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Device Physics of Solution-Processed
Organic Field-Effect Transistors™*
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Field-effect transistors based on solution-processible organic semiconduc- souee ? i onan

tors have experienced impressive improvements in both performance and
reliability in recent years, and printing-based manufacturing processes
for integrated transistor circuits are being developed to realize low-cost,

Cielecinc

large-area electronic products on flexible substrates. This article reviews | e

the materials, charge-transport, and device physics of solution-processed organic field-effect
transistors, focusing in particular on the physics of the active semiconductor/dielectric interface.
Issues such as the relationship between microstructure and charge transport, the critical role of
the gate dielectric, the influence of polaronic relaxation and disorder effects on charge trans-
port, charge-injection mechanisms, and the current understanding of mechanisms for charge
trapping are reviewed. Many interesting questions on how the molecular and electronic struc-
tures and the presence of defects at organic/organic heterointerfaces influence the device perfor-

mance and stability remain to be explored.

1. Introduction

Following the initial demonstration of field-effect conduc-
tion in small organic molecules™? and conjugated poly-
mers,*>! the community of industrial and academic research
groups that are interested in using organic semiconductors as
the active layer in organic field-effect transistor (OFET) de-
vices has been growing steadily, particularly over the last four
to five years. The Institute for Scientific Information (ISI)
Web of Science counts 393 scientific publications in the field
of organic transistors in 2004, up from 304 in 2003, and 80 in
1999. The reasons for this surge of interest are manifold. The
performance of OFETs, which is generally benchmarked
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against that of amorphous silicon (a-Si) thin-film transistors
(TFTs) with field-effect mobilities of 0.5-1 cm*V~'s™ and
ON/OFF current ratios of 10°~10%, has improved significantly.
Currently, the record mobility («) values for thin-film OFETs
are 5 cm®*V~'s7! in the case of vaccum-deposited small mole-
cules® and 0.6 cm> Vs for solution-processed polymers.m
As a result, there is now a serious level of industrial interest in
using OFETs for applications that are currently incompatible
with the use of a-Si or other inorganic transistor technologies.
OFETs are most commonly manufactured using standard top-
gate (Fig. 1A) and bottom-gate TFT architectures. One of
their main technological attractions is that all the layers of an
OFET can be deposited and patterned at low/room tempera-
ture by a combination of low-cost solution-processing and
direct-write printing, which makes them ideally suited for rea-
lization of low-cost, large-area electronic functions on flexible
substrates (see the reviews by Sirringhaus et al.®! and For-
rest’”). The first applications in which we can realistically
expect OFETs to be used within the next three to five years
are flexible, active-matrix electronic-paper displays, for which
impressive demonstrations have been developed recently,[w’n]
and simple, low-cost, radiofrequency identification (RFID)
tags[m and sensing devices. Other applications, such as active-
matrix liquid crystal or organic light-emitting diode (OLED)
displays, or high-performance RFID tags compatible with
existing communication standards, are also being envisioned,
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Figure 1. A) Schematic diagram of a top-gate OFET using a standard TFT
device architecture. B) Output characteristics (drain voltage, Vg, vs.
source current, ;) of a state-of-the-art, unencapsulated OFET measured
in air and light (closed circles: device measured after manufacture; open
circles: device measured two weeks later).

but require a transistor performance with mobilities exceed-
ing 1 cm*V~'s™!, which is still difficult to achieve with solu-
tion-processed OFETs.

On the materials front, improving field-effect mobilities re-
mains an important topic, although, compared to the situation
in 2002, there has been less emphasis on improving headline
mobility numbers and more on developing materials that al-
low the combination of high mobilities with good materials
stability under air, moisture, and light exposure. Very signifi-
cant progress has been made in this respect recently. Fig-
ure 1B shows the output characteristics of a state-of-the-art,
unencapsulated polymer FET, comparing measurements per-
formed in ambient air and light directly after device manufac-
ture and several weeks later, after the device had participated
in a customer trial and had crossed the Atlantic twice.'!] No
evidence for device degradation is observed. Improvements in

shelf as well as operational life have been achieved as a result
of using organic semiconductors with better inherent stability,
better understanding of the requirements for gate dielectrics,
and by more controlled manufacturing processes. It is gener-
ally well appreciated now that the choice of the right dielectric
is crucial for achieving optimum field-effect mobility (ugg),
device stability, and reliability. While most of this work has
traditionally focused on the p-type conduction regime, there
has been a significant effort made to understand the conduc-
tion processes involving negative electrons, with the aim of
realizing solution-processible n-type as well as ambipolar or-
ganic semiconductors for use in complementary metal oxide
semiconductor (CMOS)-type circuits and light-emitting FETs.
There is a wealth of fundamental scientific questions re-
garding the charge-transport and charge-injection physics of
organic semiconductors, and their structure—property rela-
tionships, for which FET devices provide a useful scientific
tool through their ability to control the charge-carrier concen-
tration electrostatically rather than chemically. A significant
effort has been focused on understanding the fundamental
electronic structure of the organic semiconductor, in particu-
lar at the interface with the dielectric, and how microscopic,
molecular-scale transport processes determine the electrical
characteristics of macroscopic devices. This is a challenging
task because of the complex microstructure of solution-pro-
cessed organic semiconductors, which in many cases cannot
be fully characterized by conventional diffraction and micros-
copy techniques. An important related topic is the under-
standing of electronic-defect states and associated device deg-
radation mechanisms, which are becoming an increasingly
important topic as OFETs are nearing their introduction into
first products with strict reliability and lifetime requirements.
This article is focused on reviewing the current state of
knowledge of the materials and the device and charge-trans-
port physics of solution-processed OFETs. Due to limitations
of space, no attempt is made to review the device physics of
polycrystalline, small-molecule organic semiconductors de-
posited by vacuum evaporation, nor to give an overview of
the different approaches to manufacturing OFETs. For these
important subjects we refer the reader to other excellent and
recent review articles.[%**15 Section 2 discusses the materials
physics of solution-processible p- and n-type organic semicon-
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ductors and dielectrics. Section 3 fo-
cuses at a more fundamental level
on the electronic structure of solu-
tion-processed organic semiconduc-
tors and the charge-transport pro-
cesses at the active interface, and
how these are affected by disorder
and molecular-relaxation effects.
Finally, in Section 4 we review the
current understanding of electronic-

defect states and degradation mech-
anisms in OFETSs, which lead to de-
vice instabilities and threshold-volt-
age (V1) shifts upon bias stressing

and/or environmental exposure.
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Figure 2. A) Schematic diagram of the effect of disordered polar groups on the energetic disorder at

the active interface. B) Temperature (T) dependence of the time-of-flight (TOF) and field-effect mobility

