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■ Abstract Organic field-effect transistors (OFETs) based on solution-processible
polymeric as well as small molecular semiconductors have shown impressive improvements in their performance during recent years. These devices have been developed to
realize low-cost, large-area electronic products. This review gives an overview of the
materials’ aspect, charge-transport, and device physics of OFETs, focusing mainly on
the organic semiconductor and organic dielectric materials and their mutual interface.
Recent developments in the understanding of the relationship between microstructure
and charge transport, the influence of processing techniques, and gate dielectric are
reviewed. Comparative data of charge-carrier mobility of most organic semiconductors
have been compiled. Ambipolar charge transport in OFETs and its applications to integrated circuits as well as ambipolar light-emitting transistors are also reviewed. Many
interesting questions regarding how the molecular and electronic structures at the interface of the organic semiconductor and organic insulator influence device performance
and stability remain to be explored.

INTRODUCTION
Organic thin-film electronics has developed, with intense effort in numerous academic and industrial research laboratories, into a promising technology in the
past two decades, with demonstrated prototypes of organic integrated circuits
for radio frequency identification tags (1, 2) and thin-film transistor (TFT) arrays for active matrix displays (3). Organic field-effect transistors (OFETs) have
also been fabricated in arrays to drive electrophoretic display pixels (4). To date
Bell Labs, using vacuum evaporation techniques, has succeeded in making organic integrated circuits with as many as 1888 transistors (2). Using the same
techniques, Infinion Technology achieved similar results with the realization of
integrated circuits on special papers (5). Polymer Vision, Philips Research Laboratory came up with a flexible 4.7-inch QVGA active matrix display containing
76,800 organic transistors (6). As the number of transistors per circuit increases,
there is an increasing need for circuits characterized by low power dissipation, high
noise margin, and greater operation stability. The performance of the individual
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transistor limits the switching speed in an integrated circuit, which can be roughly
estimated by the ratio of mobility to channel length of the transistor (3). To obtain higher switching speed, the search for higher mobility materials is therefore important along with the effort to downscale the transistor geometry. Current
benchmarks for high mobility materials among various organic semiconductors are
pentacene (7) and fullerenes (for both μ ∼ 6 cm2 Vs−1 ) (8, 9) for p-type and n-type,
respectively.
This chapter gives an overview of organic semiconductors as well as organic gate
insulators used in OFETs in terms of their processing and interfacial characteristics.
The device physics of OFETs is also described qualitatively for an understanding
of the charge transport and charge trapping at the active semiconductor/dielectric
interface. Owing to space limitations, no attempt is made to review the physics
of gate dielectrics nor to give an overview of single-crystal OFETs. For these
important subjects we refer the reader to other excellent and recent review articles
(1, 10, 11).

Device Geometry
OFETs have been fabricated with various device geometries, as depicted in
Figure 1a–d. The most commonly used device geometry is a bottom gate with
top contact, partly because it borrows the concept of silicon TFT, using thermally
grown Si/SiO2 oxide as gate dielectric. Because it is a commercially available highquality Si/SiO2 substrate, this device geometry has dominated the field. Recently it
was shown that organic dielectrics are also promising for high-performance OFETs
(8, 9, 12–22). Organic dielectrics (i) can be solution-processed, (ii) provide smooth
films on transparent glass and plastic substrates, (iii) are suitable for optoelectronics
like photoresponsive OFETs owing to their high optical transparency, (iv) can be
thermally stable up to 200◦ C with a relatively small thermal-expansion coefficient,
and (v) can possess a rather high dielectric constant up to 18.
The immediate opportunity of use of organic dielectric is also for the top-gatestructured OFET, as depicted in Figure 1c,d, as an organic dielectric does not destroy the underlying organic semiconductors. Top-gate/bottom-contact-structured
devices allow patterning of the bottom source-drain electrodes on top of any flexible
or rigid substrate prior to fabricating the rest of the device. Top-gate/top-contactdevices allow organic semiconductor films to grow on top of any flexible or rigid
substrate. Figure 1 illustrates the most widely used configurations of OFET elements; nevertheless, there exist several alternative ways of arranging the device
elements.

