in depth in OTFTs.

UPS is a powerful technique for studying the electronic
structure of organic materials and has been extensively applied
in studying a wide variety of solids and interfaces.”>~®* However,
since XPS is particularly useful in probing possible band bending
of an organic layer by virtue of its element-specific nature and
XPS can be rather easily incorporated with UPS, combined
studies by UPS and XPS are more powerful than UPS alone.
For example, Duhm and co-workers carried out both UPS and
XPS measurements on 0,w-dihexyl-sexithiophene (DH6T) on
Ag(111), and they found that the jonization potential of the
molecule varied by up to 0.6 eV depending on whether the
molecule is lying flat on the substrate or standing upright.66
DH6T is commonly used in OTFTs,%” and the molecules in a
monolayer adsorb lying (L) flat on metal surfaces, whereas
molecules in a multilayer are “standing” (S) with their long axis
close to the surface normal.*® Figure 6a shows experimental UPS
spectra of DH6T on Ag(111) in the monolayer and multilayer
regime: all the three low-binding-energy peaks, which are derived
from the highest occupied molecular orbital (HOMO), the
HOMO-1 and the HOMO-2, are at lower binding energies (by
0.6 €V) for the S-regime compared with the L-regime. To
understand the physical origin of this binding-energy shift, the
XPS technique was used to investigate whether the core levels are
affected in the same way as the valence levels. The XPS spectra of
the sulfur 2p core levels showed that whereas only one doublet
(2p3/ at 164.40 eV and 2p, /, at 165.65 eV) is observed in the
L-regime, a second doublet appears in the S-regime which is
shifted by 0.6 eV toward lower binding energy (Figure 6c). This
demonstrates that such combined UPS and XPS studies can be
used to study interfacial electronic structures and provide in-
depth understanding of experimental phenomena.

UPS, independently or in combination with inverse photo-
emission spectroscopy (IPES), can be used to measure the
valence band and conduction band (HOMO and LUMO)
positions with respect to the metal Fermi level and the presence
of any interfacial dipoles, which are normally used to calculate
carrier injection barriers in OTFTs in actual operation.®”~”" UPS
can also be employed to measure the change of the work function
of a metal at a metal—organic interface’> or the electronic
structure of an organic semiconductor—dielectric interface.”?
Although work in this field is still ongoing, photoelectron
spectroscopy will receive more attention in the future by virtue
of its role in studying interfacial electronic structures.

2.2.3. Fourier Transform Infrared Spectroscopy. Fourier
transform infrared spectroscopy (FTIR) is widely used to collect
infrared spectra. Instead of recording the amount of energy
absorbed when the frequency of the infrared radiation is varied
(by a monochromator), the IR radiation is guided through an
interferometer. After passing through the sample, the measured
signal is the interferogram. Performing a Fourier transform of this
signal data results in a spectrum identical to that from conven-
tional infrared spectroscopy.”* One of the most outstanding
characteristics of FTIR is that the information at all frequencies is
collected simultaneously, and this allows multiple spectra to be
collected and averaged, resulting in an improvement in

3363 dx.doi.org/10.1021/cr1001904 |Chem. Rev. 2011, 111, 3358-3406



Chemical Reviews

—w

Intensity (arb. units)

2.IU 215
Energy (eV)

UPS intensity (arb. units)
DOS (arb. units)

XPS intensity (arb. units)

7 6

Binding energy (V)

5

T T T r T T T v T T
167 166 165 164 163 162
Binding energy (eV)

Binding energy (eV)

Figure 6. Experimental and theoretical photoelectron spectra of DH6T. (a) Experimental UPS spectra showing the valence region of 4 A of DH6T
(purple), and 40 A layers of DH6T (cyan) on Ag(111), corresponding to a flat-lying monolayer (L) and a second standing layer (S), respectively. The
dotted lines indicate the least-squares fit to determine the peak positions. The inset shows the secondary-electron cutoffs used to determine the work
function of the respective samples. (b) DFT-calculated density of states (DOS) of a single flat-lying (purple) and standing (cyan) DH6T molecule; the
origin of the energy scale is the respective vacuum level. The inset shows the chemical structure of DH6T. (c) Experimental XPS spectra in the sulfur 2p
region for 4 A (purple) and 40 A (cyan) layers of DH6T on Ag(111), corresponding to a flat-lying monolayer (L) and a second standing layer (S),
respectively. Reprinted with permission from Nature (http://www.nature.com), ref 66. Copyright 2008 Nature Publishing Group.

sensitivity. Applications of the FTIR technique in the study of
OTFTs focus on revealing details about the molecular structure
of the semiconductor material based on analysis of its absorption
characteristics.”>”®

Recently, Zhuo and co-workers used FTIR to reveal photo-
induced doping that involves both oxygen and water dissolved in
a polymer matrix when exposed to light.”> For example, they
investigated the effect of water and light on regioregular-poly(3-
hexylthiophene) (rr-P3HT) by analyzing the spectroscopic
changes after exposure to different environments (Figure 7).
Upon exposure to the ambient atmosphere even in the dark,
broad absorption bands that are characteristic of molecular H,O,
molecular CO,, or even hydrogen-bonded H,O dimers and
trimers were found (Figure 7b), indicating that H,O and CO,
are easily sorbed into the P3HT matrix. These features persist
throughout the experiment (Figure 7c) and confirm that equi-
librium was attained. The FTIR technique therefore conclusively
shows that the thiophene backbone of rr-P3HT is readily
perturbed by sorption of H,O, O,, and/or CO,.

In addition, Lee and co-workers used FTIR to investigate the
molecular structure of aminopropylsiloxane films as a function of
the curing temperature.”” It was possible that Si—N bonds could
be formed at 250 °C from the aminopropylsilsesquioxane
structure; this is very interesting, since it introduces new chem-
istry into the cross-linking of silsesquioxane structures which can
be used in fabricating dielectric thin films. Furukawa and co-
workers employed the FTIR technique to investigate carriers
induced by field effects in polymer TFTs.”® The bands observed
in the FTIR difference-spectra were attributed to the carriers
injected into the polymer layers under the application of a
negative gate bias. The wavenumber of the band around
1300 cm™ ' depends on the gate voltage, indicating that the
structure of the carrier depends on the carrier concentration.
Grazing angle attenuated total reflectance FTIR (GATR-FTIR)
spectroscopy was performed by Ito and co-workers’® in order to
investigate monolayer density and ordering. They found that
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spin-cast films showed similar GATR-FTIR spectra to the most
compressed and highly ordered Langmuir—Blodgett (LB) films,
which indicate that the spin-cast and LB films have a similar
monolayer density and high degree of order. The broad applica-
tions of FTIR technique in the study of OTFT's demonstrate that
this technique is very useful and that infrared absorption
measurements can provide valuable structural information.

2.2.4. IR + Visible Sum-Frequency Generation (SFG)
Vibrational Spectroscopy. IR + visible sum-frequency gen-
eration (SFG) vibrational spectroscopy is a surface-sensitive
technique for the study of surface properties. This technique
makes use of a wave mixing process that mixes two input waves at
frequencies Wbl and wir and generates an output at Wy, =
Wyisible + W1r. As a second-order nonlinear optical process, SFG
is electric dipole forbidden in a centrosymmetric medium but
necessarily allowed at an interface where the inversion symmetry
is broken. Consequently, it is intrinsically surface specific. Surface
vibrational spectra can be obtained through resonant enhance-
ment when @z scans over surface vibrational resonances,
providing information about the composition.*”*' SEG surface
vibrational spectroscopy has been applied to surface and interface
studies in many fields® and has been used to investigate
interfaces in OTFTs.

Ye and co-workers probed interfaces in organic field-effect
transistors (OFETs) in situ during operation using SFG,* and
they observed strong correlations between the structure and the
electronic properties of organic semiconductors at the dielec-
tric—semiconductor interface. SFG spectra were taken while Vg
was tuned from —80 V to +80 V, all at Vp = 0V (Figure 8). An
increase in the ratio of the CH, symmetric stretch (CH,-ss) peak
(2845 cm ™) to that of the CHy symmetric stretch (CHj-ss)
peak (2880 cm™ ') was observed when increasing negative Vg,
while no discernible change in the peak intensity ratio was
observed at positive V. Additionally, in the SFG spectra of a
thicker semiconductor film, they observed that the increase in the
peak intensity ratio of CH,-ss/CHj-ss with increasing negative
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Figure 7. FTIR spectra of a rr-P3HT film acquired sequentially after
different in situ exposures to cleanroom air. (a) Reference spectrum of
the film in a vacuum. (b) Difference spectra obtained by subtracting the
spectrum of the film in a vacuum, offset for clarity. Spectra of gas-phase
H,0 and CO, have also been removed for clarity. (c) Difference spectra
obtained by subtracting the spectrum of the film in air and in the dark:
spectra labels are the same as in (b). “Air” is cleanroom air (22 °C,
relative humidity (RH) 60%), and “light” corresponds to an absorbed
photon flux intensity of 2.0 x 10" ph s™' cm > Reprinted with
permission from ref 75. Copyright 2009 Wiley-VCH Verlag.

Vi was approximately halved, therefore confirming that the
changes in the signal observed are from the dielectric—semi-
conductor interface. These results suggest that field effects on
electronic conduction in OTFTs are correlated to interfacial
nonlinear optical characteristics.

Especially when combined with other surface-sensitive tech-
niques such as AFM and contact angle goniometry, SFG vibra-
tional spectroscopy is a very powerful technique for surface
studies. For example, Zhang and co-workers used a combination
of these surface-sensitive techniques to study the surface proper-
ties of polymer blends.®' They found that the surface structure of
a polymer blend is very different from the bulk, and a more
complete picture of the surface of a polymer blend was obtained
by using these techniques. Polymer blends are receiving more
attention in OTFT research, and studies using SFG and other
surface-sensitive techniques can lead to a better fundamental
understanding of the interfacial phenomena in such polymer
blends.

2.2.5. Micro-Raman Spectroscopy. Micro-Raman spec-
troscopy is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a system by means
of a microscope lens. It relies on inelastic scattering, or Raman
scattering, in which the difference in energy between the
absorbed and re-emitted photons corresponds to the energy
required to excite a molecule to a higher vibrational mode. When
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Figure 8. SFG spectra in ssp polarization (s-polarized sum-frequency
(SF) out, s-polarized visible input, and p-polarized infrared input) of the
5,5'-bis(4-hexylphenyl)-2,2'-bithiophene (6pttp6; molecular structure
shown in the right-hand panel) OFET recorded at different V. The
black dots represent raw data points, while the solid line is a fit of the data
to the expected SF signal intensity equation®” consisting of nonresonant
and resonant terms. Reprinted with permission from ref 83. Copyright
2006 American Chemical Society.

high intensity laser radiation with wavelengths in either the
visible or near-infrared regions of the spectrum is passed through
the sample, photons from the laser beam are absorbed by the
molecules, exciting them to a virtual energy state. If the final
vibrational state of the molecule is more energetic than the initial
state, then the emitted photon will be shifted to alower frequency
in order for the total energy of the system to remain balanced.
This shift in frequency is designated as a Stokes shift. If the final
vibrational state is less energetic than the initial state, then the
emitted photon will be shifted to a higher frequency, and this is
designated as an anti-Stokes shift. Raman scattering is therefore
an example of inelastic scattering because of the energy transfer
between the photons and the molecules during their interaction.
A change in the molecular polarization potential with respect to
the vibrational coordinate is required for a molecule to exhibit a
Raman effect. The magnitude of the polarizability change will
determine the Raman scattering intensity. The pattern of shifted
frequencies is determined by the rotational and vibrational states
of the sample.

The most advanced type of micro-Raman spectroscopy which
has been used to study OTFTs is resonance Raman (RR)
spectroscopy, which provides information about the vibrations
of organic molecules. In resonance Raman spectroscopy, when
the frequency of the laser beam is tuned to be near an electronic
transition (resonance), the vibrational modes associated with
that particular transition exhibit a greatly increased Raman
scattering intensity. This usually overwhelms Raman signals
from all of the other transitions. For instance, resonance with a
q—mr* transition enhances stretching modes of the sr-bonds
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Figure 9. Raman spectra (4., = 633 nm) of pentacene within the
channel of an OFET device: (1) before operation, (2) after continuous
operation for 20 h, after which the specimen was kept in dry air
conditions for 20 h. The dashed lines serve as guidelines to the eye.
Reprinted with permission from ref 84. Copyright 2008 Wiley-VCH
Verlag.

involved in the transition, while the other modes remain un-
affected. The main advantage of RR spectroscopy over conven-
tional Raman spectroscopy is that the resonant enhancement of
Raman intensities gives the level of sensitivity required to study
intermolecular coupling effects in the organic films used
in OTFTs.

Cheng and co-workers used RR spectroscopy to analyze the
microstructural modifications of pentacene in the small active
channel of an OTFT during device operation.** In their experi-
ment, spectra were excited using a red excitation line (A¢ =
633 nm) with energy located at the absorption peak of pentacene
molecules within the crystals.** Significant differences were
detected in the C—H in-plane bending and C—C aromatic
stretching vibrations in the energy ranges 1140—1190 cm ™'
and 1340—1390 cm™ ' before and after long-term operation
(Figure 9). The former modes are assigned to the motion of
atoms located at the end and both sides of the pentacene
molecule, and are expected to be dominant compared with the
latter modes as a result of an “edge-to-face” stacking of pentacene
molecules in a herringbone motif. Therefore, it can be concluded
that the intermolecular vibrational coupling energy of the C—H
bending modes between pentacene molecules increases after
long-term operation, indicating an increased intermolecular
force between pentacene molecules after long-term operation.

Additionally, the same group performed micro-Raman tech-
niques which provided accurate information about the molecular
structure of pentacene within the active channel during OTFT
operation,® and also demonstrated that the measured field-effect
mobility of pentacene-based OTFTs is strongly related to the
C—H bending mode and its splitting.®” Parylene structures used
as a gate dielectric in OTFT's were also characterized by micro-
Raman s&)ectroscopy in a study reported by Jakabovic and co-
workers,” which confirmed the perfect homogeneity and struc-
tural properties of the parylene layers. Hosoi and co-workers
studied molecular orientation in pentacene films in OTFT's using
micro-Raman  spectroscopy.”” They found that the relative
intensity of the 1596 cm ' band (Bsg) is sensitive to the
molecular orientation and therefore demonstrates the different
molecular orientations in pentacene films on SiO, dielectric
layers and Au electrodes in these devices. The broad applications

of micro-Raman spectroscopy indicate that it is a powerful
technique that can be used to study the changes in the vibrational
characteristics of organic semiconductors in OTFTs, which may
offer useful information about variations in device properties.

2.2.6. Optical Spectroscopy. Optical absorption spectros-
copy is the most commonly used optical spectroscopic techini-
ques in OTFTs, which can provide just as important insight into
molecular packing and electronic structure of organic semicon-
ductors in FETSs. Absorption spectroscopy refers to spectros-
copic techniques that measure the absorption of radiation, as a
function of frequency or wavelength, due to its interaction with a
sample. The sample absorbs energy, that is, photons, from the
radiating field. The intensity of the absorption varies as a function
of frequency, and this variation is the absorption spectrum.
Infrared and ultraviolet—visible spectroscopy are particularly
common in analytical applications.

A material’s absorption spectrum is the fraction of incident
radiation absorbed by the material over a range of frequencies.
The absorption spectrum is primarily determined by the atomic
and molecular composition of the material. Radiation is more
likely to be absorbed at frequencies that match the energy
difference between two quantum mechanical states of the
molecules. The absorption that occurs due to a transition
between two states is referred to as an absorption line and a
spectrum is typically composed of many lines. The frequencies
where absorption lines occur, as well as their relative intensities,
primarily depend on the electronic and molecular structure of the
molecule. The frequencies will also, though, depend on the
interactions between molecules in the sample, the crystal struc-
ture (in solids), and several environmental factors (e.g., tem-
perature, electromagnetic field).

Another type of spectroscopy, that is, luminescence spectros-
copy, is usually coupled with absorption spectroscopy to provide
more information about optical properties of organic semicon-
ductors in FETs. Luminescence is the generation of light without
heat. Various types of luminescence are often distinguished
according to the source of the energy which excites the emission.
When the light energy emitted results from ultraviolet, visible, or
infrared radiation, the emission is called photoluminescence, and
electroluminescence if the energy comes from the application of
an electric field. Emission has a reciprocal relationship with
absorption. Emission is a process by which a substance releases
energy in the form of electromagnetic radiation. Emission can
occur at any frequency at which absorption can occur, and this
allows the absorption lines to be determined from an emission
spectrum.

The optical properties of the small molecules or polymers can
be investigated by UV—visible and photoluminescence (PL)
spectroscopies both in solutions and as thin films. For example,
the substituent effect for a series of organic semiconductors is
more pronounced if the whole absorption and emission spectra
will be compared, which reflects the interplay of molecular
structure, substitution, core length, and solid-state packing.gof92
Recently, the Sirringhaus’group demonstrated the integration of
a rib waveguide distributed feedback structure into a light-
emitting polymer field-effect transistor (LEFET).” In electro-
luminescence (EL) spectrum studies, they found the position of
the recombination zone has an impact on the EL spectrum of the
surface emission that is induced by the second-order distributed
feedback grating. The incoupling into the resonant mode is
optimized when the recombination zone is positioned above the
waveguide ridge, and the resonance wavelength, indicated by a
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characteristic Bragg dip, can be shifted by varying the grating
period and duty cycle, as well as the ridge height.

Charge modulation spectroscopy (CMS) is a powerful tech-
nique to image charged-induced absorptions in an operational
transistor device. In CMS an electric field is used to induce
charges in the semiconductor, by applying a gate bias in a
transistor. CMS is applied to an all-polymer transistor using
poly[(9,9'-dioctylfluorene)-co-bithiophene] (F8T2) as the semi-
conducting polymer.”* With CMS, the optical absorptions due to
the presence of the charges, which are responsible for the
transistor current, can be measured in an operational device.
An alternating voltage is applied to the gate, modulating the
charge density in the device, and the change in transmission as a
function of this modulation is recorded for a range of wave-
lengths. This allows direct observation of the charge carriers in
the operational device via their spectroscopic signature; the
technique is by design very sensitive to the properties of the
semiconductor—dielectric interface.

2.3. Other Characterization Techniques

The basic rules of design and control of the organic semi-
conductor and device characteristics should be clearly under-
stood in order to facilitate the development of OTFTs. In
addition to the above-mentioned characterization techniques,
many other experimental techniques are commonly used to
study the complicated chemical and physical phenomena in
OTEFTs. These are reviewed in this section, and include X-ray
scattering techniques, electron spin resonance (ESR), neutron
reflectivity (NR), dynamic secondary ion mass spectrometry
(DSIMS), optical second harmonic generation (SHG), polarized
optical microscopy (POM), and transmission electron micro-
scopy (TEM). In addition, electrical characterization techniques
are selectively mentioned in this section.

2.3.1. X-ray Scattering. X-ray scattering techniques are a
family of nondestructive characterization techniques which re-
veal information about the crystallographic structure, chemical
composition, and physical properties of materials and thin films.
These techniques are based on observing the scattered intensity
of an X-ray beam hitting a sample as a function of incident and
scattered angle, polarization, and wavelength or energy. A series
of X-ray scattering techniques have been successfully employed
to study OTFTs, including powder diffraction (XRD), grazing
incidence X-ray diffraction (GIXD), X-ray reflectivity, and wide-
angle X-ray scattering (WAXS). The most popular X-ray scatter-
ing technique used to study OTFTs is XRD, which is commonly
used to characterize the crystallographic structure, crystallite size
(grain size), and preferred orientation in polycrystalline or
powdered solid samples (If there is a bias of orientations of
one or more particular crystallographic plane, then this is known
a preferred orientation. Preferred orientation is likely the most
common cause of intensity variations in XRD powder experi-
ments). The other three techniques have begun to receive more
attention for the study of OTFTs, and as a result they will be
reviewed in detail here.

Grazing incidence X-ray diffraction (GIXD) is actually based
on the X-ray total reflection phenomenon whereby X-rays are
known to be totally reflected at the surface of flat substances and
strongly attenuated at small incident angles less than a critical
angle relative to the surface plane. According to the geometrical
setup of the instrument, the diffracted radiation can be collected
by a one-dimensional (1-D) position-sensitive detector or a two-
dimensional (area) detector. The 1-D GIXD techniques have

been commonly used to analyze in-plane crystal structures of thin
surface layers, whereas 2-D GIXD can simultaneously probe both
in-plane and out-of-plane crystal structures. In principle, in 1-D
GIXD, the 1-D detector must be scanned over a range along the
horizontal scattering vector g, and integration over the whole g.
window of the 1-D detector yields the Bragg peaks. Simulta-
neously, the scattered intensity recorded in channels along the
1-D detector, but integrated over the scattering vector g, in the
horizontal plane across a Bragg peak, produces g.-resolved
scans called Bragg rods, which can also yield useful structural
information.