Two different approaches to
high-performance, solution-process-
ible polymer semiconductors have
emerged. The first approach is
based on achieving high charge-carrier mobilities by designing
the material to exhibit microcrystalline!" or liquid-crystal-
line!"” order through self-organization, or by making use of
specific interactions with a templating substrate. The second
approach aims to produce a completely amorphous micro-
structure to provide a uniform path for charge transport,
along which carriers experience a minimum degree of site-en-
ergy fluctuations. Although the first approach is likely to lead
to higher mobilities eventually, impressive device perfor-
mance and stability has been demonstrated with the second
approach recently.

2.1.1. Amorphous Polymers

Early FET studies on amorphous, disordered, conjugated
polymers, such as regioirregular polythiophene! or poly-
acetylene,"®! suggested that field-effect mobilities in amor-
phous microstructures might be limited to low values
(<107-10* cm?V's™). However, recently, several groups
have reported that amorphous polymers based on triaryl-
amine, similar to those used in xerographic applications,
allow the achievement of high field-effect mobilities of
107°-102 cm?V™'s™, combined with good operating, envi-
ronmental, and photostability. Veres et al. have reported
high-performance FETs with field-effect mobilities of up to
6x107 cm®*V™'s™, low threshold voltages, and good device
stability based on a range of polytriarylamine (PTAA) de-
rivatives.'>?") These are used in combination with apolar,
low-k polymer dielectrics (Fig. 2). With structurally related
(9,9-dialkylfluorene-alt-triarylamine) (TFB) in contact with

Adv. Mater. 2005, 17, 24112425 www.advmat.de

(1) of PTAA. For the field-effect mobility data for top-gate FETs, a poly(methyl metacrylate) (PMMA)
gate dielectric and two different lower-k dielectrics are shown.

the benzocyclobutene dielectric, very stable device opera-
tion during continuous switching at 120 °C without device
degradation was demonstrated.*!)

2.1.2. Microcrystalline Polymers

A prototype microcrystalline polymer is regioregular
poly(3-hexylthiophene) (P3HT),***! with which high field-ef-
fect mobilities of 0.1-0.3 cm> V™' s™ have been achieved. Thin
films of P3HT adopt a highly microcrystalline and anisotropic
lamellar microstructure comprising two-dimensional conju-
gated layers with strong n—r interchain interactions separated
by layers of solubilising, insulating side chains (Fig. 3A); this
microstructure leads to fast in-plane charge transport.m The
microcrystals have been found to have a nanoribbon
shape.”*?¥ The mobility of P3HT depends very sensitively on
the degree of head-to-tail regioregularity?®>*! and deposition
conditions.'®???! There is clear evidence, such as, for exam-
ple, from studies of high-molecular-weight P3HT films with
varying degrees of crystallinity as induced by varying the boil-
ing point of the solvent,”” that a higher degree of crystallinity
generally results in higher mobility. The mobility has also
been reported to increase with increasing molecular weight.[ZS]
This has been attributed to grain boundaries limiting the
transport in low-molecular-weight samples by Kline et al.,/*”
while Zen et al.’” have explained a similar observation in
terms of a less planar polymer backbone in the amorphous re-
gions of the film in the case of low-molecular-weight fractions.
The mobility of P3BHT FETs has also been reported to im-
prove by orders of magnitude upon modification of the SiO,
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Figure 3. A) Wide-angle X-ray scattering image of high-mobility P3HT on SiO,. The inset shows the in-plane, lamellar self-organisation of P3HT (a and
b are lattice parameters). (Reprinted with permission from [16]. Copyright 1999, Nature Publishing Group.) B) Transfer characteristics (gate voltage,
Vg, vs. drain current, Ig) of bottom-gate, top-contact poly(3,3”-dialkylquaterthiophene) (structure shown) FET on SiO, measured unencapsulated under
atmospheric conditions in the dark. (Reprinted with permission from [36]. Copyright 2004, American Chemical Society.)

gate dielectric substrate by hydrophobic self-assembled
monolayers (SAMs), possibly through lowering of the surface
energy of the gate dielectric and removal of residual surface
water and other polar groups prior to deposition of the poly-
mer,” or by inducing microstructural changes through specif-
ic interactions with functional groups of the polymer.®!!

p-Type semiconducting materials with low ionization poten-
tials (typically less than 4.9-5.0 eV), such as regioregular
P3HT, tend to exhibit large positive Vt shifts upon exposure
to air, presumaby due to doping of the polymer.*? P3HT is
known to form a reversible charge-transfer complex with oxy-
gen.! Nevertheless, encouraging shelf-life stability, albeit
with a low ON/OFF current ratio of <10°, has been reported
for P3BHT FETs in a top-gate configuration, which may
provide some encapsulation.*¥ P3HT has poor photostability
when exposed to ultraviolet sunlight in the presence of oxy-
gen, causing formation of carbonyl defects in the polymer
with associated loss of conjugation and mobility degrada-
tion.*”!

The oxidative stability of P3HT can be improved by in-
creasing the ionisation potential of the polythiophene back-
bone by either disrupting its ability to adopt a fully planar
conformation through the side-chain substitution pattern[36]
or by incorporating partially conjugated co-monomers into
the main chain.’”! These materials maintain the beneficial
microcrystalline, lamellar self-organisation motive of the par-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ent P3HT polymer and, as a result, exhibit similar field-effect
mobilities but have significantly improved environmental and
operating stabilities (Fig. 3B).

2.2. Solution-Processible Small Molecules

An alternative route to solution-processible organic semi-
conductors is to use small-molecule semiconductors that have
been designed to be compatible with solution deposition.