X-ray reflectivity is an analytical technique for determining
thickness, roughness, and electron density of monolayer and
multilayer thin films. The basis of the technique is the reflection
of a beam of X-rays from a flat surface and measurement of the
intensity of X-rays reflected in the specular direction (i.e., when
the reflected angle is equal to the incident angle). If the interface
is not perfectly sharp and smooth then the reflected intensity will
deviate from that predicted by the Fresnel reflectivity equation.
The deviations can then be analyzed to obtain the density profile
of the interface normal to the surface. This technique has been
particularly applied to probe the electron density groﬁle in
organic monolayer or multilayer thin films in OTFTs.”>~"

A combination of GIXD and X-ray reflectivity often gives more
information about in-plane and out-of-plane order in organic
thin films. Recently, Smits and co-workers have used GIXD and
X-ray reflectivity to establish the extent of order in a SAM.”” The
longer-wavelength oscillations with maxima at about 0.14 and
0.30 A~ seen in Figure 10a originate in the SAM layer. The SAM
is characterized by comparing the measured data with a calcu-
lated reflectivity curve, and the good data fit is consistent with a
perfect out-of-plane order with the molecules standing almost
perpendicular to the substrate (as shown in the inset in
Figure 10a). The characteristic SAM (11 L), (02 L), and (12 L)
in-plane Bragg rods are seen in the GIXD spectra shown in
Figure 10b. The inset in Figure 10b shows the presence of Bgagﬁ
rods at in-plane scattering vectors of 1.407, 1.635,and 1.997 A",
indicative of two-dimensional crystalline in-plane order in
the SAM.

For semiconducting thin films, GIXD profiles displayed by
both the horizontal and vertical scattering summation of the
crystals distributed in the films can provide considerable insight
into the variation with thickness of the crystal packing and
orientation in the films ranging from the monolayer in direct
contact with the substrate through the subsequent multilayer.
Therefore, it is very suited for characterization of the in-plane 7-
stackin§ of organic thin films in OTFTs, such as pentacene,98
P3HT,””'% and other polymer thin films."”" ™ '** These exam-
ples of results obtained using GIXD indicate that GIXD is a
valuable method for characterizing the molecular packing and
orientation in semiconductor thin films.

Similarly, wide-angle X-ray scattering (WAXS) can also be
used to determine the crystalline structure of polymers. In
contrast to GIXD, WAXS specifically refers to the analysis of
Bragg peaks scattered at wide angles (scattering angles 26 larger
than 5°). WAXS is normally employed to investigate the
organization of polymer films in OTFTs as it can easily deter-
mine the chain-to-chain spacings, 7-stacking distances, and
structural in-plane anisotropy in such materials.'*>'% WAXS is
a diffraction technique where only crystallites which are parallel
to the substrate surface diffract, so perpendicular and parallel
WAXS measurements are often performed to confirm the
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Figure 10. SAM microstructure. (a) X-ray reflectivity (XRR) of an
SAM on silicon dioxide. The solid red line is the fit to the experimental
data. The inset shows the chemical structure of the molecule used in the
SAM and the thicknesses, root-mean-square (r.m.s.) roughness values
and electron densities obtained from the fit. The measurements reveal a
layer thickness equivalent to one monolayer. (b) Synchrotron grazing-
incidence diffraction measurements showing the diffracted intensity as a
function of in-plane scattering vector, gq.,. The inset shows the presence
of Bragg rods at in-plane scattering vectors of 1.407, 1.635, and 1.997 A™",
indicative of two-dimensional crystalline in-plane order in the SAM.
Reprinted with permission from Nature (http://www.nature.com) ref
97. Copyright 2008 Nature Publishing Group.

molecular orientation and order (Figure 11);'% these have a
significant influence on the charge carrier mobilities in polymer
transistors.

In conclusion, X-ray scattering techniques have been success-
fully employed as powerful characterization tools to measure in-
plane and out-of-plane crystal structures in OTFTs, determine
thickness and electron density of thin films of samples, and
investigate the state of the crystal packing and orientation in such
films. These techniques are likely to become more important in
the characterization of OTFTs, especially when combined with
other experimental and computational techniques.

2.3.2. Electron Spin Resonance. The electron spin reso-
nance (ESR) technique is a powerful and sensitive method for the
characterization of the electronic structures of materials with
unpaired electrons. ESR is a magnetic resonance technique, based
on the interaction of unpaired electron spins with an external
magnetic field, and it is widely used to study organic or inorganic
systems that have one or more unpaired electrons, such as organic
and inorganic free radicals or organic charge transfer complexes. The

Figure 11. Grazing incidence WAXS of dip-coated (molecular-weight,
M, = 50 kg mol ") cyclopentadithiophene—benzothiadiazole copoly-
mer (CDT-BTZ) films after annealing. The patterns were recorded (a,
b) perpendicular to (red and yellow dashed lines suggest the scattering
related to the repeat units along the polymer backbone) and (c, d)
parallel to the dipping direction (white dashed lines point toward the
scattering from the in-plane 7-stacking). The green arrow in the
schematic drawings indicates the dipping and alignment direction, while
the red arrow corresponds to the incident X-ray beam. Reprinted with
permission from ref 106. Copyright 2009 Wiley-VCH Verlag.
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Figure 12. First-derivative field-induced ESR signals obtained for
regioregular P3HT with various Vg, values without applying Vg, The
external magnetic field is perpendicular to the substrate. The inset shows
the Vg dependence of the induced spin concentration per thiophene
monomer unit. The solid line shows a linear guide to the eye. Reprinted
with permission from ref 108. Copyright 2009 American Institute of
Physics.

detailed principles of ESR can be seen elsewhere,'”” and we here
focus on its applications in the study of OTFTs.

The ESR technique has been shown by Tanaka and co-
workers'® to be a viable method of accurately obtaining the
concentration of the charge carriers in operating FETs. The g-
value (g = 2.003) of field-induced ESR signals defined in
Figure 12 indicates that the injected carriers are positive polarons
of regioregular P3HT associated with unpaired 7-electrons. The
inset shows that the spin concentration starts to linearly increase
as |Vy| increases and the spin density tends to saturate above
about 0.2% for higher |Vg| values (Vg < —40 V), indicating
the formation of spinless charged states such as bipolarons.
This phenomenon has not been observed in the case of
pentacene,'*”"''% showing that the formation of spinless charged
states is an intrinsic property of the P3HT polymer chain.
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Figure 13. Neutron reflectivity profiles and fitted concentration profiles (in the insets) of deuterium-labeled d-TIPS-pentacene in the ratio 1:1 (by
mass) blended films of d-TIPS-pentacene and POMS for (a) the blend with PaMS of M, , & 1.3 kg+ mol " and (b) the blend with PaMS of M., ~S75
kg-mol ' in the as-cast and the annealed (20 min at 100 °C) films. The fitted reflectivity curves from the modeled density profiles are shown by black
solid lines. Reprinted with permission from ref 116. Copyright 2008 American Chemical Society.

In principle, OTFTs based on organic radicals should be also
capable of characterization by ESR, although cases are rare in
practice because of the instability of organic radicals. Wang and
co-workers used the ESR technique to characterize an OTFT
utilizin% 1-imino nitroxide pyrene radicals as the semiconductor
layer.""" The ESR curves consist of a broad single line, without
hyperfine splitting, and the g value in the powder form is 2.00748,
consistent with that in film form. Sugiyama and co-workers
analyzed the angular variation of the line position (g value) of
ESR spectra of P3HT and revealed that the thiophene ring of
P3HT is oriented along the substrate normal axis.''* The ESR
line width varied as a function of angular rotation, indicative of
1-D spin—chain interactions in the P3HT thin films with a linear
network of spin—chains. The ESR technique can also be used to
characterize charge transfer systems in which unpaired electrons
can be detected.'"''* In particular, ESR provides definitive
evidence of the presence of organic systems with one or more
unpaired electrons in organic electronic or magnetic devices.

2.3.3. Neutron Reflectivity. Neutron reflectivity (NR) is a
relatively new experimental technique for measuring the struc-
ture of thin films. Neutron reflectivity is a specular reflection
technique, where the angle of the incident beam is equal to the
angle of the reflected beam. The reflection is usually described in
terms of a momentum transfer vector, denoted g, which
describes the change in momentum of a neutron after being
reflected from the material. Conventionally, the z-direction is
defined to be the film normal direction, and for specular
reflection, the scattering vector has a z-component only. A typical
neutron reflectivity plot displays the reflected intensity (relative
to the incident beam) as a function of the scattering vector, and
then the Abeles matrix formalism or the Parratt recursion can be
used to describe the specular signal arising from the interface.""®
This technique has been recently employed to provide structural
information about molecule—polymer thin film blends in
OTEFTs, since it allows the molecule—polymer blend depth
profiles to be investigated with nanometer-scale resolution.

Recently, Kang and co-workers used the NR technique to
investigate the segregation characteristics of molecule—polymer
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blend systems.''® The reflectivity data in Figure 13a indicated
that film blends of bis(triisopropyl-silylethynyl) pentacene
(TIPS-pentacene) with a low molecular weight insulating poly-
mer poly(o-methylstyrene) (PaMS) exhibit distinctly different
features for as-cast films and films annealed at 100 °C, as
indicated by the appearance in the spectra of the annealed films
of a longer wavelength envelope superimposed on the short
wavelength features observed for the as-cast films. Upon anneal-
ing the film blend at 100 °C, a nearly pure TIPS-pentacene layer
of thickness ca. 177 A at the air surface and a POMS-rich middle
layer of thickness ca. 326 A were formed; these facilitate high
field-effect mobilities of this blend when used in a top-gated
OTEFT structure. In contrast, the phase-segregated structure
obtained with high molecular weight POMS was different, with
a nearly pure TIPS-pentacene layer (with thickness ca. 134 A)
formed not only at the air surface but also at the silicon substrate
interface (with thickness ca. 117 A) (Figure 13b). This feature is
critically important for fabricating bottom-gate/bottom-contact
OTEFT structures, provided that the TIPS-pentacene molecules
in the segregated thin films form a highly crystalline structure
with the 71— stacked molecular layers oriented parallel to the
film surface.

There is an increasing trend to fabricate organic transistors by
using low-cost, large-area printing-like manufacturing techni-
ques. Methods that employ solution-processed blended films
of a semiconducting molecule and an insulating polymer as the
active layer not only lead to high performance of the resulting
OTEFT devices but also allow the simple fabrication of transistors
by printing manufacturing techniques. The NR technique is a
powerful tool to study the segregation characteristics of such
molecule—polymer blend systems and allows the most critical
structural information underlying the observed electrical proper-
ties of the thin blend active layer to be obtained.

2.3.4. Dynamic Secondary lon Mass Spectrometry.
Secondary ion mass spectrometry (SIMS) is a technique used
in materials science and surface science to analyze the composi-
tion of solid surfaces and thin films by sputtering the surface of a
specimen with a focused primary ion beam and collecting and
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Figure 14. DSIMS depth profile of a TIPS-pentacene: PTAA film on assilicon substrate with a pentafluorobenzenethiol (PFBT)-treated gold source and
drain electrodes. The graphs show the phase separation, (a) in the channel and (b) over the electrodes of the TIPS-pentacene material (as indicated by
the Si signal), which is closer to the air interface than the PTAA (as indicated by the N signal). Reprinted with permission from ref 118. Copyright 2009

Wiley-VCH Verlag.

analyzing ejected secondary ions. These secondary ions are
measured with a mass spectrometer to determine the elemental,
isotopic, or molecular composition of the surface. In the field of
surface analysis, dynamic SIMS (DSIMS) is the process involved
in bulk analysis, closely related to the sputtering process, using a
DC primary ion beam and a magnetic sector or quadrupole mass
spectrometer. DSIMS is a most sensitive surface analysis techni-
que and can be used to investigate the distribution of chemical
species on the surfaces and composition depth profiles of device
structures in OTFTs."' 7'

For example, Hamilton and co-workers used DSIMS to
confirm the distribution of the components in a TIPS-penta-
cene/poly[bis (4—gheny1) (2,4,6-trimethylphenyl)amine ]
(PTAA) blend.'"® Figure 14 shows that the first signal to appear
is the Si from the silyl group on the TIPS-pentacene molecule.
The nitrogen signal (from the PTAA) can be seen to reach to a
maximum of approximately 20—30 nm beneath the top surface.
The broadening in the F peak (which is a monomolecular layer
<1 nm thick) is due to a combination of a variable rate of etching
for different materials in the layer and a slight spread in the
energy density of the Cs ion beam. The gold signal rises
immediately afterward as the profiling reached the source and
drain electrodes, and finally the Si signal rises once more
indicating profiling into the glass substrate. A depth profile of
an area between the source and drain electrodes showed the same
distribution of TIPS and PTAA, indicating that the phase
separation occurs over the entire area of the spin-coated sample.

The ability of DSIMS to examine the phase separation in
molecule—polymer blends will make it increasingly popular for
characterization of blended systems in OTFTs. Moreover, as
DSIMS is able to detect elements present in the parts per billion
range, it is recognized as a very sensitive surface analysis
technique for investigation of the distribution of chemical species
on a surface and is therefore a very useful source of information
about the surfaces or interfaces in OTFTs. It is therefore an
alternative to other techniques mentioned above for interface
analysis and phase separation of blended systems in OTFTs.

2.3.5. Optical Second Harmonic Generation. Optical
second harmonic generation (SHG) is a nonlinear optical
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process, in which photons interacting with a nonlinear material
are effectively “combined” to form new photons with twice the
energy, and therefore twice the frequency and half the wave-
length of the initial photons. It is a special case of sum-frequency
generation. In a SHG experiment, the light source is an optical
parametric oscillator (OPO) pumped by the third-harmonic
radiation of a Q-switched neodymium:yttrium aluminum garnet
(Nd:YAG) laser. Selecting an appropriate wavelength is impor-
tant in order to observe the SHG signal from a sample effectively
because the SHG intensity strongly depends on the fundamental
wavelength. For example, when a pentacene OTFT device was
examined, the electric field induced SHG (EFISHG) spectrum of
vacuum-deposited pentacene films determined that the funda-
mental wavelength was fixed at 1120 nm in the experiment.''*'>°
Finally, a charge coupled device camera and guide laser are
attached to the microscopic SHG measurement system.

Electric field induced SHG (EFISHG) is commonly used to
probe the electric field distribution along the OFET channel and
the process of channel formation in OTFTs, which is the first
step to understanding the operation of a device."'*”">! Recently,
Yamada and co-workers have used the EFISHG technique to
examine the electric field distribution along the pentacene TFT
channel for the off and on states of an FET.''? Figure 15a shows
that the SHG is not enhanced over the entire region under the
no-bias condition. On the other hand, when V4, = —100Vand V,
=0V (off state characteristics of the FET), the SHG is enhanced,
particularly in the region near the edge of the drain electrode.
However, this SHG enhancement decreases when V3, = —100 V
and V, = —100 V (on state characteristics of the FET). The
explanation is that when the FET is in an off state, a high lateral
electric field is formed near the electrode. Consequently, SHG is
enhanced near the edge of the drain electrode. In contrast, when
the FET is in an on state, holes inject from the source electrode.
The holes subsequently accumulate in the FET channel. These
injected holes contribute to the modification of the established
electric field, which decreases the SHG signal around the drain
electrode.

Additionally, as a development of the EFISHG technique, the
time-resolved microscopic SHG (TRM-SHG) technique has
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Figure 15. (a) Experimental results of an SHG experiment with a
pentacene FET. Full circles, open diamonds, and squares, respectively,
represent the SHG intensity for the on, off, and no-bias states. (b)
Typical I4,— Vg, characteristics of the pentacene FET. Reprinted with
permission from ref 119. Copyright 2008 American Institute of Physics.

been developed to directly probe carrier behavior in OFETs. For
example, the charge carrier injection mechanism in a pentacene FET
was investi§ated by Nakao and co-workers using the TRM-SHG
technique."”> By probing SHG signals enhanced around two
different top electrodes (Au and Ag), they found that charge carrier
behavior was regulated by the Schottky effect. As the TRM-SHG
technique can also directly probe the transient electric field dis-
tribution in the OFET channel with high temporal and spatial
resolutions, Manaka and co-workers used this techniqlue to quanti-
tatively study migration of the peak of the electric field">* and found
this migration always follows a diffusion-like behavior under a broad
range of experimental conditions.

The SHG technique has been shown to be one of the most
powerful techniques for probing charge transport and injection
phenomenon in OTFTs. Both EFISHG and TRM-SHG techni-
ques can be successfully used to study OTFTs, such as for
evaluating the transient change of the carrier density,'** and
indirectly evaluating the contact resistance'>> and charge carrier
behavior as mentioned above. Moreover, the combination of
SHG with other probe techniques will help researchers to
understand the device physics of OFETs and promote the
development of new techniques for probing the electric field.

2.3.6. Polarized Optical Microscopy. Polarized optical
microscopy (POM) is capable of distinguishing between iso-
tropic and anisotropic substances, exploiting the optical proper-
ties specific to anisotropy, and revealing detailed information
concerning the structure and composition of materials that are
invaluable for identification and diagnostic purposes. There are
two polarizing filters in a polarizing microscope-termed the
polarizer and analyzer. When two polarizing filters are crossed,
their transmission axes are oriented perpendicular to each other
and light passing through the first polarizer is completely
extinguished, or absorbed, by the second polarizer, which is
typically termed an analyzer. The light-absorbing quality of a
dichroic polarizing filter determines exactly how much random
light is extinguished when the polarizer is utilized in a crossed pair
and is referred to as the extinction factor of the polarizer.
Quantitatively, the extinction factor is determined by the ratio of
light that is passed by a pair of polarizers when their transmission
axes are oriented parallel versus the amount passed when they are
positioned perpendicular to each other. In general, extinction factors
between 10000 and 100000 are required to produce jet-black
backgrounds and maximum observable specimen birefringence
(and contrast) in polarized optical microscopy.

The POM technique is usually used to study the phase
transitions and molecular orientations in macroscopically or-
iented liquid crystal (LC) films'® or elucidate the supramole-
cular organization of discotic materials, which have been
successfully implemented in OTFTs.'”” An and co-workers used
POM to analyze the morphology and ordering of the phases in
two liquid crystal materials based on a perylene diimide (PDI)
core.'” Photographs (Figure 16) of the corresponding devices
reveal that the sample with higher mobility (sample PDI1)
displays a texture consistent with a columnar discotic LC, while
the sample with lower mobility (sample PDI2) has a completely
different texture. This suggests that the LC domains in sample
PDI1 are much larger than in sample PDI2; the lower mobility in
sample PDI2 might then be due to a high density of grain
boundaries acting as barriers to transport. Such a difference can
result from small differences in the processing conditions such as
melting temperature, cooling rate, shear applied during sample
assembly, etc., which in turn affect the morphology and ordering
of the phases.

In conclusion, POM provides a vast amount of information
about the composition and three-dimensional structure of a
variety of samples in OTFTs. Virtually unlimited in its scope,
the technique can reveal information about thermal history and
the stresses and strains to which a specimen was subjected during
formation. Useful in manufacturing and research, POM is a
relatively inexpensive and accessible investigative and quality
control tool, which can provide information unavailable using
any other technique.

2.3.7. Transmission Electron Microscopy. Transmission
electron microscopy (TEM) is a microscopy technique whereby
abeam of electrons is transmitted through an ultrathin specimen,
interacting with the specimen as it passes through. An image is
formed from the interaction of the electrons transmitted through
the specimen; the image is magnified and focused onto an
imaging device. TEMs are capable of imaging at a significantly
higher resolution than light microscopes, owing to the small de
Broglie wavelength of electrons. This enables the instrument’s
user to examine fine detail—even as small as a single column of
atoms, which is tens of thousands times smaller than the smallest
resolvable object in a light microscope. In a TEM instrument, as
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Figure 16. (a) Generalized structure of a perylene diimide (PDI) (left)
with the substituents (right) used in the experiment. Polarized optical
microscopy images of (b) sample PDI1 and (c) sample PDI2 at room
temperature. Reprinted with permission from ref 128. Copyright 2005
Wiley-VCH Verlag.

electron backscatter diffraction, electrons are accelerated by an
electrostatic potential in order to gain the desired energy and
determine their wavelength before they interact with the sample
to be studied. The periodic structure of a crystalline solid acts as a
diffraction grating, scattering the electrons in a predictable
manner. Working back from the observed diffraction pattern, it
may be possible to deduce the structure of the crystal producing
the diffraction pattern.

In OTFT applications, crystal structure can be investigated by
high resolution transmission electron microscopy (HRTEM).
Because of its high resolution, it is an invaluable tool to study
nanoscale properties of crystalline material such as semiconduc-
tors and metals. In a TEM, a thin crystalline specimen is
subjected to a parallel beam of high-energy electrons. Because
the wavelength of high-energy electrons is a fraction of a
nanometer, and the spacings between atoms in a solid is only
slightly larger, the atoms act as a diffraction grating to the
electrons, which are diffracted. That is, some fraction of them
will be scattered to particular angles, determined by the crystal
structure of the sample, while others continue to pass through the
sample without deflection. As a result, the image on the screen of

the TEM will be a series of spots, the selected area diffraction
pattern (SADP), each spot corresponding to a satisfied diffrac-
tion condition of the sample’s crystal structure. If the sample is
tilted, the same crystal will stay under illumination, but different
diffraction conditions will be activated, and different diffraction
spots will appear or disappear.

Bao and co-workers used HRTEM to explore the detail
microstructure within the polymer nanocrystalline before and
after annealing.'*” A freestanding poly(2,6-bis(3-alkylthiophen-
2-yl)dithieno[3,2-b;2’,3'-d]thiophene) (PBTDT) thin film was
fabricated, and the interface surface of the film should be exposed
upward where the orientation of the lamellar could be highly
consistent with the edge-on orientation. Figure 17 shows the
typical HRTEM images and corresponding selective area elec-
tron diffraction (SAED) patterns of PBTDT thin films delami-
nated from mica without and with annealing. After annealing, the
crystalline structure of PBTDT thin film is highly ordered, and
the w— stacking distance is slightly smaller than normal (as
shown in SAED results). The use of fast Fourier transformation
(FFT) can help to obtain structure information from single-
crystalline grain. The rectangular symmetry of the patterned
spots in Figure 17e implies that the PBTDTT grain might be
orthorhombic structure proposed hereinafter and the reflections
can be indexed as (0h0) and (0h + 3), as shown in Figure 17f.

2.3.8. Electrical Characterization Techniques. Electrical
characterization techniques are the aggregate of techniques
applied in OTFTs for the characterization of charge carrier traps
and carrier transport peoperties in organic semiconductor ma-
terials. The material is usually processed into a very thin film
through which a current passes. Thus, the ability to characterize
transport properties of an organic film is of special importance in
organic electronics. Time-of-flight (TOF) and space-charge-
limited current (SCLC) are well-known techniques for measur-
ing carrier mobilities in organic electronic materials."**"*" In
these experiments, the mobility measurement can be performed
if the organic active layers are amorphous. In the OTFT
experiment, the organic active layers are commonly thin and
ordered, and other electrical characterization techniques are also
well applied for the carrier measurement.

Impedance spectroscopy (IS) can measure the impedance of a
system over a range of frequencies, and therefore the frequency
response of the system, including the energy storage and
dissipation properties, is revealed. In OFET, charge carriers are
generally considered to be injected, accumulated, and trans-
ported. A device is equivalent to a circuit, which consists of small
resistors (energy dissipater) and capacitors (energy storage)
connected in series as a ladder. Often, data obtained by IS are
expressed graphically in a Bode plot or a Nyquist plot. Bode plots
are the polar representation of the Nyquist plot in frequency
domain—the impedance magnitude and dielectric losses (phase).
The phase diagram is very sensitive to resonance frequency of
parallel RC loops, which are very commonly used in equivalent
circuits for organic thin films to represent the two conduction
paths—conduction and displacement current.

The Jaiswal research has shown the importance of frequency
response results by impedance measurements of OFET under
direct current (DC) bias."** Hamedi and co-workers demon-
strated p-channel fiber-embedded electrolyte-gated OTFT
transistors.'>> In the IS measurements, they revealed a slow
but major response associated to bulk electrochemical doping in
the P3HT film. In a recent work, IS has been applied on top-
contact pentacene FETSs for analyzing the charge injection and
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Figure 17. (a) HRTEM image of the interface of PBTDT thin film without annealing and corresponding SAED ring pattern (inset). (b) FFT pattern
conducted from the square region containing two grains in panel a and the planes are indexed in panel (c). (d) HRTEM image of the interface of PBTDT
thin film after annealing and corresponding SAED ring pattern (inset). (¢) FFT pattern conducted from the square region in panel (d) and the planes are
indexed in panel (f). Reprinted with permission from ref 129. Copyright 2008 American Chemical Society.

transport properties."** Two relaxation processes in the hori-
zontal and the vertical direction of OFET were observed and
analyzed by IS. The estimated mobility obtained from the IS
analysis was comparable to steady-state current—voltage results.
This alternative method by IS provides an additional advantage
of isolating the effect of carrier concentration when evaluating
the mobility of OFETs.

Lenski and co-workers have used a transmission line technique to
measure the frequency-dependent complex conductivity of penta-
cene in a TFT configuration."*® Results show that complex
conductivity is strongly frequency dependent and follows roughly
the expectations of universal dielectric response of disordered solids.
In a recent paper, a dynamic infrared electro-optic (EO) technique
is used to estimate the mobilies of field induced charge in TFTs."*°
By applying square-wave voltages of variable frequency to the gate or
drain, one can measure the time it takes for charges to accumulate on
the surface, and therefore, determine their mobility.

Some techniques are also introduced to measure the charge
carrier traps in the organic thin films in FETs. For example, deep-
level transient spectroscopy (DLTS) can be applied to study the
characteristics of electronic charge concentrations and the inter-
face traps of the pentacene thin films."*” The thermally stimu-
lated current (TSC) technique is another powerful tool used to
characterize carrier traps in organic materials in FETs. Matsushima
and co-workers investigated the influence of O, and H,O
molecules absorbed in carbon-60 (C60) films on their electron
trap and n-type FET characteristics using a TSC technique.'*®
The TSC results demonstrated that the absorption of O, and
H,0 molecules in the C60 films induced an increase in the
electron trap concentration, which degrades C60 FET character-
istics. The annealing process can markedly lower the electron
trap concentrations and lead to enhancing the C60 FET
characteristics.
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3. PATTERNING AND PRINTING TECHNIQUES FOR
OTFTS

Organic thin-film transistors and integrated circuits will be-
come increasingly important if low-cost, large-scale fabrication
techniques become commercially available. Patterning and print-
ing techniques represent promising fabrication techniques, some
of which have been used in early stages of production such as
prototype displays. Various patterning and printing techniques
have been successfully implemented in the fabrication of OTFTs
in research laboratories and can be categorized into several types:
photolithography, soft lithography, imprint lithography, other
patterning techniques, inkjet printing, and other printing tech-
niques. Photolithography and other conventional techniques are
well-developed patterning techniques used for inorganic electro-
nic and photonic devices and have also proven useful for OTFT
fabrication. However, conventional techniques all have limita-
tions for patterning active or passive components of organic
systems, such as high manufacturing costs for large-area fabrica-
tion, and their restricted applicability to many important classes
of problems. Therefore, it is necessary to develop new or
unconventional techniques including molding, embossing, and
printing as alternative patterning techniques for organic electro-
nics. Nowadays, these unconventional techniques are being
increasingly accepted and developed in the exploratory phase
of OTFT research. The following sections describe in detail
various patterning and printing techniques for the fabrication of
OTFT devices according to the mentioned-above categories;
additional details have been described in other reviews."*” '**

3.1. Photolithography

Photolithography, also called optical lithography, is the domi-
nant manufacturing technique in the conventional microelec-
tronics industry. Photolithography is widely implemented in
manufacturing by virtue of several advantages, including straight-
forward scaling to large area substrates, parallel patterning
capability, and availability of a broad basis of equipment and
expertise. In addition, recent technical advances offer potential
routes to high-volume production of devices with sub-
50-nm resolution or patterning of minimum features below
37 nm."**'*> However, photolithography is largely restricted by
its technical disadvantages when it is used as a patterning
technique for organic devices: these include degradation and
delamination of the organic semiconductors caused by the
solvents involved in the photopatterning process, incompatibility
with patterning relatively fragile organic materials on nonplanar
substrates, and high-cost and cumbersome manufacturing pro-
cesses. Nevertheless, there are still many efforts to pattern
organic semiconductors or conductive materials by photolitho-
graphy for OTFTs, and some photolithographic techniques that
have been developed as promising patterning techniques for this
area are discussed in this section.

In conventional photolithography, the two most widely used
ways for patterning films are subtractive and additive photolitho-
graphic patterning techniques. In the case of patterning an
organic semiconductor, a photoresist is spin-coated onto the
organic film (subtractive) or a substrate (additive) and is subse-
quently exposed to light through a photomask. Chemical changes
occur in the exposed regions making the photoresist either more
soluble (positive resist) or less soluble (negative resist) in a given
solvent. The soluble part of the resist is then removed leaving
behind a photoresist pattern. Using the remaining photoresist as
a contact mask, an etching step is then used to transfer the pattern

(a) SUBTRACTIVE (b) ADDITIVE

Deposit parylene

Denosit . .
1 eposit orgamic 1 and resist

l Deposit parylene
and resist (*)

1 Pattern resist

J Pattern resist (*)

Transfer pattern
and remove resist

l Transfer pattern 1 Deposit organic

E

l Lift-off (*)
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Figure 18. Subtractive (a) and additive (b) photolithographic pattern-
ing approaches for organic films. The asterisks indicate the steps where
the organic film would be damaged during conventional photolithogra-
phy. The chemical structure of parylene-C is shown at the bottom.
Reprinted with permission from ref 144. Copyright 2006 Elsevier.

to the underlying film. Finally, the photoresist is stripped off by
an appropriate solvent (subtractive). The additive photolitho-
graphic patterning process involves lift-off and dissolving the
photoresist pattern to remove the active material above it giving
the patterned semiconductor (a schematic illustration of these
processes is shown in Figure 18). The mask can be aligned
against the substrate in a contact mode, proximity mode, or
projection mode. Contact mode photolithography is sometimes
used in research and prototyping processes, whereas projection
mode photolithography is mainly applied for high volume
production. Both photolithographic patterning techniques have
been successfully applied to the patterning of organic semicon-
ductor materials and conductive materials for OTFTs.'**
Many examples of OTFT devices have used photolithography
to pattern the active layers or the electrodes. Recently, pentacene
was patterned as the semiconductor layer for an OTFT back-
plane by photolithography and dry-etched using a dual protec-
tion layer of poly p-xylylene and an SiO, film, and uniform
transistor performance was obtained in driving a 5.8-in. flexible
color active-matrix organic light-emitting-diode display.'** Pen-
tacene can also be patterned by use of a photopatternable
pentacene precursor, by either a rpolyrner precursor approach'*®
or a decomposition approach."*” Other small molecules or
conjugated polymers, such as P3HT, can be effectively patterned
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by improved photolithographic methods, including nondestruc-
tive photolithography'**'* and nonrelief-pattern lithography,"*° as
discussed below. As another key component, electrodes can be
patterned by photolithography directly or by means of improved
photolithographic methods. Metal electrodes are still widely
deposited by photolithography for device research, such as
charge trapping memory transistors'>" and OTFTs on paper.">>
Organic conductive materials patterned by photolithography
have also been widely studied. Polyaniline (PANI) and the
conducting polymer poly(3,4-ethylenedioxythiophene) are two
typical examples of organic conductors photopatterned as elec-
trodes for OTFTs and integrated circuits.'>*” >° Recently, it has
been shown that spin-cast photosensitive organosilver precursors
can be reduced to Ag metal based on a photolithography
process,">” which facilitates the fabrication of solution-deposited
electrodes.

In the conventional photolithography process for patterning
organic materials, the adhesion between the active layer and
photoresist can be significant however, rendering the active layer
susceptible to physical damage when the photoresist is removed.
To lesson this problem, DeFranco and co-workers reported a
generic approach for the photolithogra})hic patterning of organic
materials with micrometer resolution.' ** They used parylene-C
as an intermediary in both subtractive and additive photolitho-
graphic patterning processes (Figure 18). The parylene-C can
adhere only weakly to the organic layer and so is less liable to
cause damage to the active layer when it is peeled away to expose
the active layer, and its use can avoid the use of aggressive
reagents in the conventional lift-off process. A nondestructive
and high-resolution photolithographic patterning technique was
developed for P3HT-based OTFTs by Song’s group.'**'* They
optimized the lift-off process by careful selection of the resist and
polymer solvents, and were able to pattern organic films using
subtractive photolithography without the need to expose the
substrate to any chemical reagents.

Recently, Park and co-workers used an unconventional non-
relief-pattern, photoresist-free photolithographic technique to
fabricate solution-processed OTFTs and circuits.">® This

approach involves depositing a functional SAM onto a substrate
and patterning it using deep ultraviolet (DUV) light irradiation.
Low surface energy SAMs can then steer deposited liquid into
areas where the SAM has been removed by the DUV processing.
Direct DUV exposure of a SAM can remove most SAMs,
resulting in a hydrophobic to hydrophilic transformation, and
then  2,8-difluoro-5,11-bis(triethylsilylethynyl)anthradithiophene
(diF-TESADT) is solution-deposited on PFBT-treated Au elec-
trodes by use of the self-assembly properties of diF-TESADT
(Figure 19). This non-relief-pattern lithography of a SAM can
easily result in microstructures with good resolution, and this
approach does not require the photoresist coating, development,
or removal processes which are typically responsible for a large
portion of manufacturing costs.

Assilver-patterning method has been developed by Lee and co-
workers for all-solution-processed n-type transistors.'>” This
method is based on a photolithography process, in that a
photosensitive organosilver precursor is spin-coated onto the
top of an insoluble thermally cured organic insulator/AINd
substrate. Broadband UV irradiation of the film through a
photomask produces a partially reduced and insoluble silver
compound. After development with MeCN, the irradiated areas
can be reduced by hydrazine hydrate to obtain pure source—
drain metallic patterns (Figure 20a). The well-defined channel
between the source and the drain can be seen in Figure 20b, and
the low rms roughness (with a value of 4.76 nm) can be observed
in Figure 20c. This soluble metal precursor route leads to devices
with higher electron mobilities than those fabricated by vacuum
deposition, and has the potential to allow the fabrication of low-
cost, flexible integrated circuits and display backplanes.

Very recently, a simple and versatile photo-cross-linking
methodology for device fabrication has been reported by Png
and co-workers."*® This method is based on the observation that
sterically hindered bis(fluorophenyl azide)s (sFPAs) can gener-
ally be mixed into polymer organic semiconductors and give rise
to photo-cross-linking when exposed to deep-ultraviolet light
(DUV) without degrading the semiconductor. The photo-cross-
linking efliciency is high and dominated by alkyl side-chain
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Figure 20. (a) Procedure for the deposition of patterned source—drain
metal electrodes with a soluble organosilver precursor. The photosensi-
tive organosilver precursor is spin-coated onto the top of the insoluble
thermally cured organic insulator (a polyvinylphenol derivative)/AINd
gate/glass substrate. Broadband UV irradiation of the film through a
photomask produces a partially reduced and insoluble silver compound.
After development with MeCN, the irradiated areas can be reduced by
hydrazine hydrate to obtain pure source—drain metallic patterns (70—
80 nm). (b) Scanning electron microscopy image of the resulting
source—drain pattern with 1S um channel length. The scale bar is S0
um. (c) Atomic force microscopy image of the reduced metallic patterns,
showing an rms roughness of 4.76 nm. Reprinted with permission from
ref 157. Copyright 2005 Wiley-VCH Verlag.

insertion reactions, which makes it possible to develop high-
performance heterostructures with an unprecedented degree of
control. The sFPA methodology is also compatible with the
semiconductor layers used in high-performance polymer FETs,
which can therefore also be photopatterned. Poly(2,5-bis(3-
tetradecylthiophene-2-yl)thieno[3,2-b]thiophene) ~ (PBTTT)
films can be photo-cross-linked as active layers, and the output
and transfer characteristics of devices were found to be un-
changed from those of control devices without cross-linker and
DUV exposure. The hole mobility was on the order of 0.1 cm®
V™ '.s7!, with on/off ratios of more than 10,

Other promising unusual photolithographic techniques include
optical soft lithography and interlayer lithography. The former
approach uses conformable, elastomeric elements with relief fea-
tures on their surfaces as photomasks for patterning the exposure of
layers of a photoresist or other photosensitive materials.'*” The
nondestructive, reversible, atomic scale contacts that can be estab-
lished, without applied pressure, through generalized adhesion
forces (typically van der Waals) between the mask and the resist
layer (typically a solid thin film) are key to this process.'®~"%* This
approach provides extremely high resolution and parallel operation
with inherently low-cost and simple experimental setups, and it also
avoids the contact-related problems between mask and photoresist
in conventional photolithography. The latter method makes use of
an intermediate photoresist layer between the substrate and the
organic layer to be 6§atterned in order to minimize the lithographic
processing steps.'® The selection of the active material, the
developer and photoresist are all very important for patterning
organic semiconductors, conductors, and insulators on both rigid
and flexible substrates. These techniques all indicate promise for
specific applications in organic electronics.

3.2. Soft Lithography

Soft lithography involves a set of techniques that use a soft
(elastomeric) mold, stamp, or mask to transfer the pattern by a
number of different procedures, such as molding and printing.
Soft lithography has rapidly developed as an alternative to
photolithography and other conventional microfabrication tech-
niques, due to its advantages in the large area and low-coat
patterning of organic materials on nonplanar substrates. Elastomers
are a versatile class of polymers for replication of a topographic
master. The most widely implemented and successful elastomer
for nanofabrication is poly-(dimethylsiloxane) (PDMS)."**'¢*
PDMS is highly UV-transparent and has low surface energy and
low modulus which give the flexibility required for conformal
contact with substrate surfaces without the risk of cracking.
Additionally, this flexibility in molds facilitates easy, nondestruc-
tive removal from masters and replicates, especially of fragile
organic materials. Furthermore, PDMS molds with feature sizes
down to a few nanometers have been produced recently.'*>'%°
Other elastomers have also been developed for soft lithography
to circumvent the limitations of PDMS, and some of these
are comparable to, or even better than, PDMS in some
cases. 1167198 goft lithographic techniques based on stamps
also show promise for large-area, low-cost implementation due to
their simple operation and high resolution. Generally, a stamp
supplies a chemical or material (“ink”) to a substrate by physical
contact. This transferred material acts as either a functional layer
of a device, a resist for etching underlying materials, or a catalyst
for directing the deposition or growth of other materials. To
achieve high-quality pattern transfer, conformal contact must be
established between the stamp and the substrate, preferably
without external pressure, which is often achieved with the use
of an elastomeric stamp, such as PDMS. Such soft lithographic
techniques are also called “printing” methods. This section will
concentrate on soft lithographic techniques that have been used
for patterning or printing elements of OTFT devices in the
laboratory.

3.2.1. Micromolding in Capillaries. Micromolding in ca-
pillaries (MIMIC) is a molding technique that relies on the
spontaneous filling of microfluidic channels by using capillarity
with liquid materials, such as solutions, photo- or thermally
curable prepolymers, and liquid metals. In MIMIC, a PDMS
mold is often used because it is chemically inert to the above-
mentioned liquid materials, which allows the reversible and
repeated use of a PDMS mold with topographic surfaces. This
technique offers the ability to pattern organic semiconductor
films as well as conductive films, to form the active layer and
electrodes for OTFTs. However, the capillary filling rate can be
slow, especially as the size of the fluidic channel decreases.
The capillary flow can be assisted by applying a vacuum to one
end of the cagillaries or by heating the liquid to decrease its
viscosit}7.169’17

It has been demonstrated that source and drain electrodes for
OTFTs can be patterned using the MIMIC technique. Rogers
and co-workers defined the source and drain electrodes by the
microchannels of a PDMS mold."”" Specifically, conductive
carbon or conducting polymer electrodes with channel lengths
of 25 um were patterned on top of a P3HT layer by MIMIC, and
the top-contact P3HT TFTs exhibited a charge-carrier mobility
of 0.01—0.05 cm®+ V™ "+s™". Tunable organic transistors can be
fabricated by using a conducting fluidic source and drain
electrodes of mercury which flow on top of a thin film of the
organic semiconductor pentacene.'”” Fluidic motion alters the
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channel width of this transistor to tune the source—drain current
in this type of microfluidic organic transistor. Recently, working
OTFTs that use conducting single-walled carbon nanotube
(SWNT) lines as source/drain electrodes patterned using the
MIMIC technique have been reported by Park and co-
workers.'”> The combined use of multistream laminar flow in
microfluidic channels and controlled flocculation can pattern
high-density SWNT networks serving as source/drain electrodes
for OTFTs.

Recently, Cavallini and co-workers have demonstrated FETs
where drain current flows through a precisely defined array of
nanostripes made of crystalline and highly ordered molecules.'”*
The molecular stripes are fabricated across the channel of the
transistor by a stamp-assisted deposition of the molecular
semiconductors from a solution (Figure 21). As the solvent
evaporates, the capillary forces drive the solution to form menisci
under the stamp protrusions. The solute precipitates only in the
regions where the solution is confined by the menisci once the
critical concentration is reached and self-organizes into molecu-
larly ordered stripes 100—200 nm wide and a few monolayers
high. The charge mobility measured along the stripes is 2 orders
of magnitude larger than the values measured for spin-coated
thin films. The deposition assisted by the stamp has both the
effectiveness and the simplicity desired for a solution-based
technology.