2.2.1. Precursor Routes

Polycrystalline thin films of a conjugated molecule can be
obtained by forming a thin film of a soluble precursor on the
substrate with subsequent thermal® or irradiative® conver-
sion into the fully conjugated form. Pentacene precursors
have been shown to yield field-effect mobilities of 0.01-
0.1 cm?® Vs and 0.1-0.8 cm? V' s after thermal con-
version at 150-200°C. A precursor-route approach to tetra-
benzoporphyrin has also been developed,*” which yields a
field-effect mobility on SiO, of 0.017 cm*V~'s™ when con-
verted at a temperature of 150-200 °C. Sexithiophene substi-
tuted with ester groups, which can be removed by thermolysis
at 150-260 °C, exhibits field-effect mobilities on SiO, of up to
0.07 cm? V' s 1]

www.advmat.de Adv. Mater. 2005, 17, 2411-2425
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2.2.2. Side-Chain Substitution

Small-molecule organic semiconductors can also be ren-
dered solution processible by attachment of flexible side
chains. The substitution pattern needs to be designed carefully
such that the side chains that are needed to impart adequate
solubility and film-forming properties do not interfere with
the ability of the molecule to n-stack. Katz reported semicon-
ductors of side-chain-substituted small molecules, such as di-
hexylanthradithiophene,'**! that can be solution-deposited
with mobilities of 0.01-0.02 cm*V~'s™. In bis(hexylbithio-
phene)benzene solution cast onto a heated SiO, substrate,
mobilities of up to 0.03 cm*V's™ were reported.[45] Due to
the relatively low solubility of these molecules, growth condi-
tions need to be optimized carefully to prevent aggregation
and crystallization of the molecules in solution, which can
lead to three-dimensional film morphology with poor connec-
tivity and orientation of the grains in the films.

An interesting new strategy to solution-processible small
conjugated molecules, such as rubrene, has recently been re-
ported.[46] The approach is based on forming a eutectic mixture
of the molecule with a vitrifying agent that suppresses crystalli-
zation in the as-deposited films. During rapid thermal anneal-
ing at a temperature above the melting temperature of the
vitrifying agent crystallization of the molecule is induced, lead-
ing to large grain sizes and mobilities above 0.1 cm*V~'s7".

2.2.3. Liquid-Crystalline Molecules

Side-chain-substituted small molecules, which exhibit lig-
uid-crystalline phases at elevated temperatures, provide alter-
native routes to forming highly crystalline thin films from
solution. Discotic liquid-crystalline molecules, such as hexa-
benzocoronenes, have been uniaxially aligned in thin-film
form with the columnar axis oriented along the transport
direction in the FET, by using graphoepitaxy on highly crys-
talline teflon alignment layers[‘”] or deposition by zone crys-
tallization,*! and have field-effect mobilities up to
0.01 cm®*V~'s™ along the discotic columns. Reactive meso-
gens, based on oligothiophenes with photopolymerizable end
groups, have been homeotropically aligned on a substrate
prior to crosslinking to fix the orientation of the molecules
and used as the active FET layer.[49]

2.3. n-Type Semiconductors

Many organic semiconductors show p-type conduction only,
i.e., in contact with a SiO, gate dielectric, for example, hole
accumulation layers can be readily formed for negative gate
bias, provided that a source—drain metal with a work function
matching the ionization potential of the organic semiconduc-
tor is used. However, n-type organic semiconductors that ex-
hibit electron transport in contact with a source—drain metal
of suitably low work function upon application of positive
gate bias are comparatively rare but are needed for realiza-

Adv. Mater. 2005, 17, 24112425 www.advmat.de
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tion of complementary logic circuits. Electron field-effect con-
duction has been reported in several, relatively high electron
affinity (EA >3.5 eV) small-molecule organic semiconductors
deposited from the vacuum phase (see the review by Dimitra-
kopoulos et al.m]) and solution-processed organic semicon-
ductors. High-EA materials are less susceptible to the pres-
ence of electron-trapping impurities, since such trapping
groups are more likely to be positioned, in energy terms,
above the lowest unoccupied molecular orbital (LUMO)
states of the organic semiconductor. It has been shown re-
cently®” (see Sec. 2.4) that electron conduction is, in fact, a
generic feature of most organic semiconductors, including
those with normal electron affinities of 2.5-3.5 eV, provided
that the right dielectric, which avoids trapping of electrons at
the interface, is used.

Fluoroalkyl-substituted naphthalenetetracarboxylic diimide
can be processed into thin films from fluorinated solvents to
yield mobilities of 0.01 cm*V~'s™ (bottom-gate FET with
SiO, dielectric and gold contacts).’!! The ladder polymer
poly(benzobisimidazobenzophenanthroline) (BBL) has an
electron affinity of 4.0-4.4 eV, and can be solution-processed
into microcrystalline thin films from Lewis and methanesul-
fonic acids.”” High electron mobilities of 0.03-0.1 cm* Vs
were achieved in a bottom-gate FET configuration with SiO,
dielectric measured unencapsulated in air. Solution-processed
diperfluorohexyl-substituted quinque- and quaterthiophene
with electron affinities of 2.8-2.9 eV have been reported to
exhibit field-effect mobilties of 4-8x10* cm*V~'s™ (on
HMDS-treated (HMDS: hexamethyldisilazane) SiO, dielec-
tric with gold contacts). The devices suffer from a relatively
high threshold voltage >25 V due to electron trapping, which
might be related to the relatively low electron affinity of fluo-
roalkyl-substituted thiophene molecules.”® n-Type field-effect
conduction has also been reported in methanofullerene
phenyl Cg;-butyric acid methyl ester (PCBM).”* Field-effect
mobilities of 3-4 x 10~ cm? Vs were achieved in an encap-
sulated, bottom-gate device with an organic dielectric and cal-
cium source—drain contacts. Much lower apparent mobilities
were observed with gold or aluminium contacts.