A variation of MIMIC for patterning polymer semiconductor
TFT arrays was recently reported by Salleo and co-workers.'”®
This technique also exploits capillary forces to pattern a solution-
processable polymer semiconductor. A chemically treated
PDMS stamp is placed directly on top of a substrate coated with
the polymer semiconductor solution. In the regions of contact,
the PDMS stamp absorbs the solvent, leaving behind a solid
polymer semiconductor film between the stamp and the sub-
strate. In the recessed regions of the PDMS stamp, the polymer
semiconductor solution wicks into the stamp due to capillary
forces, effectively leaving behind a clean surface in the noncon-
tact regions. Using this stamping process, patterned arrays of
poly[(9,9’-dioctylfluorene)-co-bithiophene] (F8T2) and poly-
[5,5'-bis(3-alkyl-2-thienyl)-2,2’-bithiophene] (PQT-12) with
features as small as 2 um were fabricated for use in both top-
and bottom-contact TFTs.

3.2.2. Soft Contact Lamination. Soft contact lamination
exploits the conformal properties of PDMS, so that individual
components of the device can be made separately and then
laminated together in the final step. In addition, the soft contact
lamination method is a noninvasive technique and has several
advantages for fabricating organic devices, such as high perfor-
mance, nanoresolution, and flexible nature. These features are
particularly useful for assembling OTFT's considering the chem-
ical and mechanical fragility of organic semiconductors.

One important advantage of the lamination technique for
OTEFT fabrication is that this method can be used to manufacture
OTFTs at low cost with high-volume processing. It is often
combined with other printing and patterning techniques such as
microcontact printing176 or dry transfer methods'”” in the
manufacture of OTFTs and plastic circuits in order to enhance
the mechanical flexibility and compatibility. Soft contact lamina-
tion methods can give lower contact resistances than those
obtained with evaporated source and drain contacts."”® Lamina-
tion of a stamp prepared with an integrated gate metal and
elastomeric gate against a fully fabricated pentacene top-contact
device produces a double-gate structure for simultaneous study

a b
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R #
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micro-cavity

Figure 21. Schematic representation of the deposition process of a
precisely defined array of nanostripes made of crystalline and highly
ordered molecules, showing the steps related to micromolding in
capillaries (a—d) and the steps related to lithographically controlled
wetting (e and f). Reprinted with permission from ref 174. Copyright
2005 American Chemical Society.

of transport properties through field-effect measurements
on both the bottom and top interfaces of the organic
semiconductor.'”

The lamination method can also be used to study the effects of
processing conditions on polymer films and should aid in the
study of organic semiconductor—dielectric interfaces."®® This
technique has advantages over other methods because the films
do not need to be exposed to a solvent for transfer, the process
can be done at room temperature without pressure, and it enables
good electrical contacts to be formed with the films. Soft contact
lamination can be used to assess the effects of varying the angle of
the periodic groove patterns on pentacene thin film transistors
with a 140 nm periodic groove patterned dielectric layer.'®" In
this technique, thin metal electrodes are deposited onto an
elastomeric stamp, and the stamp is then brought into contact
with the substrate (Figure 22). As the angle was decreased from
90° to 0°, the current output and carrier mobility increased and
the threshold voltage of the device was shifted. It was concluded
that the molecular orientation of pentacene on the patterned
dielectric layer was mainly responsible for variations in the output
current, charge carrier mobility, and threshold voltage.

3.2.3. Microcontact Printing. Microcontact printing (#CP)
is a stamp-based soft lithographic technique that offers a simple
and low-cost surface patterning methodology with high versati-
lity and submicrometer accuracy. In a typical uCP process, the
PDMS stamp is inked with a solution typically containing
molecules or colloids in order to transfer inks onto a hard silicon
master or any solid patterned surface or flexible polymer
substrate. By bringing the inked stamp in conformal contact
with the surface through van der Waals forces, the ink is
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transferred to the surface. Automated printing using a micro-
contact printer has been recently demonstrated."® Because of
the patterned structure of the stamp, only the areas with
protrusions are able to contact the surface, and the ink is area-
selectively transferred according to the pattern of the template.
The inks commonly employed in 4 CP are chosen for their ability
to form SAMs during the 4 CP process and include alkanethiols
and organosilanes.'®> Recently, stamps for £CP were rapidly
produced by injection molding a commercial polyurethane resin,
using a silicon master as the mold insert; these exhibited excellent
replication of the sub-micrometer linear features of the
micromold."®* The use of injection molding as a standard
method for the production of stamps for microcontact printing
has been proposed and may have advantages for future nano-
technology applications that require mass production of stamps.
Despite a wide variety of new stamp materials, PDMS remained
the cheapest and easiest stamp material to use, and has the
advantage that many surface-treatment techniques can be used to
change the hydrophobicity of a PDMS stamp.'®’

UCP and subsequent etching are usually used to fabricate
source and drain electrodes for OTFTs. Since the source and
drain electrodes are defined prior to the deposition of the
chemically and mechanically fragile organic semiconductor, the
resulting OTFTs are therefore built in the bottom-contact
geometry. Leufgen and co-workers fabricated bottom-contact
OTEFTs with channel lengths as small as 100 nm using #CP and
etching.'®® To achieve sub-micrometer features, they carefully
controlled the contact pressure, the contact time, and the
concentration of the molecular inks during printing. OTFT
structures with channel lengths down to 100 nm were fabricated
by 1 CP when the process conditions were optimized. Rogers and
co-workers demonstrated a reel-to-reel process for fabricating
gold electrodes for bottom-contact P3HT TFTs using a cylind-
rical PDMS stamp.'®” These bottom-contact P3HT TFTs ex-
hibited an average charge-carrier mobility of 0.02 cm*- V™ -5,
similar to those of typical bottom-contact P3HT TFTs.

Zschieschang and co-workers used #CP and electroless plat-
ing techniques to deposit a fluorinated SAM (FSAM) on a
hydrophilic flexible polyethylene naphthalate (PEN) substrate."*®
The patterned substrate was then activated in a palladium bath;
the palladium catalyst was only adsorbed in the hydrophilic,
unstamped regions. Subsequent electroless plating resulted in
the selective deposition of nickel only in the hydrophilic regions,
and not in the regions stamped with FSAM. The electroless-
plated nickel electrodes served as the gate electrode in flexible
pentacene TFTSs. Parashkov and co-workers have developed a
process for the fabrication of OTFTs and integrated circuits,
employing a combination of high-resolution #CP and selective
or diffusion electropolymerization.'* An alkylthiol template was
microcontact-printed onto a gold-coated glass substrate for the
selective growth of poly(3,4-ethylenedioxythiophene)-polystyr-
ene sulfonate (PEDOT-PSS). To transfer PEDOT-PSS patterns
from the gold surface, polyimide (PI) was cast and cured directly
on the PEDOT-PSS patterned substrate. Peeling the PI substrate
removed the PEDOT-PSS features from the gold surface.
Bottom-contact OTFT's were fabricated and had a charge-carrier
mobility of 0.02 cm*+ V™~ " +s™ ", It should be noted that the solutions
required for chemical or electrochemical polymerization are gen-
erally not compatible with the organic semiconductors of OTFTs.
As a consequence, the application of these procedures is also limited
to the fabrication of bottom-contact devices.

A “stamp-and-spin-cast” method was developed for direct
patterning of conducting polymer electrodes for OTFTs.'”® To
fabricate the PANI source and drain electrodes, Lee and co-
workers microcontact-printed octadecyltrichlorosilane (OTS)
on oxidized silicon wafers. Subsequent spin-coating of an aque-
ous PANI dispersion on the patterned substrate created con-
ductive PANI patterns in the hydrophilic regions (Figure 23).
Bottom-contact pentacene TFT's with PANI features as small as
S um were fabricated, which exhibited an average charge-carrier
mobility of 0.016 £ 0.008 em?-V '-s7! and on/off current
ratios as high as 10*. Briseno and co-workers have employed «CP
and dewetting methods to transfer unreacted low molecular
weight (LMW) siloxane oligomers from freshly prepared “dry”
PDMS stamps for patterning organic semiconductors and con-
ducting polymers into functional devices.'”' This simple method
can be used to pattern organic semiconductors from solution
with resolutions as small as 1 #m and does not require any ink. It
can be easily scaled to a very large area on various substrates with
potential applications where large-area printing is required for
fabricating organic electronic devices.
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Figure 23. Schematic illustration of the “stamp-and-spin-cast” method.
Hydrophobic patterns are created by (a) uCP or (b) subtractively
removing hydrophobic molecules by UV-ozone irradiation through a
shadow mask. An aqueous PANI dispersion is spin-coated onto the
patterned substrate. PANI features selectively deposit in the hydrophilic
regions immediately after the spin-coating. Reprinted with permission
from ref 190. Copyright 2005 American Institute of Physics.

3.2.4. Transfer Printing. Transfer printing is a direct pat-
terning technique that can transfer a solid film from a stamp with
patterned features to a substrate. Although patterns can be
transferred from either rigid stamps or soft stamps, here we
focus on the use of soft elastomers (e.g, PDMS) to print
functional solid materials for OTFT devices. The PDMS stamp
ensures conformal contact between the stamp and substrate via
van der Waals interactions, resulting in high-quality printed
patterns. This technique avoids the etching processing step in
UCP, which is limited to the fabrication of bottom-contact
devices due to incompatibility problems, and the printing process
often requires no solvent. Moreover, transfer printing occurs
under ambient conditions, and pattern features have levels of
resolution that exceed those possible with traditional #CP over
large areas on both rigid and flexible substrates. The process
allows for direct patterning of three-dimensional and multilayer
structures without additional processing steps, and a variety of
single- and multilayer conductors, semiconductors, and dielectrics
can be transfer-printed for organic electronic systems.'*>”'**

The transfer printing process relies on interfacial chemistry to
transfer the solid material from a PDMS stamp to a substrate.
Transfer printing based on covalent interactions includes surface
condensation reactions between surface-bound silanols (Si—
OH), titanols (Ti—OH), and thiol—metal reactions.'”> "7 In
this way, transfer printing can provide a nondestructive method
for making electrical contact with a molecular layer, avoiding the
penetration of, and/or damage by, metal during evaporation.
Therefore, the performance of devices fabricated by printing

metals directly from a stamp is usually better than that of those
obtained by shadow-mask evaporation. A noncovalent transfer
process was recently demonstrated by Hur and co-workers for
patterning gold and gold/titanium multilayers.'”® This proce-
dure does not rely on the formation of specific covalent bonds for
pattern transfer, but noncovalent surface forces are employed to
print electrodes directly on top of the organic semiconductor
thin films without prior modification or surface treatment. The
on/oft ratios of these P3HT devices produced by noncovalent
transfer-printed electrodes are significantly higher than those of
devices prepared using shadow-mask evaporation techniques,
possibly due to improved channel definition.

A simple metal transfer printing technique has been employed
in the fabrication of OTFTs.'”” This method is a purely additive
process using mechanical adhesion as the patterning driving
force, and large areas can be rapidly patterned in a single step in
air. These advantages allow the technique to be adapted for reel-
to-reel fabrication. Additionally, a conducting polymer PEDOT-
PSS has been patterned as the source and drain electrodes for
OTETs by using the polymer inking and stamping technique.**’
A PDMS stamp with spin-coated PEDOT was placed on a Si/
SiO, substrate to make a conformal contact. The assembly of the
PDMS mold and the substrate was baked on hot plate at 80 °C
for 2 min. Finally, the PDMS stamp was removed from the substrate,
leaving positive PEDOT patterns on the substrate (Figure 24a).
This technique is fully compatible with patterning on flexible
substrates, and both top-contact and bottom-contact OTFTs
demonstrate excellent electrical characteristics. Field-effect mobili-
ties and on/off current ratios in the saturation regime as large as
0.7 cm*-V '-s !and 10° respectively, were obtained.

Organic semiconductors, small molecules, or polymers can
also be transfer-printed using stamps. Pentacene and P3HT are
typical examples that have been deposited by transfer printing
technique for use in OTFT devices.”"*** These materials can be
patterned without the need for solvents that can interfere with
the delicate chemistry and physical structure of the device
components, and therefore these devices demonstrate quality
comparable to, or better than, those fabricated using standard
techniques. For example, by printing P3HT onto smooth poly-
imide surfaces prepared by spin-coating, OTFT's with mobility of
0.02 cm>- V™ '+s™ " and on/off current ratios of 10° or 10* can be
fabricated. Recently, Kim and co-workers have developed a
simple but robust process—plasma enhanced polymer transfer
printing—for fabricating micropatterns of P3HT thin films.**®
This method is based on transferring a thin P3HT film spin-cast
directly on a prepatterned PDMS mold. Printing is accomplished
by the application of oxygen plasma to both the P3HT film and
the substrate giving surface energy modulation under ambient
conditions without additional pressure. Control of the relative
interfacial surface energy by the plasma enables a wide range of
polymers from P3HT to conventional insulating ones to be
micro/nanopatterned on various substrates including Si, glass,
and polymers over large areas. A bottom contact OTFT with the
printed P3HT patterns using PEPTP exhibited a carrier mobility
of approximately 0.02 cm®+ V™" -s~ " with a relatively high on/off
current ratio of 6 X 10°.

3.3. Imprint Lithography

Imprint lithography is a nonconventional lithographic techni-
que for high-throughput patterning of nanoscale structures at
high resolution and at low cost. Unlike traditional lithographic
approaches, which form a pattern using photons or electrons to
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Figure 24. (a) Schematic illustration of polymer inking and stamping processes for patterninga PEDOT conducting polymer. (b) Cross-sectional AFM
image of PEDOT on a PDMS stamp. (c) Concentric ring patterns transferred onto a PES flexible substrate. (d) PEDOT electrode patterns transferred
onto a SiO, substrate for use in bottom-contact OTFTs, with gap widths from 2 to 10 um. (e) PEDOT electrode patterns transferred onto a pentacene
thin film surface for use in top-contact OTFT's, with W/L = 140 ym/2 ym. Pentacene outside the PEDOT electrode pads adheres to the stamp and is
removed when the PMDS stamp is peeled off from the substrate. Reprinted with permission from ref 200. Copyright 2006 American Institute of Physics.

modify the chemical and physical properties of the resist, imprint
lithography creates features by a direct mechanical deformation
of the resist shape using a mold and can therefore achieve
resolutions beyond the limitations set by light diffraction or
beam scattering that are encountered in conventional tech-
niques.”®* Furthermore, for the manufacture of semiconductor
integrated circuits (IC), imprint lithography has the potential to
be a next-generation lithography tool for creating all feature
nodes all the way down to 5 nm, without having to change the
lithography tools, resists, and masks, as is required in conven-
tional lithography. Imprint lithography is already established as a
research tool in organic electronics and, in some cases, also is
already being explored for commercial manufacturing in photo-
nics, data storage, and certain segments of microelectronics.

Three imprint lithographic techniques are commonly used in
laboratory research, namely, nanoimprint lithography (NIL), step-
and-flash imprint lithography (S-FIL), and soft imprint lithography
(SIL). NIL refers to the pressure-induced transfer of a topographic
pattern from a rigid mold (typically silicon) into a thermoplastic or
thermally curable polymer film heated above its glass transition
temperature. During NIL, the resist is in a flowable liquid state after
the heating process and becomes solidified after the deformation.”®
The imprint mold is rigid, so feature collapse and deformation
during imprinting are eliminated. Although this approach can work
well, several challenges still need to be addressed before the
technique can be implemented in large-area, flexible electronics:
these include the high temperature and pressure required during the
imprinting process, contamination and the limited useful lifetime of
the mold during repeat processing, thermal expansion effects of the
resist materials with suitable physical properties including low
viscosity and low glass transition temperatures, and the need for
overlay accuracy, large-area uniformity, and low defect density. This
technique however still remains a powerful patterning tool for
applications in OTFT fabrication.

NIL is often used to define the source and drain electrodes of
OTFT devices. Austin and co-workers used NIL to pattern gold
source and drain contacts for PSHT OTFTs with channel lengths
from 1 #m down to 70 nm with high yields.*’° As the channel
length was decreased, short-channel effects were clearly visible
and the performance of these devices was reduced. All-polymer
FETs have been fabricated by combining NIL and inkjet printing,
and trenches with hydrophilic bottoms confined by hydrophobic
walls with considerable heights can be patterned by NIL.**
Devices with channel lengths of 250—300 nm with good
performance have been demonstrated in top-gate all-polymer
FETs. To improve the functionality of imprinted bottom-gate
OTFTs, a novel thermally initiated radical polymerization-based
nanoimprint lithography process (TIP-NIL) has been recently
developed for the patterning of sub-micrometer-spaced contacts,
used as source and drain electrodes in downscaled OTFTs.**®
The method is based on thermally initiated radical polymeriza-
tion of a novel imprint resist whose outstanding chemical and
physical properties are responsible for the excellent results in
processability and structure transfer (Figure 25). In combination
with a pretreated stamp, the thermally curable resist enables
residue-free imprinting, thus making etching obsolete. In addi-
tion, this process requires only moderate temperatures and it is
ecofriendly due to a water-based lift-off. Pentacene OTFTs
obtained using this method show excellent transistor behavior
parametrized by a high on/off current ratio of greater than 10°
and a high charge carrier mobility (0.25 cm*- V™ "+s™").

By means of nanoconfinement during nanoimprinting, Zheng
and co-workers demonstrated the uniaxial alignment of a liquid-
crystalline conjugated polgrmer, poly(9,9-dioctylfluorene-co-
benzothiadiazole) (F8BT).”” The orientation of the conjugated
backbones was parallel to the nanolines imprinted into the
polymer film. An ambipolar polymer FET in a top-gate config-
uration with aligned F8BT as the active semiconducting layer
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Figure 25. (a) Schematic illustration of the TIP-NIL process: A silicon stamp containing the source—drain structures is roughly aligned onto the
substrate (A). The stamp is pressed into the resist thus completely displacing the resist under the source—drain structures (B). Subsequently, the resist is
cured by thermally initiated polymerization. After the stamp removal (C), the source—drain material is evaporated onto the substrate (D). The imprint
resist is dissolved with water, which leaves the metal source—drain electrodes well preserved (E). Finally, the sample is covered by the organic active
layer, pentacene (F). (b) Image of the source and drain structures after the lift-off. (c) AFM topographic image (5 X S um) of the pentacene layer formed
on top of the contacts and in the channel (L = 900 nm). Reprinted with permission from ref 208. Copyright 2010 Elsevier.

showed mobility enhancement when the chains were aligned
parallel to the transport direction. Mobility anisotropies for hole
and electron transport were 10—15 and 5—7, respectively,
for current flow parallel and perpendicular to the alignment
direction.

Similar to NIL, S-FIL has the potential to be a high-through-
put, low-cost technique for fabricating nanoscale features. In
S-FIL, a low-viscosity, photocurable liquid or solution is used to
fill the void spaces of a quartz mold. The solution consists of a
low-molecular-weight monomer and a photoinitiator. Illumina-
tion of the mold and resist with UV radiation initiates polymer-
ization, creating a replica of the mold. Removing the mold leaves
a topographically patterned (inverse) replica on the substrate.
Because of the low viscosity of the resist, external pressure is not
required for imprinting. Furthermore, this lithographic techni-
que is also insensitive to the effects of pattern density seen in NIL.
This approach has the potential for large-area, low-cost fabrica-
tion on both flat and nonflat substrates with low pressure and at
room temperature.

Soft imprint lithography (SIL) is an appealing nanoimprinting
technique using soft molds for nanoscale patterning and electro-
nics. A soft mold such as PDMS is used instead of a rigid mold
(e.g, silicon or quartz) and has the advantages of ease of
replication of the original master structure, gas permeability for
the evaporation of organic solvents during the nanoimprinting
process, an easy demolding process and lower sensitivity to the
contaminants on a sample surface due to its flexibility. Therefore,
the ultimate limit in the resolution of SIL is on a smaller length
scale than those of NIL and S-FIL which involve rigid molds. For
example, SIL with soft molds demonstrates good lithographic
fidelity down to relief heights of several nanometers, and with
some capabilities at the level of ~1 nm.*'® The advantages of SIL
make it suitable for many practical applications, for example,
direct metal patterning on a flexible substrate*'" and alignment of

layers for functional devices.”'* It may also provide an opportu-
nity to form surface relief structures that could serve as en-
gineered sites for molecular recognition.”'?

Recently, Lin and co-workers used molecular-scale SIL to
form oriented features of relief with dimensions as small as
~1 nm and then employed these structures as alignment layers
for liquid crystal devices.”'® Several polymer formulations for
molds and molded materials and process conditions were
described, indicating that this molecular scale fidelity in replica-
tion can be used to produce surfaces that will effectively align
liquid crystal molecules. SIL has also been used to align penta-
cene molecules for OTFTs.*'> This technique can precisely
control the distribution and size of the micro- and nanometer-
scale substrate relief and hence control the morphology and
orientation of the pentacene. The nanometer-scale groove
patterns, with 70 nm lines and 130 nm spaces, have been shown
to lead to the in-plane orientation of the pentacene molecules.
Compared to pentacene films that are not aligned, an enhanced
field effect mobility of 1.67 cm®-V ™ '+s™" has been achieved
when the optimal s7-orbital overlap direction is parallel to the
direction of the current flow. SIL with a PDMS mold is superior
to other methods in that it allows for the mass production of
large-area patterns with excellent lateral resolution.

Gold source and drain electrodes on a flexible polymer
substrate can also be fabricated by SIL. Recently, Park and co-
workers demonstrated a high-throughput and ultrafine pattern-
ing of metallic micro- and nanostructures for electronics on
flexible substrates via a direct nanoimprinting process of metallic
nanoparticles.”'" A metal nanoparticle solution was dispensed on
a flexible substrate and imprinted by using a PDMS stamp at low
pressure and low temperature, which is compatible with the
temperature restrictions of flexible substrates (Figure 26).
OTFTs were fabricated by using an air-stable semiconducting
polymer and nanoimprinted gold source—drain electrodes on a
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Figure 26. Overview of direct nanoimprinting of gold nanoparticles:
(a) Procedure for direct nanoparticle nanoimprinting: (i) fix a clean
flexible substrate onto a rigid substrate and dispense the nanoparticle
solution (the inset picture is a magnified schematic view of SAM-
protected Au nanoparticles), (ii) nanoimprinting with a PDMS stamp,
(iii) nanoparticle melting process, (iv) release of the flexible substrate;
(b) photograph of electrical devices nanoimprinted on a polyimide
substrate. (c) Optical micrograph of microscale electrical structures
(source—drain electrodes for multichannel transistors) on a polyimide
substrate fabricated by direct nanoimprinting of a gold nanoparticle
solution. Reprinted with permission from ref 211. Copyright 2008
Wiley-VCH Verlag.

flexible polymer substrate with good output and transfer char-
acteristics. Also, OTFT devices on flexible substrates showed no
significant changes in their performance after bending cycles. It is
expected that SIL can provide a very simple and effective
nanoscale patterning tool for a variety of functional nanoparticles
and enable extremely low-cost, high-throughput, ultrafine reso-
lution manufacturing on flexible substrates.

3.4. Other Patterning Techniques

The semiconductor industry has been pushing high-precision
nanoscale lithography as a way to manufacture ever-smaller
transistors and higher-density integrated circuits (ICs). Critical
issues, such as resolution, reliability, speed, and overlay accuracy,
all need to be addressed in order to develop new lithography
methodologies for such demanding, industrially relevant pro-
cesses. To fabricate low-cost and flexible organic electronic
devices, inexpensive, noninvasive processing technologies that
are physically and chemically compatible with electrically active
organic materials need to be developed to lower fabrication costs
and maximize device performance. This section will focus on a

range of patterning techniques that are, in principle, suitable for
the fabrication of working OTFT devices, which involve other
conventional or improved lithographic and nonlithographic
patterning techniques that are not described above.

Scanning beam lithography is a serial process, most often used
to produce photomasks for projection lithography rather than for
actual device fabrication, which can usually generate high-resolu-
tion features with arbitrary patterns relative to photolithography.
Therefore, high-resolution patterning techniques such as elec-
tron beam lith0§raphy are still used for organic-based device
fabrication.”'**'* Although focused laser beam scanning has a
lower resolution than focused electron beam and focused ion
beam scanning, it is the least expensive. The two leading methods
are laser ablation and selective laser polymerization. Organic
materials from selected regions can be locallzr removed in order
to pattern the organic layers in OTFTs. 15216 However, a
number of factors should be taken into consideration in order
to achieve a good pattern resolution, since this determines the
device performance and processing speed. Focused laser beam-
induced photochemical reactions can pattern organic materials as
active layers for OTFTs.*'” For example, high-resolution of
source and drain patterns with PEDOT-PSS were clearly defined
by maskless laser direct patterning.>'® Furthermore, solution-
processable OTFT's with 10-um channel lengths were success-
fully achieved by focusing a Nd:YAG laser beam onto spin-coated
PEDOT-PSS films and developing with deionized water.

A gentle, simple, and yet effective photoinduced and resist-free
subtractive method has been developed for the efficient pattern-
ing of films of organic semiconductors and the merits of the
method demonstrated for the highly soluble fullerene [6,6]-
phenyl C61-butyric acid methyl ester (PCBM).*"? The pattern-
ing technique is notably straightforward as it requires no photo-
resist material and encompasses only two steps: (i) exposure of
selected film areas to visible laser light during which the PCBM
monomer is photochemically converted into a dimeric state, and
(ii) development via solvent washing after which the nonexposed
portions of the PCBM film are selectively removed (Figure 27).
Functional arrays of micrometer-sized PCBM FETs can be
fabricated by this technique, which leaves the electronic proper-
ties of the remaining patterned organic material unaffected.
Soluble organic materials can also be patterned bg a new
technique termed lithographically controlled wetting.”* A stamp
is placed in contact with a liquid thin film, and capillary forces
drive the liquid to distribute only under the protrusions of the
stamp. As the solvent evaporates, the deposited solute forms a
pattern on the surface with the same length scale as the stamp.
The procedure is single-step, cheap, versatile, and reproducible
and allows one to transfer motifs on the nanometer scale from a
mold to a molecular thin film.

Two simple methods employing selective physical delamina-
tion instead of chemical patterning or etching processes have
been recently introduced for clean patterning of semiconducting
polymers for use in TFTs without compromising device
performance.”*' The first process is based on differential adher-
ence as shown in Figure 28a. Semiconducting polymers adhere
more strongly to high-energy, hydrophilic surfaces than to lower-
energy, hydrophobic surfaces. When the polymer is deposited
onto a substrate with a pattern of hydrophilic and hydrophobic
surface regions, delamination of the PMMA film will peel off the
polymer film from the hydrophobic areas but leave the polymer
film on the hydrophilic areas. In principle, this method is similar
to conventional selective dewetting techniques based on
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substrates with patterned wettability,”** but this method can
yield a better uniformity and better yield of the patterned
features. The second method utilizes a patterned solid film as a
sacrificial layer to peel off the semiconducting polymers from
the undesired areas on the substrates. The process is a solid-
state analogue of a conventional lift-off patterning process
(Figure 28b). This method allows semiconducting polymers to
be patterned on hydrophobic surfaces and can be applied more
flexibly without being limited by the constraints imposed by the
surface-energy prepatterning. These two simple methods can be
easily integrated into the device fabrication process without

(a) PCBM Film (b) Exposure (c) Development (d) Pattern

Figure 27. Schematic illustration of the process flow diagram for one
representation of the photoinduced and resist-free imprinting (PRI) of a
PCBM film. (a) Solution-processed PCBM film on a substrate. (b)
Laser-light exposure of the film through a (black) shadow mask, which
transforms the exposed PCBM molecules into a low-solubility (dimeric)
state. (c) Solution development of the exposed PCBM film, which
selectively removes the nonexposed portions of the film. (d) Resulting
pattern of electronically active PCBM. Reprinted with permission from
ref 219. Copyright 2009 American Chemical Society.

degradation of device performance for either top-gate or bot-
tom-gate device configurations. These two patterning methods
might provide high-resolution but low-cost patterning of
high-performance polymer semiconducting films for a range of
practical applications.

Organic semiconductor thin-films can also be patterned by a
dry-taping approach reported by Liu and co-workers.”** In this
method, Scotch tape is gently pressed onto the surface of an
organic thin film that has been previously deposited on a
substrate bearing a patterned Au film. When the tape is peeled
off, the semiconductor material directly above the Au pattern and
the Au film itself are selectively removed, while those portions of
semiconductor material sitting directly on the substrate remain,
resulting in the formation of patterned organic semiconductors
on substrates. On the basis of this approach, the patterning of a
variety of solution- and vapor-deposited organic small-molecule
semiconductors on different surfaces has been demonstrated.
This patterning technique allows the direct fabrication of large
arrays of bottom-contact pentacene FETs with high perfor-
mance. Patterned devices exhibited mobilities as high as
0.65 cm*+V ™ '+s~" and on/off ratios of 10°—10”.

Cold welding is a derivative transfer printing technique that
can be used to define source and drain electrodes for top-contact
OTET devices.””* Cold welding differs from transfer printing in
that it relies on the formation of metallic bonds between two
metal surfaces of similar composition for pattern transfer. Cold
welding can occur between gold on the raised regions of a silicon
hard stamp and a gold strike layer on the substrate at room
temperature under applied pressure. However, the high contact
pressure and the subsequent etching process may damage the
active layer of OTFTs, and therefore a highly conformable (e.g.,
PDMS) stamp is needed for cold welding at ambient pressures.
An underetching technique in combination with low resolution
lithography and simple lift-off processing enables the efficient
fabrication of OTFTs with controllable channel lengths.***
Device structures with self-aligned buried gate and channel
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Figure 28. (a) Schematic process flow for patterning PBTTT polymer films by usinga PMMA dielectric film as a sacrificial layer and 3 M Scotch tape to
selectively delaminate the PBTTT/PMMA films from OTS-covered, hydrophobic areas of the substrate that were prepatterned using a photoresist
pattern defined by photolithography. (b) Schematic process flow for lift-off patterning of PBTTT film on OTS-treated surface areas using 3 M Scotch
tape to strip off the PBTTT and an underlying patterned PI film from the hexamethyldisilazane (HMDS)-treated surfaces. Reprinted with permission

from ref 221. Copyright 2009 Wiley-VCH Verlag.
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lengths below 0.4 um can also be fabricated on polymer
substrates. An electrode-peeling transfer method was developed
for fabrication of flexible OTFTs; this method is compatible with
other patterning techniques, such as microcontact printing and
transfer printing.”** The method involves the use of a SAM as a
connecting buffer layer between the electrodes and the dielectric
layer. An adhesive Scotch tape substrate was attached on the top
of the gate electrode and was then peeled off from the glass
substrate together with the source—drain electrodes/dielectric
layer/gate electrode multilayer.

The soft molding in reverse (SMIR) technique can be used to
pattern not only the polymer active area for polymer TFTs but
also the channel at the same time.**” It is a parallel process where
the polymer being patterned is put under similar conditions as in
drop casting, such that molecular ordering of the polymer can
take place. The key step in SMIR is to place a PDMS mold with
the polymer solution onto the polymer gate dielectric layer, and
then the solvent in the polymer solution starts evaporating in the
void and permeates out of the PDMS walls, slowly thickening and
solidifying providing, in the process, a sufficient period of time for
orientation of the molecules. The pattern-formation process is
the same as for soft molding, only this time in reverse, that is,
while the mold is in place. The channel can be finally defined by
simply carrying out a blanket metal deposition as the solution
thickens and solidifies. The ability of this technique to define the
channel length in the process of patterning the active area is a
distinct advantage that is quite useful in studying and fabricating
polymer TFTs.

Many other patterning techniques based on new mold materials
have also been employed for creating micropatterns to fabricate
OTFTs. For example, a simple and direct patterning method has
been introduced for patterning pentacene OTFTs that involves a
blanket deposition of pentacene on a mold followed by transfer of
the pentacene on the mold onto the active area of the OTFT.”** A
UV-curable poly(urethaneacrylate) (PUA) mold is sufficiently hard
and yet flexible enough for the patterning. The hardness of the mold
makes it possible to fabricate sub-100 nm patterns, while the
flexibility of the mold allows for conformal contact and reduces
processing pressure. The electrical performance of an OTFT
fabricated by this method was similar to that of an OTFT fabricated
by the conventional shadow-mask technique. While this method is
simple, the surface on which the pentacene can be deposited is
limited to that of the mold material, and thus the freedom to choose
a surface giving larger pentacene grain size is lost. To remove this
restriction, a gate dielectric of choice needs to be coated onto the
PUA mold and pentacene then deposited on the coated dielectric
for fabrication of top gate pentacene TFTs.”*

A technique known as “hot lift-off” was developed by Wang
and co-workers to fabricate an array of 7- by 7-um organic
semiconductor squares.”>* In this technique, a partially cured
epoxy stamp is conformally contacted against an organic semi-
conductor with an applied pressure in order to induce local
fracture of the organic semiconductor along the patterned edges
of the stamp. This process is similar to other patterning techni-
ques, such as cold welding®** and microcutting.>*"*** Because
the work of adhesion between the epoxy and the organic
semiconductor is greater than the work of adhesion between
the substrate and the organic semiconductor, the organic semi-
conductor can peel off with the epoxy stamp in the regions of
contact, leaving behind a patterned organic semiconductor in the
noncontact regions on the substrate. The method can be used to
rapidly pattern large areas at one time in the open air, which

makes it an attractive alternative approach to conventional
organic semiconductor microcrystalline patterning techniques
which offers great promise for the fabrication of organic inte-
grated devices.

3.5. Patterning by Inkjet Printing

Print technology borrowed from the graphic arts and news-
paper industry can be adapted in principle to the production of
large-volume organic electronics. In particular, inkjet printing is
facilitating initial exploration of various aspects of printed
electronics in a laboratory setting. Inkjet printing is an attractive
patterning technique because it requires no physical mask, has
digital control of ejection, and provides good layer-to-layer
registration. This technology is compatible with flexible sub-
strates, and can be adapted to high-throughput manufacturing
processes, such as roll-to-roll printing methods. The initial
impetus to create jet-printing technology came from display
manufacturing based on the deposition of polymer light-emitting
diodes (PLEDs), and now inkjet printing has been developed as a
potential manufacturing method for broad applications, such as
organic TFT active matrix backplanes, large-area wireless power-
transmission sheet, solar cells, conductive structures, memory
devices, sensors, and biological/pharmaceutical tasks.233723°
This section will focus on the development of its use in the
fabrication of OTFTs and organic circuits; other reviews on
inkjet printing provide additional details.>****%**’

Inkjet printing is a material-conserving deposition technique
used for liquid phase materials. These materials, or inks, consist
of a solute dissolved or otherwise dispersed in a solvent. A drop-
on-demand (DOD) piezoelectric inkjet printing system is most
commonly used due to its high placement accuracy, controll-
ability, and efficient usage of materials. The piezo actuator is
outside the print-head cavity and does not interact directly with
the printing ink, whereas in thermal jet printers the ink is heated
to vaporization and requires inks that are not damaged by this
process. Piezo actuation also provides greater control over
droplet ejection because the waveform that drives the actuator
can be tuned for different materials and to control the ejection
velocity. One limitation of the resolution for thermal and piezo-
electric inkjet printing is the size of the nozzle. To increase the
resolution of printed features, an electrohydrodynamic jetting
(EHJ) technique to achieve submicrometer resolution has been
developed by Park and co-workers,*® resulting in feature sizes in
the range 240 nm to S xm.

For example, the feasibility of employing inkjet technology
with sub-femtoliter droplet volumes has been demonstrated,
which allows definition of metal contacts with single-micrometer
resolution on the surface of organic semiconductors to create
high-performance OTFTs and low-power complementary
circuits.”®” The use of the sub-femtoliter inkjet system for
printing Ag nanoparticles is illustrated in Figure 29. The amount
of organic solvent dispensed during subfemtoliter inkjet printing
is extremely small, and the Ag nanoparticle calcination tempera-
ture after subfemtoliter inkjet printing is low (130 °C); therefore,
the morphology of the organic semiconductor is not disturbed.
However, the main limitation of the sub-femtoliter inkjet system
is the relatively small throughput, which is a consequence of the
time required to cover large areas with multiple printing passes.

Other high resolution inkjet printing techniques have also
been developed for definition of electrode gaps on a 100 nm
scale.***7** A novel bottom-up self-aligned printing (SAP)
technique with two simple additive printing steps has recently
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Figure 29. Printed Ag nanoparticles using a sub-femtoliter inkjet.
Optical microscope image (a) and atomic force microscope (AFM)
image (b) of fine dots of Ag nanoparticles deposited by sub-femtoliter
inkjet printing on the surface of a thin pentacene film after calcination at
130 °C. The diameter of the dots is ~2 xm, and the thickness is 30 nm.
The dots were formed with a single printing pass. (c) Optical micro-
scope image of inkjet-printed Ag lines after a single printing pass before
calcination. Linewidths between 1 and S um were obtained in a
controlled manner by adjusting the electric field inside the inkjet nozzle.
(d) Optical microscope image of inkjet-printed Ag lines after a single
printing pass and after calcination at 130 °C. Lines with a line width
down to 2 um are uniform and continuous over large areas. (e) Optical
microscope image showing the effect of multiple-pass printing on the
evolution of the morphology of an inkjet-printed Ag line after calcina-
tion. The effective thickness of the line increases from 30 nm after a
single pass to 600 nm after 20 passes. (f) Evolution of the electrical
resistivity of inkjet-printed Ag lines with the number of passes after
calcination at 130 °C for 1 h in nitrogen. Reprinted with permission from
ref 239. Copyright 2008 PNAS.

been demonstrated that is capable of 100 nm resolution while
preserving high yield and uniformity.”*' The SAP technique is
based on printing a first PEDOT-PSS electrode pattern, subject-
ing its surface to a carbon tetrafluoride (CF,) plasma treatment
so that it becomes repulsive to the ink, and then printing a second
PEDOT-PSS electrode pattern along the edge of the first
electrode, such that the ink droplets flow off the first conductive
electrode and dry in close proximity to, but not in electrical
contact with, the first printed electrode (Figure 30a). However,
in this device configuration, in which the two linear electrodes
printed from multiple droplets run parallel to each other, a

surface
layer

1st PEDOT/surfactant

2nd
T~pEDOT—

Figure 30. (a) Schematic diagram of the self-aligned printing (SAP)
process. The dashed line indicates the initial position of printed
PEDOT-PSS before dewetting from the hydrophobic surface layer.
(b) Optical micrograph illustrating dewetting of pure PEDOT-PSS layer
from benzalkonium chloride surfactant-modified PEDOT-PSS. Left:
incomplete dewetting and pinning without postprinting anneal of the
first pattern. Right: complete dewetting after postprinting anneal.
Reprinted with permission from ref 241. Copyright 2005 Wiley-VCH
Verlag. (c) SEM images of “T-shaped” SAP gold electrodes, where the
second contact is printed at an angle of 90° with respect to the first one
and the channel width is defined by a single droplet. The naturally
rounded shape of the droplet conforms to the edge of the first electrode
and is deformed into a straight line along the edge of the first contact. In
this region, a sub-micrometer electrically insulating gap is created. This is
magnified in panel (d), where a clear gap of ~200 nm can be observed.
Reprinted with permission from ref 243. Copyright 2010 American
Chemical Society.

significant number of devices are shorted. Therefore, a new
configuration based on T-shaped single droplet contacts has
been developed very recently which, by favoring a better under-
standing and control of the SAP process, allows the achievement
of a surprisingly high device yield of 94—100% on arrays with
very low leakage currents.”*> In the T-shaped architecture, the
channel formation is determined by the fluid dynamics and
dewetting of a single droplet only and allows easier optimization
than for two parallel printed electrode lines, resulting in high
yields of electrically insulating electrode gaps without shorts
(Figure 30c).

Acoustic inkjet printing has been used to deposit a polymeric
semiconductor onto patterned metal source—drain contacts.”**
In brief, a high-frequency transducer attached to the back of an
acoustic lens launches an acoustic wave through the lens. The
lens focuses the acoustic energy, forming a pressure wave that
overcomes the surface tension of the liquid standing over the lens
and expels a drop from the surface. The nozzleless design
minimizes clogging of the ejector, a common problem with
thermal or piezo inkjet printers. The resulting P3HT TFTs in a
coplanar device geometry exhibited a mobility of 0.1 cm”- V™ '-s™ '
and on/off current ratios of ~10°.

Inkjet printing can work well with a range of metal nanopar-
ticles, such as gold and silver, which are useful for low-cost
OTFTs.>*** For example, silver nanoparticles stabilized with
poly(vinyl pyrrolidone) (PVP) can be utilized as inkjet-printable
precursors for fabricating source—drain electrodes for organic
transistor devices.”* The transistors prepared with inkjet-
printed source—drain electrodes not only exhibit better FET
characteristics than transistors based on vacuum-evaporated
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silver electrodes, but they also reveal a temperature-dependent
annealing behavior. Surface dangling oxygen atoms of PVP
induce an interface dipole, which causes an increase in the work
function of the printed electrodes, thus facilitating the injection
of charge carriers into the organic semiconductor.