Recently, there has been growing interest in ambipolar
organic semiconductors, which, in a device with a suitable
choice of source—drain contacts, exhibit hole accumulation for
negative gate bias and electron accumulation when the gate
bias is reversed. One application of ambipolar semiconductors
is in light-emitting FETs, which are operated by biasing the
gate voltage in between the values of the source and the drain
voltage to form a hole accumulation layer near the source con-
tact and an electron accumulation layer near the drain
contact. Ambipolar conduction was established in blends of
solution-processed hole- and electron-transporting organic
semiconductors by Meijer et al, using blends of hole-trans-
porting poly(methoxy dimethyloctyloxy)-phenylene vinylene
(OC,Cyo-PPV) or P3HT, with electron-transporting PCBM.
The electron mobility in such blends (7 x 10 cm® V's™) was
two orders of magnitude lower than the electron mobility of a
pure film of PCBM, while the hole mobility was similar to that

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of single-component OC;C;-PPV (3x107° cm*V~'s™) 5
Similarly, Babel et al. reported ambipolar conduction measured
in air in blends of BBL and CuPc (CuPc: copperphthalocya-
nine).”® Also in this case, the electron (1.7x10™* cm?>V's™)
and hole mobilities (3x10~ cm?>V~'s™) were several orders
of magnitude lower than those of films of the single compo-
nents. Interestingly, it was possible to improve either the elec-
tron or the hole mobility by post-deposition annealing under
a solvent atmosphere; however, this was associated with
the loss of the ambipolar conduction. Ambipolar conduction
has also been reported in single-component systems such
as low-bandgap poly(3,9-di-tert-butylindeno[1,2-b]fluorene)
(PIF)[SS] and soluble oligothiophene/fullerene donor—acceptor
triads.”®”

2.4. Dielectrics

The performance of organic field-effect devices depends
critically on the use of high-performance dielectrics that form
active interfaces with low defect densities. In the same way as
silicon metal oxide semiconductor (MOS) technology owes
much to the quality of the Si/SiO, interface, dielectrics for or-
ganic FETs have recently received significant attention (see
the comprehensive review by Facchetti et al.l’). In comparison
to inorganic heterointerfaces, many aspects of the physics of
charge transport along solution-processed heterointerfaces are
still poorly understood. In the present section we will review
recent progress in the understanding of these issues and some
of the general selection criteria for gate-dielectric materials.

For a solution-processed active interface, in which
either the gate-dielectric material is deposited from
solution onto a solution-processible semiconducting
material or vice versa, it is critical to avoid dissolution
or swelling effects during deposition of the upper
layer, which can lead to interfacial mixing and in-
creased interface roughness. This can be avoided by
crosslinking the lower layer, restricting, however, the

choice of materials and requiring special care to avoid 103 ¢
introducing unwanted impurities and trapping g
groups.® The preferred approach is to choose orthog- g
onal solvents for the deposition of the multilayer struc- T
ture.l®’ It has been demonstrated that in this way solu- 9:: 104¢
tion-processed interfaces can be achieved, at which the = F
field-effect mobility is as high as that of the corre- -g
sponding organic semiconductor/SiO, interface, for 5
which interfacial mixing is not an issue. % 10

This is somewhat surprising since a solution-pro- o i
cessed polymer heterointerface is never atomically -
abrupt with its width being determined by a balance 106
between entropy favoring a wider interface and the

unfavorable energy of interaction between the two
polymers.[él] The correlation between interface rough-
ness and mobility in solution-processed OFETs has
recently been investigated by Chua et al.,*! who devel-
oped an approach for fabricating self-assembled poly-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

mer semiconductor—-polymer dielectric bilayers making use of
vertical phase separation in ternary solutions of the semicon-
ducting polymer, gate-dielectric, and solvent. By varying the
speed of solvent removal the roughness of the phase-separated
interface could be varied in a controlled way. The mobility was
found to be constant for low values of the interface roughness
less than a critical roughness threshold. For roughness exceed-
ing this threshold, a very rapid drop of the mobility by orders
of magnitude was observed, even for roughness features of sur-
prisingly long wavelength >100 nm (Fig. 4).

In principle, for a given thickness of dielectric, a high-k di-
electric is preferable to a low-k dielectric for an FET applica-
tion that requires the FET to exhibit a high drive current at
low drive voltage. Various solution-processible high-k dielec-
trics for low-voltage OFETs have been used in the literature,
such as anodized ALO5®! (dielectric constant, ¢=8-10), or
TiO,* (4=20-41) (see the review by Veres et al.’)). Low-
voltage operation has also been achieved with very thin, sub-
20 nm organic dielectrics, including SAM dielectrics,®! SAM
multilayers,[%] or ultrathin polymer dielectrics.*!] Many polar,
high-k polymer dielectrics, such as polyvinylphenol (d=4.5) or
cyanoethylpullulan (&=12), are hygroscopic and susceptible
to drift of ionic impurities during device operation and cannot
be used for ordinary TFT applications.*”

Veres et al. have shown that the field-effect mobilities of
amorphous PTAA!"! and other polymers®! are higher when
those materials are in contact with low-k dielectrics with d<3
than with dielectrics with higher k. The latter usually contain
polar functional groups, which are randomly oriented near
the active interface; this is believed to increase the energetic
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Figure 4. Schematic diagram of the interface structure at a solution-processed
polymer/polymer heterointerface, and correlation between mobility and interface
roughness on different length scales obtained from a series of self-assembled
bilayer FETs based on TFB/BCB (BCB: benzocyclobutene).
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disorder at the interface beyond what naturally occurs due to
the structural disorder in the organic semiconductor film
itself, resulting in a lowering of the field-effect mobility
(Fig. 2A). Low-k dielectrics also have the advantage of being
less susceptible to ionic impurities, which can drift under the
influence of the gate field, causing device instabilities (see
Sec. 4).

The chemical purity and composition of the gate dielectric
can have dramatic effects on interfacial charge transport. The
reason for the absence of n-type field-effect conduction in
“normal” polymers, such as poly(p-phenylenevinylene)s
(PPVs) or P3HT, with electron affinities of around 2.5-3.5 eV
has puzzled the community for some time because in LED de-
vices many of these polymers support electron conduction.
Chua et al.”” have demonstrated that by using appropriate
gate dielectrics that are free of electron-trapping groups, such
as hydroxyl, silanol, or carbonyl groups, n-channel FET con-
duction is in fact a generic property of most conjugated poly-
mers. In contact with trapping-free dielectrics, such as benzo-
cyclobutene, BCB, which are free of functional groups such as
hydroxyl groups that have an electron affinity larger than that
of the organic semiconductor used, electron and hole mobili-
ties were found to be of comparable magnitude in a broad
range of polymers. Some polymers, such as P3HT and
OC,C;o-PPV, even exhibit ambipolar charge transport in suit-
able device configurations (Fig. 5), which demonstrates clean
inversion behavior in organic semiconductors with bandgaps

Current (A)
30'0

—
S
©
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>2 eV. The reason why n-type behavior has previously been
so elusive is that most studies were performed on SiO, gate
dielectrics, for which electrochemical trapping of electrons by
silanol groups at the interface occurs.>

3. Electronic Structure and Charge-Transport
Physics of Polymer Semiconductors

3.1. Electronic Structure

The electronic structure of conjugated-polymer semicon-
ductors reflects the complex interplay between intrinsic
n-electron delocalization along the polymer backbone and
strong electron—phonon coupling, and the existence of ener-
getic and positional disorder in solution-processed thin films.
In a hypothetical, infinitely straight polymer chain, the highest
occupied molecular orbital (HOMO) and LUMO states of
the neutral polymer are fully delocalized along the polymer
chain and exhibit, in fact, significant dispersion with calcu-
lated bandwidths of several electron volts.[%®] However, as a
result of the strong electron—phonon coupling and the disor-
der-induced finite conjugation length, charges introduced
onto the polymer interact strongly with certain molecular vi-
brations and are able to lower their energy with respect to the
extended HOMO/LUMO states by forming localized polar-
ons surrounded by a region of molecular distortion.!””) There

40 0 10 20 30 40 50 60
Gate Voltage (V)

Figure 5. Transfer characteristics of bottom-gate OC;Cyo-PPV (left) and P3HT (right) FETs with trap-free BCB (structure shown) gate dielectrics exhibit-
ing clean ambipolar transport (Vsq=60 V). Grey lines: gate leakage current. (Courtesy of Jana Zaumseil, University of Cambridge).
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is clear, experimental evidence that the charge carriers carry-
ing the current in a conjugated-polymer FET are indeed of
polaronic nature. Due to the surrounding molecular distortion
and electronic relaxation, the charged molecule exhibits char-
acteristic optical transitions below the absorption edge of the
neutral molecule. These can be observed in operational FETs
using charge-modulation spectroscopy (CMS), which detects
changes of the optical transmission of a semitransparent FET
device upon gate-voltage-induced modulation of the carrier
concentration in the accumulation layer.["!

In polymers, such as poly(dioctylfluorene-co-bithiophene)
(F8T2), in which close interchain interactions are weakened
by the sp’-coordinated carbon atom on the fluorene unit,
there are two characteristic sub-bandgap polaronic absorp-
tions, which can be accounted for by the dipole-allowed C1
(=0.4 eV) and visible C2 (1.6 eV) transitions of a simple iso-
lated chain model (Fig. 6A)."Y In contrast, the charge-in-
duced absorption spectrum of P3HT (Fig. 6B) can only be
explained by taking into account interchain interactions."”” In
addition to the C1 (0.3 eV) and C2 (1.3 eV) transitions, the
CMS spectrum of high-mobility P3HT exhibits an additional
C3 transition (1.6-1.8 eV), which is dipole-forbidden in the
isolated-chain case and low-energy, charge-transfer (CT) tran-
sitions at 60-120 meV.'"7! Polarons in P3HT are not confined
to a single chain, but are spread over several, n-stacked chains.
As a result of their two-dimensional nature the polaron bind-
ing energy in P3HT is much reduced. From the position of the
CT transition (ECT),[G()] the polaron binding energy, E,, can be
estimated to be on the order of E, = Ecr/2 =30-60 meV.
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3.2. Charge Transport

At sufficiently high temperatures, charge transport of polar-
onic carriers in conjugated polymers should be governed by
the physics of electron-transfer processes, which was estab-
lished by Marcus for chemical reactions and biological elec-
tron-transfer processes.” In order for the localized polaron
to hop between neighboring sites, the molecular configura-
tions of the initial (occupied) site and the final (empty) site
need to be distorted to a common configuration, where the
molecular distortion of both sites is equal (configuration B in
Fig. 7B). This leads to thermally activated transport even in
the absence of disorder. In the non-adiabatic limit, where the
timescale for electron hopping is longer than that of the lattice
vibrations, the mobility is given by:

2
ea
u :kB—TVeXp<—Ep/2kBT) (1)

where e is the electronic charge, a is the typical hopping dis-
tance, kg is Boltzmann’s constant, 7 is temperature, and v is
the attempt frequency:

v = Lz 2)
h\/2E ks T

where J is the nearest-neighbor interaction energy and # is
Planck’s constant.

However, in most experimental systems the manifestations
of the polaronic character of the charge carriers are masked
by the effects of disorder. In any solution-deposited thin film
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Figure 6. A) Schematic energy diagram of a neutral polymer (center), polaronic absorptions in the case of isolated chains (left), and interacting chains
(right); B,C) Charge modulation spectra of F8T2/PMMA and P3HT/PMMA top-gate FETs, respectively (Courtesy of Shalom Goffri, University of Cam-

bridge).
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dynamic equilibrium energy, {é..) =—-c*/kT, below the
center of the DOS (Fig. 7C) leading to a characteristic
logu o< 1/T* temperature dependence of the mobility.
The model has been improved by Novikov et al.l’®!
who showed that the dominant source of diagonal dis-
order is due to charge—dipole interactions, and that
spatial correlations of such interactions need to be tak-
en into account in order to explain the commonly ob-
served Poole-Frenkel dependence of the mobility on
the electrical field, and who derived an expression for
the electric-field (E) and temperature dependence of
the mobility in a correlated DOS with both diagonal
as well as non-diagonal, positional disorder:

Ep- S
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The model describes the transport of individual in-
jected carriers at zero/small carrier concentrations, i.e.,
it should in principle not be directly applicable to the
relatively high carrier concentrations p = 10'*-10" cm™
present in the accumulation layer of FETs. Vissenberg
and Matters”” have developed a percolation model for
variable-range hopping transport in the accumulation
layer of an FET assuming an exponential DOS with
width 7). An expression for the field-effect mobility as
a function of carrier concentration p was derived:

Figure 7. A) Schematic energy diagram (Ec, Ef, Ey are the conduction band, va-

lence band, and Fermi energies, respectively) of density of states (DOS) of a 4 T,/T

disordered semiconductor with a mobility edge. B) Potential-energy diagram as a o <Q> sin (TE 1) ,

function of configuration coordinate, illustrating polaron hopping motion be- FE =20 T—3TU pr! 4)
tween two sites A and C through a coincidence configuration B. The transition en- e (2a)”B.

ergy A for optically induced charge transfer is also indicated (Q_: configuration co-
ordinate). C) Relaxation of energy distribution of an injected charge-carrier

hopping in a Gaussian DOS as a function of time (t). The DOS is shown as a

dashed line on the right.

disorder is present and causes the energy of a polaronic
charge carrier on a particular site to vary across the polymer
network. Variations of the local conformation of the polymer
backbone, presence of chemical impurities or structural de-
fects of the polymer backbone, or dipolar disorder due to
random orientation of polar groups of the polymer semicon-
ductor or the gate dielectric result in significant broadening of
the electronic density of states.