Inkjet printing can also be employed with organic semicon-
ductors, via-hole interconnections, and resistors for OTFT's and
organic circuits.”*">*> Polymeric semiconductors are most
suitable for inkjet printing since their physical properties may
be tailored by simple material design. For example, polymer
segment length—which is directly related to the molecular
weight and, hence, viscosity—has a critical impact on the flow
properties of dilute polymer solutions in the inkjet printing
process. Inkjet printing of active layer inks, such as a regioregular
polythiophene (PQT-12), F8T2, and P3HT, have been demon-
strated. There are also several examples of small molecules
deposited by inkjet printing, such as TIPS-pentacene, other
pentacene precursors, and oligothiophenes. Recently, top-gate
OTFTs have been fabricated on plastic substrates with the
n-channel polymers deposited by inkjet printing.”*®> These
inkjet-printed TFTs showed electron mobilities >0.1 cm*-V™'-s~
and acceptable device characteristics.

3.6. Patterning by Other Printing Techniques

Other printing techniques refer to methods in which patterns
of materials are applied to a substrate simply by physical contact
or exposure through the use of nozzles or masks. The compo-
nents of OTFTs, from the metal contacts to the insulating
elements to the active transport layers, can be patterned by
various printing methods, whether these electronic materials are
supplied in vapor, liquid, or solid form. Depending on the
characteristics of the techniques involved, experimental demon-
strations of discrete OTFT devices or circuits have been achieved
by these methods, either independently or in combination with
other patterning techniques.

Materials can also be deposited in the vapor phase using
organic vapor jet printing (OVJP), which can provide an alter-
native to shadow masking for defining patterns using scanned,
small-diameter nozzles.”***** In OVJP, organic molecules are
sublimed into a hot inert carrier gas and expanded through
microscopic nozzles forming a highly collimated gas jet. The jet
impinges on the cooled substrate, forming well-defined thin film
deposits. Pattern resolution and printing speed are controlled by
the nozzle diameter, nozzle-to-substrate distance, downstream
pressure, and molecular mass of the carrier gas. This direct, mark-
and solvent-free printing technique has been successfully em-
ployed for patterning of pentacene for low-cost OTFT applica-
tions. Pentacene transistors were grown255 using OVJP at local
pentacene deposition rates of 700 A/s, having an effective
channel hole mobility of 0.25 cm®+ V™ '+s™ " and on/off current
ratios of 7 X 10°.

The shadow-mask patterning technique, which has been
demonstrated for the use of commercial organic light emitting
diode (OLED) displays, can also pattern the electrodes and
organic semiconductors in OTFTs. In this process, metals or
small molecules emerge in a directed flux from a source in a
physical vapor deposition system and travel through openings in
masks placed near the surface of the substrate.”*® The high
vacuum under which the deposition is carried out ensures that
the mean free path of the evaporated species exceeds the distance
between the source and substrate, and finally the evaporated
materials travel in a directional manner through the gaps in the

mask and onto the substrate. An advantage of shadow-mask
patterning is that, in principle, the masks can be placed and
aligned within the deposition system without breaking the
vacuum. In fact, the shadow-mask technique is still one of the
most common methods for patterning source—drain electrodes
of organic transistors.”>” However, shadow-mask approaches
have disadvantages that include moderate resolution, inefficient
materials utilization, requirement for a high vacuum environ-
ment, and patterned areas which are limited by the size of the
chamber and of the mask. Polymeric shadow masks have recently
been used to fabricate pentacene TFTs and circuits, due to their
mechanical flexibility and high resolution.”>® Pentacene-based
integrated RF-ID circuits have been powered by near-field
coupling at radio frequencies of 125 kHz and above 6 MHz.

Laser-based printing refers to methods that allow a laser to
direct the deposition of templates or functional materials onto a
device substrate. These techniques include laser-induced thermal
imaging (LITI) 2% laser-induced forward transfer (LIFT),260
and selective laser sintering,m1 which have been used for
patterning organic components of fully operative OTFTs. Blanchet
and co-workers used LITI to pattern conductin% 9polymer
electrodes on flexible substrates for pentacene TFTs.”>” LITI is
a solventless thermal imaging technique and is based on the
thermal effect of a continuous wave laser, carefully imaged on a
donor substrate, by which a material is transferred from a donor
to an acceptor substrate placed in contact (Figure 31a). Bottom-
contact pentacene TFTs with printed PANI/SWNT electrodes
showed charge-carrier mobility of 0.3 cm>-V~'+s™", which is
twice as high as that of OTFTs with gold electrodes
(0.15em>-V 'es7h).

Both metal contacts and organic semiconductors can be
patterned using LIFT for the fabrication of OTFTs.**® Under
the action of a single laser pulse of a Nd:YAG picosecond laser at
355 nm, a small portion of the desired material was transferred
from a donor to an acceptor substrate, placed in close proximity,
and a square mask was used to select a homogeneous part of the
beam, which was imaged on the donor thin layer using a
converging lens. Both bottom- and top-contact OTFT devices
were fabricated by LIFT in this way, in which source and drain
electrodes were deposited from silver nanoparticle ink and
copper phthalocyanine (CuPc) was used to form the active layer.
The challenge with this method is to transfer very thin layers of
functional materials and to obtain well-resolved deposit patterns,
which is particularly critical in the case of the electrodes, in order
to control the OTFT channel dimensions.

Low-cost and high-resolution carbon electrodes can be easily
achieved by selective laser sintering of carbon films formed from
carbon solution.”®" This method has been used to pattern
carbon-paste electrodes in a process whereby the laser-irradiated
region of the solution-processed carbon film remains, and the
other parts are washed away (Figure 31b). The resulting carbon
electrodes are compatible with most organic solvents and give
high performance pentacene TFTs with channel lengths down to
2 pum, owing to the low carrier injection barrier at the carbon/
organic interface. Advantages of this technique include the
achievement of transparent carbon electrodes without using a
vacuum process or lithography and the easy realization of
programmable pattering.

Screen printing is a printing technique that uses a mesh to
support an ink-blocking stencil. The attached stencil forms open
areas of mesh that transfer ink as a sharp-edged image onto a
substrate. A squeegee is moved across the screen stencil, forcing
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Figure 31. (a) Illustration of the laser-based printing processes. (a) Two flexible films, a multilayer donor and an acceptor are held together by a vacuum.
The laser beam is focused onto a thin absorbing layer that converts light into heat, an optional ejection layer is placed directly underneath, and a
DNNSA—PANI/SWNT conducting layer coated on top. The heat generated at the metal interface decomposes the surrounding organic material
creating a gas bubble that expands and propels the conducting layer onto the receiver. After imaging is completed, the donor and receiver films are
separated. Reprinted with permission from ref 259. Copyright 2003 American Institute of Physics. (b) Fabrication of the carbon electrode pattern.
Reprinted with permission from ref 261. Copyright 2009 American Institute of Physics.

solution-based ink past the threads of the mesh in the open areas.
Removing the screen leaves a pattern of ink in the geometry of
the openings in the mesh. Screen printing is more versatile than
traditional printing techniques for several reasons: it is compa-
tible with a variety of organic materials as inks, it is a simple
process carried out at ambient pressure (unlike lithography), and
it enables low-cost printing on flexible substrates. An obvious
disadvantage of this technique is the relatively low resolution
(~75 um), especially for forming the critical dimensions in
transistors. However, recent improvements have indicated that
features as small as 30 #m can be achieved.**> OTFTs and
inverters were fabricated using screen-printed electrodes. The
screen printing ink was formulated with silver nanoparticles,
which have high conductivity, and carbon black, which has a high
work function, in the ratio of 30: 70 wt.%. However, further
increases in resolution are required in order to be able to define
the channel lengths in transistors.

So far, the traditional technologies of offset, gravure, and
flexographic printing with state of the art resolutions in the range
of 20 um have only been optimized for visual image properties.
For polymer electronics, however, the focus of printing is now
shifting from visuality to functionality. The successive deposition
of the different layers required for polymer FETs remains a
challenge as a result of the stringent requirements on the
apparatus as well as ink chemistry and rheology. There have
been some efforts to pattern the source and drain electrodes b
using a laboratory scale offset or flexographic printing,>*>~2%¢
Recently, integrated circuits were successfully fabricated solely by
means of these mass-printing techniques.”®> The source—drain
electrodes, polymeric semiconductor, and dielectric were pat-
terned by using offset, gravure, and flexographic printing, respec-
tively, and the circuits were completed by flexographic printing of
the gate electrodes in a fast, continuous mass-printing process.
The gate electrode and scan bus lines of OTFT-backplane can be
printed by combining screen printing and reverse offset printing
with Ag ink as a conducting ink. In the printing process, screen
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printing was applied to uniformly deposit Ag ink thin film over
the entire area of substrate, and then etching resist was deposited
and patterned by reverse offset printing. The final gate electrodes
were obtained through etching Ag ink layer in the exposed
areas. By using this process, the line feature of 50 um was easily
obtained.*®”

The use of gravure for the printing of organic electronic
devices is very attractive due to its very high throughput, optimal
control of feature size, ability to use any substrate, ability to
independently vary printing plate/ink/substrate temperature,
and its ability to use a very wide range of potentially aggressive
inks, solvents, and particulates.”*® The gravure printing process
uses a metallic roll, in which the images to be printed have been
etched or engraved into its surface. The patterns are filled with
ink, and any excess is subsequently wiped off using a blade which
is tightly pressed against the roll, the doctor blade. The inked and
wiped surface of the roll then comes into contact with the
substrate, which is pressed against the gravure roll with the use
of an imprint roll, and the ink is transferred from the rolls’
patterns to the substrate, completing the print. The resolution of
the print is highly dependent on the quality of the patterns on the
roll, and the surface and shape properties of the nonpatterned
areas. The minimum size of printed features is determined by the
size of the patterns on the roll, the amount of ink they deposit,
and the wetting properties of the ink. In printed electronics,
minimizing feature sizes is critical to enabling high performance,
low power, and low cost. A recent work has combined the mass
printing techniques (flexography and gravure printing) for the
realization of source/drain electrodes by employing effects of
surface wetting and dewetting on heterogeneous substrates.
OFETs with a channel length of 10 um were produced solely
by means of highly productive methods.®

The mass production technique of gravure contact printing is
used to fabricate state-of-the-art PZHT FETs.>”® Gravure contact
printing is a fast and simple technique traditionally with the
highest throughput in comparison to other mass printing
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Figure 32. (i) Schematic of the gravure printing process with the planar
cliché used in this work (industrial roll-to-roll gravure uses a cylindrical
cliché). The substrate is fixed to a cylinder which is free to rotate. The
cliché moves from left to right. The doctor blade on the left of the figure
scrapes ink into the cells as the cliché moves. Insets: (a) ink transfer from
the cliché cells to the substrate; (b) spreading of the ink to form a
uniform film; (c) solvent evaporation; and (d) deposited thin film. (ii)
Sequential gravure printing of the transistor: P3HT (3% by wt in Indan)
(iia); after the addition of poly(2-hydroxyethyl methacrylate)
(PHEMA) (iib), of cross-linked XL-PHEMA (a cross-linkable version
of PHEMA) (iic), and of Ag ink gate (iid). Reprinted with permission
from ref 270. Copyright 2010 Wiley-VCH Verlag.

techniques. The gravure contact printing process is illustrated in
Figure 32i. As the cliché (printing plate) moves from left to right,
ink deposited at one end of the cliché is scraped by the fixed
doctor blade into the cells, and any surplus is removed. A drum,
which is synchronized with the cliché motion, is pressed down
onto the cliché and picks up the ink in the cells as the plate passes
underneath it. For successful ink transfer, the surface energy and
wetting behavior of the substrate must be more favorable to the
ink than those of the cliché (Figure 32i, inset a). Also, the shear
forces, dependent on the printing speed and ink shear behavior,
must allow the ink to be pulled onto the substrate. The ink
droplets transferred from the cells must then flow together to
form a continuous pattern (Figure 32i, inset b), and the solvent
then evaporates (Figure 32i, inset c) leaving behind a layer of
material in the print pattern (Figure 32i, inset d). FETs were
sequentially fabricated using gravure-printed P3HT, two insula-
tor layers, and an Ag ink top metal gate (Figure 32ii). Printing in
ambient and using thlS bottom-contact/top- gate geometry, an
on/off ratio of >10* and a mobility of 0.04 cm®-V ™ '-s™ " are
achieved. This rivals the best top-gate polymer FET's fabrlcated
with these materials.

A roll with more than 50000 transistors has been produced
completely by means of gravure printing. A special printing

layout was developed in order to avoid register problems in print
direction. Upon using this layout, contact pads for source/drain
electrodes of the transistors are printed together with the gate
electrodes in one and the same printing run.””" The principle
suitability of the gravure printed transistors for integrated circuits
has been shown by the realization of $-stage ring oscillators. It has
been recently demonstrated that screen printing and gravure
printing may be highly versatile and could be very appropriate to
dep051t organic semiconducting layers.””> These fast “single
step” processes combined with amorphous semiconducting
polymers give thin, uniform, and reproducible layers. The
performances of printed or spin-coated films are similar and lead
to robust and reliable full printed transistors and logic functions.

Polymeric transistors and functional integrated circuits can
also be fabricated by combining pad printing and blade
coating.”” In pad printing, a flexible pad picks up the ink from
a pattern engraved into a plane plate and transfers it to the
substrate. In blade coating, a blade is moved over a substrate
(with a small blade—substrate gap) and spreads a liquid in front
of it to form a film. Both methods combine what is needed for
polymer electronics production: fine patterning and thin film
capability. The laboratory equipment is able to be used in a batch
process which should enable scaling up of the process to a roll-to-
roll process with a continuously moving substrate.

4. OTFT FABRICATION METHODS

4.1. Introduction to OTFT Constitution and Device Design

A typical OTFT consists of the following elements: electrodes
(gate, drain, and source), a dielectric layer, and an organic
semiconductor layer (Figure 33). There are three popular
geometries used for OTFTs, as shown in Figure 33: bottom
gate, top contacts (BG—TC); bottom gate, bottom contacts
(BG—BC); top gate, bottom contacts (TG—BC). For the BG—
TC geometry, excellent electrode/organic layer contact and high
performance transistors can be obtained and this geometry is
usually used for research aimed at developing new materials for
OTFTs. Although the BG—BC geometry is a more feasible
configuration for many practical applications, unfortunately, this
geometry commonly results in much lower device performance
due to the poor contacts. The TG-BC geometry is considered to
be a potentially promising configuration for large area printed
electronics and also ensures good dielectric/single-crystal con-
tact for single-crystal FETs.

Engineering of the transistor structure can lead to improved
device performance and stability of organic systems on flexible
substrates that are presently the subject of widespread research
and commercialization efforts, because of the advantages that
they offer in terms of durability, weight, and ease of transport/
use. For example, a 19-by-37 cell organic transistor-based
stretchable active matrix has been fabricated by combining
printing, vacuum evaporation, and mechanical processes by
taklng full advantage of an SWNT-based elastic conductor and
paste.'’ A few steps toward integration of new architectural
possibilities in organic electronics have also been made. Cylind-
rical OFETSs have been obtained starting from a metallic fiber
used in textile processes (Figure 34a), which paves, the way
toward innovative applications of textile electronics.””* Vertical
FETs, where the channel length is determined by the film
thickness, have been shown to be a promising means of drama-
tically increasing the current in an organic transistor by con-
siderably reducing the channel length. Vertical FETs can be
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Figure 33. Three common geometries of organic thin-film transistors. From left to right: bottom gate, top contacts (BG—TC); bottom gate, bottom
contacts (BG—BC); top gate, bottom contacts (TG—BC). S: source; D: drain; G: gate.
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Figure 34. (a) Structure of a cylindrical OFET. Reprinted with permission from ref 274. Copyright 2006 American Institute of Physics. (b) Vertical-
channel FETs with source —drain electrodes for two submicrometer, E1-E2 and E3-E4 (two planar source —drain pairs). Reprinted with permission from
Science (http://www.aaas.org), ref 232. Copyright 2003 American Association for the Advancement of Science. (c) Schematic representation of an
inverter with vertically stacked pentacene thin film transistors. Reprinted with permission from ref 277. Copyright 2009 American Institute of Physics.
(d) Schematic illustration and side view of a grid-patterned source electrode vertical FET. Reprinted with permission from ref 278. Copyright 2009

American Institute of Physics.

fabricated by means of solid-state embossing (Figure 34b),***
excimer laser treatment,” photolithograghy,276 and nanoscale
self-assembled templates (Figure 34c).>”7 A vertical organic
inverter can also be introduced that consists of two p-channel
transistors. The structure of the vertical inverter involves one
pentacene transistor stacked on top of another pentacene
transistor, and the two transistors have different polymer di-
electrics (Figure 34d).>”® Utilization of two different dielectrics
enables each of the two transistors to behave as a drive and load
transistor for the inverter.

In addition to the three conventional configurations shown in
Figure 33, an encapsulation layer is often used in the device
architecture to protect the functional devices. For example, a
TiO, layer acts as a scavenging and passivation layer for removing
O, and H,O from semiconducting polymers and prevents
penetration of O, and H,O, and thereby leads to a significant
improvement in the lifetime of OTFTs when they exposed to
air.””® As the thin TiO, layer is flexible and can be deposited from

solution, its use can reduce the air sensitivity of flexible organic
electronic devices to the point where low-cost encapsulation
materials should be capable of generating sufficiently long
operating lifetimes to be used in commercial products. Self-
encapsulation of polymer TFTs by depositing a blend of
semiconductor and encapsulant from solution provides an alter-
native way to minimize damage to the semiconductor layer by
exposure to the environment.”*® Alternatively, combining a
Teflon passivation layer with Teflon electrets can allow functio-
nalization of the protective capping layer as a second gate in order
to control the threshold voltage of transistors.*"

4.2, Deposition of Organic Semiconductors

The development of OTFTs has largely depended on progress
in the deposition techniques and molecular design of organic
semiconductors, which are a key component in OTFTs. New
organic semiconductors with desirable properties have been
synthesized by materials chemists, but new deposition
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Figure 35. (a) Schematic illustration of the friction-transfer process. Reprinted with permission from ref 284. Copyright 2004 American Institute of
Physics. (b) Schematic view of a parallel arrangement of the columnar HBC stacks with respect to the underlying PTFE polymer chains. (c) Molecular
and supramolecular structures of the hexa-peri-hexabenzocoronene (HBC) derivatives (left). Optical microscopy images under cross polarizers of
aligned HBC films on oriented PTFE. Transmitted-light-intensity maxima were observed for films positioned with the alignment direction 45° to the
polarizers (middle), and minima for films oriented parallel or perpendicular to the alignment direction (right). Reprinted with permission from ref 286.

Copyright 2003 Wiley-VCH Verlag.

techniques are still required for low-cost, large-area manufactur-
ing processes; these require initial development and optimization
in the laboratory. Many experimental techniques for patterning and
printing of organic semiconductors have been reviewed in the above
sections, and this section will focus on deposition techniques for the
alignment of organic semiconductors, although other new deposi-
tion methods are also discussed.

4.2.1. Friction-Transfer Technique. The friction-transfer
technique was proposed by Wittmann and Smith for preparation
of a highly oriented poly(tetrafluoroethylene) (PTEE) film.***
The PTFE film can be deposited on clean metal or glass surfaces
by squeezing and drawing a PTFE block on suitable substrates.
The friction-transfer technique offers attractive advantages for
polymer film preparation since no solvents are required and it is
therefore independent of solubility considerations. Many con-
jugated polymer films can be prepared by this technique and have
been used as the active component in OTFTs. For example, the
chain axis of P3HT strongly tends to align along the PTFE
friction-transfer direction when P3HT is solvent-cast on a PTFE
layer.”®* The field effect mobility is highly anisotropic, with the
higher mobility along the friction-transfer direction of PTFE.
The origins of the anisotropic properties of this film are likely to
be its intrinsic properties as well as its topography.

Well-aligned, highly crystallized conjugated polymer thin films
can also be prepared by a drawing method without using solvents
and without using underlying alignment layers.”® In this case, a
pellet made by compressing a powdered conjugated polymer is
drawn on the substrate (Figure 35a). Regioregular poly(3-
dodecylthiophene) (P3DDT) and P3HT thin films have been

prepared for use in polymer FETs, and a mobility enhancement was
observed for current flow along the friction-transfer direction. In the
case of P3DDT-based devices, hole mobilities along the drawing
direction were enhanced by a factor of 20—70 compared with
conventional spin-coated films. This mobility enhancement arises
from the molecular alignment of the polymer

Small molecules such as pentacene % and hexa-peri-hexabenzo-
coronene (HBC) derivatives”®® can also orient uniaxially on PTFE
alignment layers. It was observed that the field-effect mobility

of pentacene along the molecular columns was 4.2 x 10" cm”

V!5, which Jwas about 100 times higher than that along the
friction direction.”®® From electron diffraction and polarized absorp-
tion measurements, it was concluded that pentacene molecules
adsorb in an edge-on geometry on the PTFE layer, with molecular
columns aligned normal to the sliding direction, resulting in the
opposite results of the previous P3DDT devices. For HBC deriva-
tives, the columnar stacks in HBC films were oriented parallel to the
underlying PTFE chains (Figure 35b).>* ¢ From the optical i images,
it can be seen that well-aligned HBC films were grown on the PTFE
surface, while randomly oriented morphologies were observed on
substrates where the alignment layer was absent (Figure 35c).
Devices with the channel parallel to the columnar pathway exhibited
higher field-effect mobilities than those of devices with columns
perpendicular to the channel.