The transport of charges injected into a molecular solid
dominated by the effects of disorder is well understood from
the work on molecularly doped polymers and other organic
photoconductors used in xerography. Assuming a disorder-
broadened Gaussian density of transport states with a charac-
teristic width o, Béssler™ has shown on the basis of Monte
Carlo simulations that an injected carrier hopping through
such an otherwise empty density of states (DOS) relaxes to a

Adv. Mater. 2005, 17, 24112425 www.advmat.de

where o is the prefactor for the conductivity, a is the
effective overlap parameter between localized states,
and B, = 2.8 is the critical number for onset of percola-
tion. Transport in this model can be effectively de-
scribed as activation from a gate-voltage-dependent Fermi
energy to a specific transport energy in the DOS.

Tanase et al.”* have shown that in a series of isotropic, amor-
phous PPV polymers the large difference between the low
mobility values extracted from space-charge-limited current
measurements in LEDs and the comparatively higher field-ef-
fect mobilities can be explained by the largely different charge-
carrier concentrations (Fig. 8). It was possible to fit the temper-
ature dependence of the zero-field LED mobility to Equa-
tion (3), and the carrier-concentration dependence of the FET
mobility to Equation (4) with a consistent value of ¢=93—
125 meV. The gate-voltage dependence of the FET mobility of
MEH-PPV (poly(2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenyl-
enevinylene)) has also been analysed by Shaked et al.”™”)

In several higher-mobility, amorphous, hole-transporting
materials, such as PTAA,'"! TFB,?Y as well as in nematic,
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transport in microcrystalline polymers, such

asP3HT™!  and  poly(bis(alkylthienylbithio-
phene).®) This model assumes that disorder
broadening is sufficiently weak that, in a cer-
tain energy range, the DOS becomes high
enough so electronic states above the so-called
mobility edge are extended, while electronic
states below the mobility edge remain localized

(Fig. 7A). The current is assumed to be trans-
ported by carriers that are thermally activated
into the delocalized states above the mobility
edge, while carriers in localized states are effec-
tively trapped. Assuming a specific DOS and a
mobility for carriers above the mobility edge,

the FET current can be obtained by first deter-
mining the position of the quasi-Fermi level at
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Figure 8. Hole mobility (1) as a function of charge-carrier concentration (p) in diode and
field-effect transistors for P3HT and a PPV derivative, respectively. The inset shows the
temperature activation energy of the mobility as a function of gate voltage. (Reprinted with

permission from [78]. Copyright 2003, American Physical Society.)

glassy polyfluorene-co-bithiophene,'”! a somewhat different
behavior was observed. The field-effect mobility was found to
be independent of gate voltage within the carrier concentra-
tion range 10'*-10" cm™. In PTAA, the low-density time-of-
flight (TOF) and high-density field-effect mobilities are of
similar magnitude, with the bulk TOF mobility being even
higher, by a factor of 2-3, at room temperature than the field-
effect mobility. The Gaussian disorder model was used to
extract significantly smaller values of ¢ =57 meV and ¢ =68-
90 meV from the temperature dependence of the TOF and
field-effect mobility of amorphous PTAA, respectively
(Fig. 2B). The increased o value in the case of the FET mobil-
ity was attributed to the contribution to energetic disorder
from polar disorder in the dielectric close to the charge-trans-
porting accumulation layer.

The reason for the different behavior observed in PPVs,
with room-temperature field-effect mobilities of <107—
10* em?V~'s™!, and the higher mobilities of PTAA and
polyfluorene polymers (uppr=10"-102 cm*V's!) might
be related to the lower degree of energetic disorder in the
latter. With a narrow DOS (o <60-90 meV), the expected
concentration dependence of the room-temperature mobil-
ity over a concentration range 10'*-10' cm™ spanned by
LED/FET measurements is relatively weak, i.e., less than
an order of magnitude, and might be masked by other
effects, such as differences in bulk and interface microstruc-
ture, effects of interface roughness, or disorder effects in-
duced by polar or charged groups in the dielectric.

An alternative theoretical framework for understanding the
effects of disorder is the multiple-trapping model, which is
well established for describing transport in a-Si and has been
claimed to be more appropriate for describing the charge

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the interface for a particular gate voltage and
then calculating the number of free carriers
that are thermally excited above the mobility
edge using Fermi—Dirac statistics.

Salleo et al.™! found that the multiple-trap-
ping model explained the temperature depen-
dence of the FET mobility of poly(bis(alkyl-
thienylbithiophene) more consistently than the
Vissenberg hopping model, the latter yielding an unphysical
dependence of g, and T on the processing conditions. Simi-
larly, in the author’s experience, the gate-voltage dependence
of P3HT cannot be fitted consistently in the framework of
the Vissenberg model. Figure 9 shows temperature- and
gate-voltage-dependent field-effect mobility data for P3HT
obtained from scanning Kelvin probe microscopy (SKPM),8!
which provides a very accurate, local measurement of the
field-effect mobility without being affected by contact resis-
tance, non-uniform electric-field effects, etc., which compli-
cate extraction of field-effect mobilities from device charac-
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Figure 9. Field-effect mobility at the P3HT/SiO; interface as a function of
gate voltage and temperature, extracted from scanning Kelvin probe mi-
croscopy (SKPM) measurements. The dashed lines show the gate-volt-
age dependence expected in the Vissenberg model using the value of T
extracted from the room-temperature data.

www.advmat.de Adv. Mater. 2005, 17, 2411-2425



H. Sirringhaus/Device Physics of Solution-Processed OFETs

ADVANCED

teristics. From the fit of the room temperature data to Equa-
tion 4, a value of T,=353 K is extracted. However, it is im-
possible to fit consistently the data over the temperature
range with the same value of T,. At low temperature the de-
pendence of the mobility of P3HT on carrier concentration is
much weaker than predicted by the variable-range hopping
model.

It is intriguing to ask the question whether transport in the
highest-mobility P3HT samples (u>0.1 cm?V™'s™) is limited
entirely by disorder or to which degree the observed tempera-
ture-activated transport may reflect polaron hopping charac-
teristics. Fishchuk et al®! derived a criterion to estimate
whether polaronic contributions need to be taken into ac-
count when describing transport in a disordered organic semi-
conductor. In the framework of the Gaussian disorder model,
for polaronic transport effects to be observable, the activation
energy for polaron hopping, E,/2, needs to be comparable to
the expected transport activation energy due to disorder,
96%125kyT (Eq. 4). Using the above values of E, for P3HT as
estimated from the position of the CT transition, the expected
activation energy for polaron hopping of 15-30 meV is start-
ing to become comparable to the observed activation energy
of the field-effect mobility near room temperature for the
highest-mobility P3HT samples (20-40 meV), implying that
polaronic effects might need to be taken into account to
explain the transport properties of high-mobility polymer
semiconductors.*’!

3.3. Charge Injection

Another important aspect of the device physics, particularly
in the context of short-channel OFETs with channel length
L<5pm is the injection of charges from a metal source—
drain contact into the organic semiconductor. In contrast to
inorganic semiconductors, controlled doping of organic semi-
conductors is still difficult, since dopants incorporated in the
form of small-molecule counterions can migrate and cause
device instabilities. Since most organic semiconductors that
have shown useful FET performance have bandgaps >2 eV,
the formation of low-resistance, ohmic contacts with common
metals is often challenging.

One of the most direct and powerful methods for study of
the injection physics in bottom-gate OFETs is SKPM, which
provides a direct measurement of the voltage drop across the
injecting contacts in an operational bottom-gate FET.[8%] 1
normal FET operation, the source contact is reverse biased
while the drain contact is forward biased, implying that the
source-contact resistance should be significantly larger than
the drain-contact resistance. It has been observed that in bot-
tom-contact, bottom-gate devices with optimized Schottky
barriers, @, less than 0.3 eV, such as P3HT/Au, the contact
resistance at the source contact is in fact very similar to that at
the drain contact. This implies that, under conditions that
might be typical for high-performance OFETs, the contact
resistance is not determined by the Schottky barrier at the in-
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terface but by bulk-transport processes in the semiconductor
in the vicinity of the contact. Consistent with this interpreta-
tion, the contact resistance was found to depend on tempera-
ture in the same way as the mobility.®™ This result was
explained by invoking the existence of a depletion layer in the
vicinity of the contacts. Similar results have been reported
using channel-length scaling analysis."*’

In systems with Schottky barriers exceeding 0.3 eV, the
source resistance was found to be larger than the drain resis-
tance, as expected, implying that in this regime the contact
resistance is determined by the injection physics at the inter-
face.® It is remarkable that, in spite of the significant ex-
pected Schottky-barrier height, the contact resistance shows
only a very weak increase with decreasing temperature, which
is even weaker than that of the field-effect mobility
(Fig. 10A). This behavior cannot be explained in the frame-
work of the commonly used diffusion-limited thermionic
emission model,®™! which takes into account back-scattering
into the metal due to the small mean free path in the organic
semiconductor and predicts the activation energy of the con-
tact resistance to be larger than that of the mobility and larger
than @/kgT. Explanation of the experimental data required
taking into account disorder-induced broadening of the DOS
of the organic semiconductor, which provides carriers with
injection pathways through deep states in the DOS, leading to
areduced effective barrier at low temperatures (Fig. 10B).
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Figure 10. A) Comparison of the temperature (T) dependence of the con-
tact resistance (Rs) and field-effect mobility of bottom-gate FETs of
P3HT/SiO, or F8T2/SiO, with bottom-contact chromium or gold con-
tacts, respectively. (Reprinted with permission from [85]. Copyright 2003,
American Physical Society.) B) Schematic energy diagram of charge injec-
tion at the interface between a metal electrode (Eg is Fermi energy of
metal contact) and a disordered, low-mobility organic semiconductor.
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In most metal-semiconductor systems, the contact resis-
tance for p-type injection increases sensitively with decreasing
work function of the metal, although, in most cases, less
strongly than expected from simple Mott-Schottky theory.
One of the topics that warrants further study is a more de-
tailed understanding of the role of chemical interactions be-
tween the metal and the organic semiconductor. Gold diffu-
sion into pentacene has been made responsible for trap
generation that limits contact injection into pentacene.’®
There are also intriguing reports of efficient charge injection
in systems for which Schottky barriers, calculated using Mott—
Schottky theory, should exceed 1 eV, such as hole injection
from Ca into P3BHTP" or electron injection from Au into fluo-
rocarbon-substituted oligothiophenes;[%] these results suggest
that chemical interactions and interface states are important.

4. Degradation Mechanisms Causing Threshold-
Voltage Instabilities

Electronic defect states in the semiconductor, at the inter-
face between semiconductor and dielectric and inside the di-
electric layer, can cause instabilities of the threshold voltage,
V1, of the TFT. For practical applications, the Vr stability is
an as important, if not more important, figure of merit as the
field-effect mobility, because it is closely related to the opera-
tional and shelf lifetimes of the device. Most TFT technolo-
gies, including those based on a-Si, suffer from V7 shifts in-
duced by bias-temperature stress (BTS). In a-Si TFTs, both
generation of defect states inside the semiconducting layer,
such as dangling-bond defects, as well as charge injection into
the SiN, gate dielectric have been found to contribute to Vr
shifts upon BTS, with charge injection into the dielectric being
the dominant mechanism in high-quality material.®!! Several
groups have recently reported systematic BTS investigations
and studies of organic TFT characteristics upon exposure to
atmospheric conditions and humidity.

In most p-type organic semiconductors a negative shift of
the threshold voltage is observed upon prolonged operation
of the device in accumulation, which is generally attributed to
charge trapping in the organic semiconductor and/or at the ac-
tive interface. Matters et al. reported negative Vr shifts due to
charge trapping for a polythienylenevinylene (PTV) precursor
polymer in contact with an inorganic SiO, dielectric, which
were more pronounced in the presence of water than when
the device was operated in vacuum or dry air.”! Street et al.
reported significant negative Vr shifts in F8T2/SiO, bottom-
gate, bottom-contact TFTs,[93] which were more pronounced
than reported for top-gate F8T2 devices with a polymer
dielectric.'"”! Those authors also found the Vi stability of
PQT/SiO, devices to be significantly better than that of
F8T2/SiO; devices. It is clear from these experiments, that the
device configuration, choice of contacts, and dielectric play a
crucial role in determining the device stability.