4.2.2.Rubbing Alignment Technique. Rubbing alignment
has already widely applied in the display industry: for example, a
rubbing alignment brushing prototype machine has been re-
cently used to brush large-area substrates for liquid crystal
displays.”®” Application of rubbing alignment in the fabrication
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of OTFTs was first reported by Sirringhaus and co-workers and
afforded enhanced mobility in polymer FETSs through the
alignment of liquid-crystalline polymers.”*® The enhanced mo-
bility of F8T2 FET's was explained in terms of alignment of the
polymer chains parallel to the transport direction with the helzp
of a rubbed polyimide layer. High mobilities of 0.01—0.02 cm” -
V-5 ! were found along the rubbing direction for F8T?2 in the
nematic glassy phase. The rubbing alignment technique can
therefore be used to prepare surfaces with aligned features, and
polyimide and poly(vinylalcohol) (PVA) are commonly used as
the rubbed polymer alignment layer for OTFTs.

Other liquid-crystalline semiconductors aligned on rubbed
surfaces, such as a liquid-crystalline oligofluorene semiconductor
in the nematic phase,”®” and derivatives of the liquid-crystalline
semiconductor  §,5”-bis(S-alkyl-2-thienylethynyl)-2,2:5',2"-
terthiophene,””® have also been demonstrated. Small molecules
are another class of semiconductor materials that can be prepared
on rubbed alignment layers. For example, the optical anisotropy
of a pentacene film on a rubbed PVA layer has been reported and
the electrical performance of the resulting pentacene FETSs
depends on the direction of a current flow.””" The electrical
performance of an OFET with a parallel-rubbed PVA layer was
enhanced compared to the performance of an OFET with a
perpendicular-rubbed PVA layer or a nonrubbed PVA layer,
although the morphological effects such as the grain size and
surface roughness were indistinguishable from the OFET on the
untreated PVA layer. A variety of organic semiconductors, such
as p-sexithiophene (0-6T), p-sexiphenyl (a-6P), pentacene,
CuPc, and copper hexadecafluorophthalocyanine (F;5CuPc)
can also be aligned by rubbing.**> The resulting mobilities were
anisotropic with ratios in the range of 15—100, where higher
mobilities were obtained along the rubbing direction.

4.2.3. Photoalignment Technique. The photoalignment
technique differs from the rubbing technique and gives a high
possibility of producing an easy-orientation axis onto the poly-
mer surface in the liquid crystal cell on irradiation by polarized
ultraviolet light. The liquid crystals in an illuminated region can
be oriented perpendicularly to the direction of the polarized
ultraviolet light, and therefore many liquid crystals can be aligned
by such a photoalignment technique. This technique avoids
many of the drawbacks associated with the traditional rubbing
technique for liquid crystal alignment, such as sample contam-
ination, static charge generation, and scratches.??¥*** The photo-
alignment layers for liquid crystals can be polyimide-based
materials®> or poly(4-cyano-4'-methacryloyloxyazobenzene)
(pCNAz).*”® In the case of F8T2, a mobility as high as 0.02 cm®*
V~'s7" has been achieved by aligning the polymer chain
parallel to the charge transport direction on a light induced
pCNAz layer. Using another liquid crystal semiconductor, S,5'-
bis(4—octyloxyghenyl)bithiophene (P2TP), an enhanced mobi-
lity of 0.05 cm”®- V™ '-s~ ' was obtained by alignment of the 77—z
intermolecular packing direction parallel to the charge-transport
direction.””®

Apart from liquid crystal materials, pentacene is the most
popular molecular material for alignment by photoalignment
techniques for fabricating OTFTs with anisotropic electronic
properties. A photoaligned polyimide layer is often used to
control the orientation of pentacene, thus producing films with
strong anisotropic field-effect mobility.”*>**” For example, a
polyamic acid containing azobenzene in the backbone structure
(Azo-PAA) was used to induce preferential orientation of
pentacene molecules. The orientation of the Azo-PAA backbone

was achieved via random rotation of azobenzene accompanied by
angular selective photoisomerization cycles. By thermally imidiz-
ing the photoaligned Azo-PAA film, a stable polyimide film was
obtained with excellent capability for aligning liquid crystal
molecules. In this process, the charge carrier mobility of penta-
cene FETs along the polyimide alignment direction was about
twice that of the perpendicular direction.

Other photoalignment materials can also be used for penta-
cene FETs. A series of highly soluble maleimide-based polymers
with photoreactive pendant groups have been synthesized and
used as a gate dielectric insulator and, at the same time, as an
alignment layer for pentacene FETs.””® Photopolymerization of
polymer-coated OTFTs with linearly polarized UV radiation
resulted in anisotropy in field-effect mobility. The observed field-
effect mobilities and on/off ratios were in the range 0.12—
0.3 cm”- V" '+s" ' and 10°—10* respectively.

4.2.4. Other Alignment Techniques. Magnetic alignment
of an anisotropic molecule originates from the diamagnetism of
organic molecules. A magnetic moment induced by a uniform
magnetic field will interact with this magnetic field and the
molecule will acquire extra energy, which depends on its
orientation with respect to the magnetic field direction. This
results in an orientational force that drives the molecule to
align with its axis of smallest susceptibility along the field
direction.”*”*% In comparison with other alignment techniques,
magnetic alignment has several advantages, since the field exerts a
well-defined, contact-free, torque force on all the molecules and
can therefore be used for thin films as well as bulk samples. Low
molecular weight liquid crystals or liquid-crystalline polymers
can be aligned in magnetic fields,**" and on the basis of this
technique, solution-processed OFETs have been constructed
with a HBC derivative with charge carrier mobilities of up to
10 em®-V '-s"!, which are significantly enhanced with
respect to the unaligned material.**> Exceptionally high mobility
anisotropies of 25—75 for current flow parallel and perpendicular
to the alignment direction have been measured as a function of
the channel length. Atomic force microscopy performed on the
FET structures revealed fibril superstructures that are oriented
perpendicularly to the magnetic field direction, consisting of
molecular columns with a slippage angle of 40° between the
molecules (Figure 36A). For channel lengths larger than 2.5 um,
the fibrils are smaller than the electrode spacing, which adversely
affects the device performance.

The epitaxial growth of organic thin films for OTFTs has also
been studied as a way of achieving molecular alignment. OFET's can
be prepared from an epitaxially grown film fabricated by a
wet-transfer process.303’304 Planar molecules of 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphyrin platinum(II) (PtOEP) were aligned
orthogonally on KBr crystal surfaces along the [110] direction with
an edge-on orientation to the surface normal direction. The epitaxial
film was transferred onto a SiO,/Si surface immediately after
removing the KBr on the water surface to produce the OFETs. A
weak epitaxial growth (WEG) approach has been developed by
Wang and co-workers,®® which produces highly oriented and
continuous organic thin films of disk-like phthalocyanine com-
pounds with the intermolecular 77— interaction direction parallel
to the substrate, leading to a significant improvement of the carrier
transport in OTFTs.

The Langmuir—Blodgett (LB) technique has also been used
for the alignment of HBC:s, triphenylenes, phthalocyanines, and
polymers. For example, HBC molecules formed well-defined LB
films when spread from a solution at the air—water interface.**®
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Figure 36. (A) AFM images of magnetically aligned substituted HBC-based FETs for different channel lengths L and a schematic representation of the
fibril superstructure consisting of molecular columns. (a) L = 30 um, (b) L = 7.5 um, (¢) L = S um, (d) L =3 um, (e) L = 3 um for the opposite
orientation. (f) Internal structure of a fibril, showing evidence for unidirectionally aligned columnar stacks at 40° to the magnetic field. (g) Schematic
representation (top view) of the fibril superstructure, aligned perpendicularly to the magnetic field. The fibrils consist of molecular columns (at 40° to the
field), with the individual molecules aligned along the field with the discs in an edge-on arrangement. The films in (a—d) were fabricated in a horizontal
magnetic field (denoted by the black arrow). In (e), the magnetic field direction points upward. Reprinted with permission from ref 302. Copyright 2005
American Chemical Society. (B) Schematic presentation of the zone-casting technique. Reprinted with permission from ref 308. Copyright 2005 Wiley-
VCH Verlag. (C) Schematic illustration of the solution-shearing method. Reprinted with permission from ref 312. Copyright 2008 Wiley-VCH Verlag.

Regioregular P3HT can be aligned by the LB technique giving®®”
polymer FETs with mobilities as highas 2 x 10 >cm*+ V™ '-s~ .
Preferential alignment of the polymer backbones within the LB
films was detected by polarized UV—visible absorption, but no
significant anisotropic mobility was measured.

The zone-casting technique has been developed to achieve
highly ordered thin films, which allow fabrication of OTFT
devices with improved performance. As schematically presented
in Figure 36B, a solution of or§anic material is deposited by a
nozzle onto a moving support. % In this arrangement, a con-
centration gradient is formed between the nozzle and the
support. At the critical concentration, the material is nucleated
from the solution onto the moving support as an aligned thin
layer. On the basis of this processing technique, both HBC
derivatives and pentacene can be successfully aligned into highly
ordered surface layers.*** 3'! Recently, Duffy and co-workers*""!
fabricated zone-cast pentacene FETs with high field-effect mo-
bilities up to 0.4—0.7 cm®-V_'+s~ " and on/off ratios of 10°—
107. Well-aligned pentacene films were made by zone-casting
from a solution of unsubstituted pentacene molecules in a
chlorinated solvent. A high degree of structural alignment was
confirmed by this study, with out-of-plane 00 reflections up to at
least the seventh order, and a pronounced in-plane anisotropy
with the ag-axis of the triclinic unit cell predominantly aligned
parallel to the zone-casting direction and the ab-plane parallel to
the substrate. These results indicate that zone-casting is a power-
ful technique for the solution deposition of aligned films of small-
molecule organic semiconductors.

Small-molecule semiconductors can also be aligned by a facile
solution-shearing technique.”'> The solution-shearing process is
illustrated schematically in Figure 36C. A small volume of an
extremely dilute organic solution is sandwiched between two
preheated silicon substrates that move relative to each other at a
controlled speed. The bottom wafer is the device substrate, and
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the top wafer acts as the shearing tool, and its surface is modified
to cause dewetting of the solution. The motion of the wafers
exposes a liquid front that rapidly evaporates to produce a
seeding film containing multiple crystal grains. These crystals
act as nucleation sites for the remaining molecules in solution and
thus propagate along the direction of the shearing. Top-contact
OTFTs prepared with solution-sheared semiconductors have
mobilities that are comparable and, more often, superior to those
of drop-cast devices.

Homeotropic alignment of a calamitic liquid crystal can be
simply induced by treating the substrate with a silanizing agent
such as OTS,>" or by simple melt-processing.’'* For example, a
simple melt-processing technique was recently developed to
induce homeotropic alignment of $,5'-bis(4-hexylphenyl)-2,2'-
bithiophene (DH-PTTP) in the channel of an OTFT; this
allowed the thin-film morphology to be controlled leading to
an improved charge mobility. On the basis of the thermal
behavior of DH-PTTP, an OTS-treated glass cover was used to
confine the material on the substrate and prevent dewetting in
the melt. DH-PTTP was either placed as a powder in the channel
of a transistor and an OTS-treated glass cover placed on top, or
the glass cover was placed directly on top of the gold electrodes
and the DH-PTTP powder placed along one edge. The device
was then placed in a hot stage under nitrogen and heated above
the melting point of DH-PTTP. A molten film was formed
between the coverslip and the substrate because of the weight of
the glass cover or by capillary filling from the edge of the cover.
The device was finally completed by cooling at various rates to
room temperature under nitrogen. Bottom-contact OFET's with
mobilities up to 2.6 X 10~ > cm*+ V™~ '+s™ " were fabricated using
this technique.

4.2.5. Other Deposition Techniques. Besides conven-
tional deposition techniques such as spin-coating and drop-
casting, some new deposition techniques have also been

dx.doi.org/10.1021/cr1001904 |Chem. Rev. 2011, 111, 3358-3406



Chemical Reviews

Glass-forming diluent, iv: ~ UHMW-polymer, iii:

diphenylanthracene (1) atactic polystyrene
Semiconductor, ii: Solvent, i;
rubrene (2) toluene

—_—
Casting
Drying
{90°C, 1 min)
N ——— —
Active film RN NS — s

Substrate

(235-245 °C, 2 min)

Substrate

Figure 37. Schematic illustration of the process incorporating a glass-inducing diluent, 5,12-diphenylanthracene. The vitreous nature of the as-cast films
allows, in a subsequent fabrication step, controlled crystallization of the active, semiconducting species rubrene at convenient temperatures that are more
than 100 °C below its melting temperature. Reprinted with permission from Nature (http://www.nature.com), ref 316. Copyright 2005 Nature

Publishing Group.

developed for the fabrication of OTFTs. Recently, a novel and
simple contact-film-transfer method was used for the fabrication
of high-performance polymer TFTs using the polymer/air inter-
face as a charge-transport layer; this allowed the fabrication of
ambipolar OTFTs free from the constraints of conventional
solution-based processes.”'* A single drop of water was placed on
the edge of stacked glass/PEDOT-PSS/P3HT substrates. The
water selectively penetrated into the PEDOT-PSS layer. After the
PEDOT-PSS layer was completely dissolved, the glass substrate
was easily detached from the organic layer, resulting in the
transfer of the P3HT film from the glass to the PCBM transistors.
The transistors exhibited balanced electron and hole mobilities of
2.1 x 10 *and 1.1 x 107 % cm®- V" '+s7", respectively. Com-
plementary inverters based on two identical ambipolar transis-
tors showed good performance with a gain of 14.

A general route for facile fabrication of thin-film devices from
solution, which differs from existing vapor-phase and solution-based
deposition techniques, has been described.>'® The process is
illustrated in Figure 37. The key beneficial feature of the process
is the incorporation of a glass-inducing diluent that enables con-
trolled crystallization from an initial vitreous state of the organic
semiconductor, formed in a selected area of the phase diagram of the
two constituents. The vitrifying diluent did not adversely affect
device performance and stable, discrete rubrene-based transistors
were fabricated, with saturated mobilities of up to 0.7 em®- Vs
and on/off ratios of >10°. The device mobility was nearly tem-
perature-independent, indicative of the high crystalline quality of the
solution-processed, rubrene-based films. Inverter and ring-oscillator
structures were also demonstrated.

The controlled phase separation method combined with a
surface energy patterning process has been used for spontaneous
assembly of thin-film circuits from solution.*"” The polymer
blends employed included PQT-12 as the semiconductor and
poly(methyl-methacrylate) (PMMA) as the insulator. OTS was
patterned to control surface energy. Phase separation on OTS-
treated surfaces can occur via surface-directed spinodal decom-
position: as PQT-12 is less soluble than PMMA in dichloroben-
zene, and solvent evaporation from the top-surface of the film is
faster than solvent diffusion through the film, PQT-12 is
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therefore rejected toward the solvent-rich part of the film. The
three-component solution is strongly quenched in the miscibility
gap near the substrate due to the increased PQT-12 concentra-
tion, forming a transient PQT-12 wetting layer. The performance
of the devices made by phase separation is identical to that of
devices made by conventional means, with the median mobility
of 0.04 cm®- V™ '-s™ ' In addition, the solution blend technique
is effective for optimizing the electronic properties of
devices®'®*" and is a promising method for all-solution-proces-
sable fabrication OTFTs.

The grain size in solution-processed organic semiconductor
thin films can be tuned over 3 orders of magnitude.’** This
process involves the addition of fractional quantities of fluori-
nated S,11-bis(triethylsilylethynyl) anthradithiophene (FTES-
ADT), that are capable of seeding the crystallization of triethyl-
silylethynyl anthradithiophene (TES-ADT). In this unique case,
fractional quantities of FTES-ADT were homogeneously incor-
porated in TES-ADT and no phase separation is observed. This
method is simple and requires no additional processing steps in
device fabrication. Mobilities, ranging from 0.005 cm? Vs
t00.36cm”>- V™ '+s !, showed a strong dependence on grain size.

4.3. Modification of the Dielectric Surface

The properties of the semiconductor/dielectric interface
determine the molecular structure and morphology of the
organic semiconductor, as well as the motion of the mobile
charge carriers in the conduction channel. Therefore, modifica-
tion of the dielectric surface is an important experimental
technique in OTFT research. Tuning of the interfacial surface
can be achieved using SAMs, bilayer polymeric dielectrics,
plasma treatment, or by insertion of insulating layers between
the interfaces. Such modification can affect the uniformity,
packing, conformation, polarity, and charge density of the sur-
face, leading to control over the OTFT performance. Introduc-
tion of dielectric materials in OTFTs is discussed in recent
reviews,”** 323 and here we focus on advances in modification of
the dielectric surface.

4.3.1. SAM-Based Modifying Techniques. One of the

major motives for modifying the dielectric surface is to
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Figure 38. (a) Device structure and (b) photograph of flexible trimethyl-[2,5'5,2",5" 2" ] quarter-thiophen-S-yl-silane (4T-TMS) solution-processed
OFETs. Reprinted with permission from ref 330. Copyright 2009 American Institute of Physics. (c) Schematic structure of fabricated top-contact
pentacene TFTs obtained after CF4 plasma treatment. Reprinted with permission from ref 331. Copyright 2007 American Institute of Physics. (d)
Schematic depiction of the formation of poly(methyl silsesquioxane) from methyltrimethoxysilane and its incorporation as a dielectric top layer in an all-
solution processed OTFT device on PET. Reprinted with permission from ref 333. Copyright 2006 American Chemical Society.

significantly reduce the OFET operating voltage. It has been
widely shown that a powerful way to do this is by using a SAM,
due to the high density of —OH groups on the surface of
conventional inorganic gate dielectrics.’>* Much effort has been
carried out to control the dielectric surface using SAMs, such as
TS, hexamethyldisilazane,325 fluorinated silanes,**° and alkyl-
phosphonic acids.**” For example, anthryl-alkylphosphonic acid
(t—0-PA) SAMs were fabricated on top of aluminum oxide as
the gate dielectrics for low-voltage driven OTFTs which showed
small leakage current densities and subthreshold slopes.*””

The physical interactions at the semiconductor/gate dielectric
(SiO,) interface can be controlled by inserting hydrophobic
organoalkylsilanes with an alkyl chain length of C8, C12, C16, or
C18.>*® Depending on the physical structure of the dielectric
surface, which was found to depend on the alkyl chain length of
the SAM (ordered for C18 and disordered for C8), ultrathin
pentacene films adopt different nanostructures near the interface.
The field-effect mobilities of the resulting FET devices varied by
more than a factor of 3 depending on the alkyl chain length of the
SAM, reaching values as high as 0.6 em?V 'es7! for the
disordered SAM-treated dielectric. This enhancement of the
electrical properties can be attributed to laterally well-ordered
crystallites and large grains in the pentacene submonolayer in the
system with an organosilane SAM with short alkyl chains; this
results from a higher lateral diffusion mobility of pentacene
molecules on the SAM-treated dielectric surface during the
deposition.

In a recent paper, Virkar and co-workers have shown the
importance of phase and order of the organic dielectric surface
modification layer in achieving two-dimensional (2-D) growth of
subsequently vacuum-deposited organic semiconductors in pen-
tacene and Cgp>>” The LB technique was employed to

systematically vary the organization and density of the OTS
monolayers. In this process, amphiphilic OTS molecules were
compressed by applying a lateral pressure to the monolayer film
at the air—water interface. With increasing applied lateral pres-
sure, the film underwent a transition from a 2-D gas to a 2-D
liquid and finally to an ordered 2-D solid. As a result of the
increase in density of the OTS, a substantial improvement in the
charge-transport characteristics was obtained, with mobilities as
high as 5.3 and 2.3 em?V 'sT! for Cg and pentacene,
respectively.

SAMs can also modify the polymer dielectric and form bilayer
polymeric dielectrics for use in flexible OTFTs. A low interface
trap density was achieved by modifying a cross-linked PVP
surface with a phenyl-terminated SAM from 4-phenylbutyltri-
chlorosilane (PBTS).**® The device stacking architecture is
shown in Figure 38a, with a conducting polymeric gate and a
double layered dielectric composed of low-temperature cross-
linked PVP and PBTS SAMs. Through the optimized solution-
shearing process, controlled crystallization of a small-molecule
organic semiconductor film was obtained with favorable charge
transport microstructure and a low bulk trap density. Low-
voltage, solution-processed organic transistors can be fabricated
on rough plastic substrates (Figure 38b), with a carrier mobility
over 0.2 cm*- V™ '+s7!, and a turn-on voltage of near 0 V under
ambient conditions.