There is little known at present about the nature of the elec-
tronic states involved in defect formation and device degrada-
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tion. Few experimental studies have been aimed at under-
standing at a microscopic level the nature of defect states in
organic semiconductors.”! Device modeling has been used to
understand the subthreshold characteristics of OFETs."!
Based on an analysis of the relationship between the current
decay at the early stages after FET turn-on and the hole con-
centration in the channel, Street et al. have suggested that
charge trapping occurs due to formation of low-mobility bipo-
larons by reaction of two polarons.[93‘96] However, Deng et al.
performed optical spectroscopy of field-induced charge on
F8T2/PMMA TFTs exhibiting significant Vr shifts but were
unable to detect the spectroscopic signature of bipolarons.[’!

Some of the negative Vt shift due to charge trapping can be
recovered by not operating the device for time periods of sev-
eral minutes or hours, by application of a positive gate bias, or
by illuminating the sample with above-bandgap light!”’*!
(Fig. 11A). In the latter case, electron-hole pairs are gener-
ated in the organic semiconductor in the vicinity of the
trapped hole charge. The photogenerated electron has a
chance of recombining with the trapped hole leaving behind a
mobile positive hole. The spectral dependence of the light-in-
duced recovery follows the absorption spectrum of the organ-
ic semiconductor (Fig. 11B). Charge traps that can be emptied
in this way must be located inside the organic semiconductor
or directly at the interface, but cannot be located inside the
gate dielectric.
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Figure 11. A) Pulsed transfer characteristics of a bottom-gate F8T2/SiO,
FET after applying a negative gate bias stress. The subsequent recovery
of the threshold-voltage shift after illuminating the device for different
periods of time is shown. (Reprinted with permission from [97]. Copy-
right 2003, American Physical Society.) B) Comparison of the wavelength
dependence of the time constant (ty,, full circles) for the light-induced
trap release in TFB/SiO, with the absorption spectrum of the organic
semiconductor (solid line). (Reprinted with permission from [98]. Copy-
right 2004, Elsevier.)
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It has also been reported that a positive gate voltage stress
leads to a shift of Vi to more positive values.”’! This has
recently been explained by injection and trapping of negative
electrons at the interface.™"!

Zilker et al. have reported that in films of p-type, solution-
processed pentacene in contact with an organic photoresist
dielectric the threshold voltage shifts to more positive values
for negative gate bias stress during operation in air.l”! The Vi
shift was more pronounced the smaller the source—drain volt-
age. This was interpreted as being the result of mobile ions
drifting in the gate dielectric in the presence of water. Nega-
tive ions drifting towards the active interface cause accumula-
tion of positive countercharges in the semiconducting layer.
Only during operation in vacuum or in dry air was a negative
Vi shift of -3 V (after application of V,=-20 V for 1000 s)
observed, which resulted from charge trapping at or near the
interface. Rep et al. have investigated the role of ionic impuri-
ties originating from the substrate on the conductivity of
P3HT films.'’! On Na,O-containing glass substrates, Na* ions
were found to drift towards the negatively biased contact
leaving behind negative charge centers on the glass surface.

The above results point to the crucial role of the gate dielec-
tric in determining the operational and shelf stability of the
device. Several groups have recently reported very encourag-
ing BTS and shelf-lifetime data for solution-processed OFETs
measured and stored in air without special encaspulation.
PTAA combined with low-k dielectrics exhibit excellent shelf
life with no discernible V- shift upon storage in air and light
for periods of several months.*”] Similarly, TFTs based on
TFB with a BCB dielectric exhibit very good operational sta-
bility during accelerated lifetime testing at temperatures of
120 °C.P! In both cases the good stability is believed to be re-
lated to the use of an apolar, low-k dielectric, which is less sus-
ceptible to ionic impurities, and to the amorphous microstruc-
ture of the arylamine-based polymer semiconductor, which
has good thermal and photostability and a low degree of ener-
getic disorder. The group at Plastic Logic has recently report-
ed excellent operational-stability results on unencapsulated,
polymer TFTs fabricated on poly(ethylene terephthalate)
(PET) substrates.'!! Although there is still, of course, signifi-
cant work to assess and improve the operational and shelf life
of OFETs under realistic application conditions and to under-
stand degradation mechanisms in much more detail, these re-
sults strongly suggest that solution-processed OFETSs can
exhibit similar device stability and reliability to their a-Si
counterparts.

5. Outlook

Solution-processible organic FETs have become a promising
emerging technology for low-cost, large-area electronics on
flexible, plastic substrates. FET performance is approaching
that of a-Si TFTs, and solution/printing-based manufacturing
processes have been developed. Recently, device operational
and environmental stabilities have improved significantly as a

Adv. Mater. 2005, 17, 24112425 www.advmat.de

MATERIALS

result of availibility of organic semiconductors with higher
inherent oxidative stability, better understanding of the re-
quirements for gate dielectrics, and more controlled manufac-
turing processes. In this article we have reviewed recent prog-
ress in understanding the device physics of solution-processible
organic semiconductors. Unfortunately, due to space limita-
tions some important work in this field could not be discussed.
It should be apparent from the discussion that, although much
progress has been made in understanding the materials physics
and requirements for high performance FETS, our understand-
ing of the fundamental excitations and processes at a micro-
scopic level involved in charge transport and injection as well
as device degradation is still much more superficial than the
corresponding level of fundamental understanding available
for inorganic semiconductors. In particular, many fundamental
aspects of the correlation between the structure and physics of
charge transport at solution-processed organic/organic hetero-
interfaces remain to be explored. However, the field of organic
electronics is gaining momentum through continued break-
throughs in materials and device performances; concrete indus-
trial applications of active-matrix flexible electronic-paper dis-
plays and simple, low-cost intelligent labels are emerging on
the horizon to be commercialized within the next three to five
years. As some of the recent work reviewed in this article will
have shown, there is still ample room for fundamental, scientif-
ic discoveries, and the field is expected to remain exciting and
stimulating for the foreseeable future.
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