4.3.2. Other Modifying Techniques. Plasma treatments
have been widely used to modify surfaces or define patterns in
organic polymer films. The surface wettability or surface energy
of the dielectric surface can often be tuned to match those of
organic semiconductors by this technique. Recently, low-k and
high-k hybrid gate dielectrics for pentacene TFTs were modified
by CF, plasma treatment.>*' After CF, plasma treatment,
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fluorine atoms diffuse into the interior of the low-k polymer and
eliminate ionic impurities which reduce the leakage current
density and overall pentacene initial growth on the superhydro-
phobic surface is significantly improved (Figure 38c). Excellent
device performance was obtained, with maximum field-effect
mobility of 1.41 cm?-V_'+s7!, alow threshold voltage of +1V,
and on/off current ratios of 10°. Appropriate surface treatment of
oxygen plasma-enhanced chemical vapor deposited (PECVD)
silicon nitride (SiN,,) and silicon oxide (SiO,) as gate dielectrics
can also be used to improve the performance of solution-
processed OTFTs, and integration of OTFT circuits targeted
for flexible and lightweight applications.***

A class of polysiloxanes, poly(methyl silsesquioxane)
(pMSSQ), has been used as a modification agent for the gate
dielectric surface in OTFTs. 3333 pMSSQis solution-processa-
ble and its solution viscosity in various organic solvents can be
tuned by varying the cross-link density to suit common solution
deposition processes. It is also self-cross-linkable at a tempera-
ture that is compatible with the use of common plastic substrates,
thus enabling fabrication of flexible OTFTs (Figure 38d).** This
polymer modification approach leads to significantly improved
performance of polythiophene-based FETs. The beneficial ef-
fects on transistor performance of surface modification with
pMSSQ are often significantly greater than those obtained using
other silane SAMs.

Dielectric surfaces can also be modified with polymer insula-
tors as bilayer dielectrics for OTFTs. By using this technique, the
air stability of n-channel OTFTs based on N,N'-dioctyl-3,4,9,10-
perylene tetracarboxylic diimide was improved.>** The hydro-
phobic nature of the polymer surface inhibited protonation of the
siloxyl groups on the SiO, surface, leading to fewer SiO™ groups
that can behave as electron traps. Among the polymer insulators
tested, the devices modified with hydroxyl-free polymers exhib-
ited the best air stabilities. The electron trapping effect of the
SiO, layer can also be effectively suppressed by inserting an
alkane layer.>*® A hydroxyl-free insulating material, a long-chain
alkane, tetratetracontate (TTC, C,4Hoo) layer was coated on the
SiO, surface. After the insertion of TTC on the SiO, interface,
the operating mode for a pentacene FET with Al electrodes was
switched from p-type to n-type.

4.4. Contact Engineering

Contact engineering involves the modification of the interface
between source—drain electrodes and the semiconductor, and
deposition of various promising electrode materials by new
experimental techniques. In an ideal OFET, the source and drain
contacts are ohmic, meaning the value of the contact resistance is
negligibly small in comparison with the electrical resistance of the
semiconductor (ie., the channel resistance). However, many
studies on real devices have shown significant nonohmic beha-
vior at the metal—organic contacts. Especially when downscaling
the device, the channel-length independent contact resistance
acts as a “bottleneck” that limits the performance of the
transistor. It is therefore necessary to reduce contact effects by
means of contact engineering. This section will discuss the
contact engineering of three kinds of contact materials, namely,
metal materials, organic conductive materials, and carbon-based
materials.

4.4.1. Metal Electrodes. One of the simplest modification
techniques to reduce contact resistance is to form a SAM on top
of the metallic contacts. In the bottom contact OTFT architec-
ture, increased contact resistance arising from interfacial charge

Figure 39. (a) Film spin-cast at 1000 rpm from 2 wt% solutions in warm
toluene onto substrates with PFBT-treated source and drain contacts.
(b) Film spin-cast at 1000 rpm from a 2 wt% solution in room-
temperature toluene onto substrates with untreated source and drain
contacts. Images were taken using differential interference contrast with
channel lengths of 20 um. (c) An optical micrograph of a seven-stage
ring oscillator. The different microstructures in the PFBT-treated
electrodes and polyimide field regions can be easily seen. Reprinted
with permission from Nature (http://www.nature.com), ref 340. Copy-
right 2008 Nature Publishing Group.

migration, surface dipoles, the insulating nature of the side
chains, or physical delamination is much more significant than
in the top contact OTFT geometry. Improved charge injection
and quality of the semiconductor film on top of bottom contacts
can be realized by treating the contacts chemically by means of
SAM:s prior to deposition of the semiconductor. In the simplest
case, one can use thiol-terminated SAMs to adsorb onto gold
electrodes, which can effectively improve the contact and lower
the contact barrier for use in high-performance OTFTs.>*"*
Our research group used sulfur to modify gold top-contact
electrodes resulting in significant increases in the performance
of n-channel OTFTs based on N,N'-dioctylperylene diimide
(PDI-C8) and N,N'-ditridecylperylene diimide (PDI-C13).***
The highest mobilities (ca. 0.80 and 0.87 cm*-V ™ '+s™ " for PDI-
C8 and PDI-C13, respectively) were obtained for sulfur-mod-
ified devices fabricated by optimized growth rates under ambient
conditions in the dark. This result demonstrates that the contact
resistance at the gold—organic interface is a major limiting factor
for PDI-C8/13-based OTFTs, and effective modification can be
a good method to improve the gold—organic interface.
Alow-cost approach has been reported recently for controlling
the microstructure of solution-cast acene-based or§anic thin
films through modification of interfacial chemistry.**" In this
process, pentafluorobenzenethiol (PFBT) was used as a contact-
treatment SAM to chemically and selectively tailor the source—
drain contact interface, which then initiated the crystallization of
soluble organic semiconductors, leading to the growth on
opposing contacts of crystalline films that extend into the
transistor channel (Figure 39a,b). High-performance OTFTs
and circuits can be fabricated by this technique (Figure 39¢) and
used as a tool to determine the influence of the microstructure on
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the device characteristics. The use of the contacts to induce
crystallinity in the channel region of OTFTSs opens the way to
novel room-temperature, low-cost, self-patterning techniques
for manufacturing high-channel-mobility OTFTs and flexible
circuits.

An interlayer can be often introduced between the metal
electrode and organic semiconductor layers in order to reduce
contact resistance.>*' For example, improved injection was
achieved by introducing an electron injection layer using solu-
tion-processable titanium suboxide (TiO,). The enhanced per-
formance of fullerene n-channel FET's was achieved by using a
TiO, injection layer.>*" The electron mobilities of OTFTs using
Al as source—drain electrodes after this modification were comparable
to those obtained with OFETSs using Ca as the source—drain
electrodes. This study demonstrated that the TiO, layer can reduce
the electron injection barrier because of the relatively strong inter-
facial dipole of TiO,. The insertion of an organic interlayer
between the gold electrode and the pentacene layer has also been
demonstrated to lead to a simultaneous improvement in adhe-
sion and reduction in contact resistance.*** In this study, a newly
synthesized organic material, oligo(3-methylsulfanylthiophene)
(OMST), was applied as an adhesive interlayer in order to
effectively improve the adhesion and device characteristics of
flexible, bottom-gated, pentacene TFTs. Cyclic bending tests
also showed that the electrical properties of devices with the
thermally evaporated interlayer were more stable than those of
the device with no interlayer.

Optimization of the contact resistance has also been realized
by surface treatment in short-channel bottom-contact pentacene
FETs.>* In order to reduce the contact resistance, the Au
source—drain contacts were subjected to a special UV/ozone
treatment, which induced the formation of a thin AuO, layer.
This technique is very effective in that it can not only decrease the
hole-injection barrier between Au and pentacene but also
improve the morphology of pentacene on top of the Au contacts
and thus reduce the access resistance of carriers to the channel.
Devices with UV/ozone treated contacts of very low resistance
exhibited a charge carrier mobility up to 0.4 cm* V57!, which
was independent of the channel length.

4.4.2. Electrodes Based on Organic Conductive Materi-
als. Besides metal and metallic nanoparticles, highly conductive
organic materials can also be used as source—drain electrodes in
OTETs, such as polypyrrole,*** PEDOT-PSS,*** and the organic
charge-transfer salts (tetrathiafulvalene)(tetracyanoquinodi-
methane) [(TTF)(TCNQ)]** and [(BOo)(C.4-TCNQ),]
[BO, = bis(ethylenedioxy)tetrathiafulvalene and C,,-TCNQ =
tetradecyltetracyanoquinodimethane].>*”  For example, the
water-based conductive polymer, PEDOT-PSS, has received
much attention as an inkjet printable electrode for polymer
TFTs, although the electrical properties of devices with
printed PEDOT-PSS electrodes have generally been inferior
to those of devices with evaporated metal electrodes. Re-
cently, Lim and co-workers reported that addition of dimethyl
sulfoxide (DMSO) into the PEDOT-PSS solution increased
the conductivity of the inkjet-printed PEDOT electrodes,
thus significantly reducing the contact resistance of the
electrodes.*® The lower contact resistance of the DMSO-
treated PEDOT electrode compared to the corresponding
electrode without DMSO treatment may be due to enhanced
interfacial stability at the contact between the printed PEDOT
electrodes and the semiconductor layers. This demonstrates
that the electrical properties of polymer TFTs can be
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Figure 40. (a) Solubilities of organic donor and acceptor molecules
before and after formation of charge-transfer complexes. Solubility in
DMSO is shown for the donors (TTF and TSF), acceptors (TCNQ,
F,TCNQ, and F,TCNQ), and their donor—acceptor complexes. (b)
Mustration of the steps involved in the double-shot inkjet printing
process. Reprinted with permission from ref 349. Copyright 2007 Wiley-
VCH Verlag.

enhanced by controlling the solvent properties of a PED-
OT-PSS solution used as the inkjet-printed source and drain
electrodes.

Using a metallic organic charge-transfer salt [(TTF)-
(TCNQ)] as source—drain electrodes can also give a drastic
reduction in the contact resistance of OTFTSs. A recent study
demonstrated that [(TTF)(TCNQ)] is an excellent electrode
material for bottom-contact transistors, with a performance
which is comparable to that of top-contact Au transistors.>*®
[(TTF)(TCNQ)] can be deposited by evaporation or inkjet
printing. Recently, a double-shot inkjet printing (DS-IJP) tech-
nique was developed for deposition of the sparingly soluble
[(TTF)(TCNQ)].>* This method is based on the fact that the
individual component donor and acceptor molecules generally
show much higher solubilities than do their complexes.
Figure 40a illustrates the solubilities of some donors and
acceptors and their charge-transfer (CT) complexes in DMSO.
Microscale liquid intermixing of dense droplets of inks contain-
ing donors and acceptors on substrates resulted in the instanta-
neous formation of CT complexes that form high-quality
synthetic metal films without postprocessing annealing. In the
process of drop-on-demand inkjet printing, a first drop of the
donor ink is overprinted by a second drop of the acceptor ink at
an identical position within 2 s to form a mixed droplet on the
substrate before the solvent is fully evaporated (Figure 40b).
Source—drain contacts produced from the inkjet printed
[(TTF)(TCNQ)] films afforded high-performance pentacene
TFTs that showed sharp on/oft switching at low gate voltages.

4.4.3. Carbon-Based Electrodes. Carbon-based electrodes
can be also be used as source—drain electrodes for OTFTs.
Single-walled carbon nanotubes (SWNTs) have been recently
used as quasi-one-dimensional (1-D) source—drain electrodes to
construct OFETs with molecular-scale widths (~2 nm) and
channel lengths (down to 1—3 nm).>*® The process involves
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Figure 41. (a) Schematic drawing of a cut SWNT with a sub-10 nm gap
to be used as source (S) and drain (D) electrodes of an organic FET. The
doped Si serves as a back gate (G), and the SiO, thickness ., = 10 nm. (b)
AFM image of a cut SWNT (diameter = 2 nm, gap size L measured to be
~6 nm after correction for the tip size effect). Right inset: AFM image of a
vapor-deposited pentacene crystallite bridging a cut SWNT. (c) Drawing
of a pentacene crystallite bridging two SWNT electrodes. Reprinted with
permission from ref 350. Copyright 2004 American Chemical Society.

cutting metallic SWNT's to form small gaps within the tubes with
control over the gap size down to ~2 nm. The cutting relies on
electrical breakdown of individual SWNT's between two metal
electrodes (Figure 41a), and the size of the cut was found to be
controllable by varying the lengths of the SWNTSs. The favorable
gate electrostatics associated with the sharp 1-D electrode
geometry allows for room temperature conductance modulation
by orders of magnitude for organic transistors that are only
several molecules in length, with switching characteristics super-
ior to devices with lithographically patterned metal electrodes.
Similar work has been carried out by Nuckolls’s group who used
an oxidative cutting of individual metallic SWNTs to give
source—drain electrodes for chemoresponsive monolayer
transistors,” and this new method can also ag})lied to create
point contacts for molecular electronic devices.*"

Multiwalled carbon nanotubes (MWNTs), composed of coaxi-
ally arranged single-walled carbon nanotubes of different radii, are
also good candidates for electrodes in OTFTs. However, their
applications are limited by their poor solubility and low work
function. A simple technique was recently used to solve this
problem®*> whereby MWNTSs were solubilized in water by simply
wrapping them noncovalently with poly(4-styrene sulfonate)
(PSS). The wrapping of the MWNTs with the water-soluble
polymers is thermodynamically driven by the loss of the hydro-
phobic interface between the tubes and the aqueous medium. TIPS-
pentacene FETs fabricated using the PSS-wrapped MWNTSs as
source—drain electrodes had a field-effect mobility of 0.043 cm”-
V157! which is four times higher than that of similar FET's
containing gold electrodes (0.011 eam? Vs,

Recently, Wada and co-workers have reported solution-pro-
cessed carbon-paste OFETs patterned by “surface selective deposi-
tion” using self-assembled monolayers.*>* The process is illustrated
in Figure 42a, where a carbon-paste solution is deposited on the
region in which the self-assembled monolayers are removed by
ultraviolet light irradiation. The resulting carbon film shows good
mechanical and thermal stability, and the bottom-contact pentacene
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Figure 42. (a) Fabrication of a carbon-paste electrode pattern and the
resulting electrodes. (b) AFM image of the carbon film. (c) Pentacene
morphology around the carbon electrode. Reprinted with permission
from ref 353. Copyright 2008 American Institute of Physics.

transistor shows a high performance of 1.0 cm*-V™ '+s™ ' and has
the additional advantages of easy and low-cost fabrication. This
method can also be applied to solution-processed polythiophene
transistors as well as n-channel materials.

Graphene is another new promising graphite-based material for
use as source—drain electrodes in OTFTs due to its unique
properties, such as low resistivity, high chemical stability, and
mechanical strength. For example, Cao and co-workers used cut
graphene sheets as 2-D contacts for OTFTs.>* These contacts were
produced by oxidative cutting of individual 2-D planar graphene by
electron beam lithography and oxygen plasma etching. Nanoscale
organic transistors based on graphene contacts showed high-
performance FET behavior with bulk-like carrier mobility, high
on/off current ratio, and high reproducibility.

A novel approach for the preparation of regular graphene
patterns has been recently reported by Pang and co-workers.*>®
The process is shown in Figure 43: a key step is that the sample was
exposed to an oxygen plasma to remove the graphene regions not
covered by the aluminum (Figure 43¢). The aluminum served as a
“sacrificial” metal, protecting the covered graphene from ablation
by the plasma. Using P3HT as the semiconductor, the field-effect
mobilities in graphene-contacted OFET's were comparable to, or
even higher than, those of similar devices with gold source—drain
electrodes, demonstrating that oxygen-plasma etching of a gra-
phene film with sacrificial aluminum contact patterns is an effective
method for accurately controlling the size of graphene electrodes,
and that graphene is a potential substitute for gold in hole-injecting
contacts in organic electronics.

Our group has recently developed a simple way to obtain
interdigital graphene source—drain electrodes on SiO,/Si
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substrates.**® A graphene film was grown on Cu and Ag electro-
des that were patterned on a highly n-doped silicon wafer with a
thermally oxidized SiO, dielectric layer. Ethanol was used as the
carbon source, with Cu or Ag as the catalyst, and H,/Ar as the
carrier gas. Ethanol was placed in a low temperature zone, while
the substrate with the patterned metal layers was heated to 700—
800 °C. The graphene layers were obtained only on the patterned
Cu or Ag layer. The pattern of the graphene layer depends on the
shape of the patterned metallic catalyst. Therefore, it is easy to
pattern the graphene layer. The graphene electrodes showed
excellent electrode/organic interface contacts and low injection
barriers, confirming that high-performance OFET's can be fabri-
cated based on low-cost graphene source—drain electrodes.

5. CONCLUSION

Recent innovations in experimental techniques have created
great opportunities for the development of OTFTs and integrated
circuits. The microelectronics industry and the need for low-cost,
flexible electronic devices have further pushed this development
during the last decades. In this review, we have systematically
categorized experimental techniques into three classes: character-
ization techniques, patterning and printing techniques, and deposi-
tion techniques. The latter two classes constitute fabrication or
processing techniques, and complement each other in the fabrica-
tion of the key components of organic devices. All techniques
described here have their own specificity and in many cases do not
cover the entire spectrum of fabrication needs. In addition, most of
the reported techniques still remain at the proof-of-principle stage,
and extending their use to real and large-scale manufacture still
represents a big challenge. A powerful set of tools is now available to
characterize the optical, electronic, and microscopic structure and

composition of materials, and the intrinsic properties of films, as well
as to study fundamental questions of charge injection, trapping, and
transport. Such advanced characterization techniques are necessary
to establish the relationships between the primary properties of
semiconductors, processing of films, and performance of devices.
These characterization techniques allow researchers to achieve a
deep understanding of the optoelectronic properties of organic
electronic devices on the nanoscale, and a better knowledge of the
principles and functions of these characterization techniques will
stimulate future progress in both organic electronics and instru-
mentation for characterization. The most commonly used charac-
terization techniques have been described in this review, with an
emphasis on how they can complement each other in building up a
full understanding of structure and its relationship with perfor-
mance. For example, information about the microstructure, which
may be correlated to fundamental electronic properties or device
performance, can be obtained by AFM which provides a local probe
of nanometer-scale morphology, as well as GIXD which provides a
whole-film measurement of unit cell dimensions and preferential
orientation in crystalline regions. The aim of this review is to
encourage the wide application of complementary characterization
techniques in the study of OFETs, including electron energy loss
spectroscopy,™’ low frequency noise characterization,**® and mi-
crowave and optical spectroscopy.®* The detailed study of organic
electronic materials using advanced characterization techniques is
still a young and growing area of science and much work remains to
be done in order to fully understand the principles of these
techniques and their applications across all length scales, but we
believe that the wider availability of these techniques and the
growing interest in organic electronics will encourage more groups
to enter this field.
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Practical implementation of OFET's in electronic applications will
ultimately depend on the ability to produce devices and circuits in a
low-cost, large-area manufacturing process. Much work must be
done before such an ambitious goal can be realized, and many
innovative techniques need first to be developed in the laboratory
before they find their way into a manufacturing environment. The
fabrication techniques presented in this review are diverse in their
operational characteristics, and most of them are novel and remain
in an exploratory research phase. Some techniques have already
been implemented for manufacturing in other areas, however, for
example, inkjet printed display prototypes based on emissive
polymers, or in the case of small molecules, vacuum deposition
through shadow masks resulting in full color displays. However,
further development of low-cost fabrication techniques is still
needed to develop a viable strategy for manufacture of OFETs.
One approach is to make use of novel techniques applied for other
organic electronic systems, with careful consideration of the poten-
tial advantages of these techniques for OTFT systems. Another
approach that mixes and matches different existing techniques is
attractive because it exploits the various strengths of the different
techniques. For the key components of OTFT devices, that is,
electrodes, dielectrics, and semiconductors, it still necessary to
develop new classes of materials which are compatible with
promising techniques such as inkjet printing,**>**' and the tradi-
tional high-volume technologies such as offset, gravure, and flexo-
graphic printing. The ability to use these very high-volume
techniques could usher in a whole range of cheap, large area devices
and structures, allowing this technology to finally reach its full
potential. For example, the use of semiconducting carbon nanotubes
provides a low-cost route to the fabrication of electronic inks for use
in commercial electronic devices,sé2 and bottom-contact mono-
layers or bulky FET devices with patterned graphene electrodes
show very high performance even on a simple SiO, dielectric
surface.*® As the more advanced and versatile methods currently
being developed in the laboratory make their way into manufactur-
ing processes, we will one day realize an entirely new generation of
low-cost, large-area, and flexible electronic devices and circuits.
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