Operating Principle of OFETs
A poly(2,5-thienylene vinylene) (PTV) OFET (Figure 2a) is used here to describe
typical OFET device characteristics and the methods used to calculate the mobility
μ and the Ion /Ioff ratio (which is the ratio of the current in the accumulation mode

29 May 2006 15:16

AR

ANRV279-MR36-07.tex

XMLPublishSM (2004/02/24)

P1: IKH

Annu. Rev. Mater. Res. 2006.36:199-230. Downloaded from arjournals.annualreviews.org
by University of California - Los Angeles on 07/13/06. For personal use only.

PLASTIC ELECTRONICS DEVICES

201

Figure 1 Schematic of bottom-gate organic field-effect transistors (OFETs) with (a) topcontact (staggered) or (b) bottom-contact (coplanar) structures. Schematic diagram of (c)
top-gate/bottom-contact OFETs using standard TFT device structures and (d) top-gate/topcontact OFETs is also shown.

over the current in the depletion mode). The OFET I–V characteristics can be
adequately described by standard models (23–26). Figure 2b shows a typical plot
of drain-source current Ids versus drain-source voltage Vds at various gate voltages
Vg , which corresponds to a device using PTV as the semiconductor, 500-nm spincoated polymethyl-methacrylate (PMMA) as the gate insulator on top of heavily
doped Si substrate as gate electrode, and gold source and drain electrodes in topcontact geometry, as depicted in Figure 2a.
At low Vds , Ids increases linearly with Vds (linear regime) and is approximately
determined from the following equation:
Ids =

W Ci
μ(Vg − VT )Vds
L

1.
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Figure 2 (a) Scheme of a top-contact PTV OFET. (b) Output characteristics (drain-source
current, Ids , versus drain-source voltage, Vds ) of a p-channel PTV OFET fabricated and
√
measured in the authors’ laboratory. (c) Transfer characteristics ( Ids versus gate voltage,
Vg , for different Vds ) with arrows indicating the forward and reverse directions of sweeping of
Vg . Linear field-effect mobility of 7 × 10−4 cm2 Vs−1 and saturated mobility of 1 × 10−3 cm2
Vs−1 can be extracted from these devices with channel length L of 25 μm and channel width
W of 1.4 mm (W/L = 40).

where L is the channel length, W is the channel width, Ci is the capacitance
per unit area of the insulating layer, VT is the threshold voltage, and μ is the
field-effect mobility. The latter can be calculated in the linear regime from the
transconductance, gm ,



δ Ids
W Vds
W Ci
|gm |linear =
=
μCi d V =
2.
μVds
δVg Vds =constant
L 0
L
by plotting Ids versus Vg at low Vds and equating the value of the slope of this plot
to gm .
Figure 2c, which corresponds to Figure 2b, shows such a plot, and the calculated
mobility value is 7 × 10−4 cm2 Vs−1 at Vds = −2 V. The value of Vds is chosen
so that it lies in the linear part of the Ids -versus-Vds curve. For this device, L was
equal to 25 μm, and W was equal to 1.4 mm. The current modulation (Ion /Ioff ) for
the device of Figure 2a is slightly above 103 when Vg is scanned from 0 to −60
V (Figure 2c). When Vds is more negative than Vg , Ids tends to saturate (saturation
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Ids =

μW Ci
(Vg − VT )2
2L

3.

√ In the saturation regime, μ can be calculated from the slope of the plot of
Ids versus Vg , as shown in Figure 2c. For the same device as in Figure 2a, the
mobility calculated in the saturation regime was 1 × 10−3 cm2 Vs−1 . The difference
between calculated mobility values is assigned to higher charge-carrier density in
the saturation regime as compared with that of the linear regime.
To demonstrate the operating principle of the OFETs, a simplified energylevel diagram for Fermi level of source-drain metal electrode and HOMO-LUMO
levels of a semiconductor are shown in Figure 3. If there is no gate voltage applied
(Figure 3a), the organic semiconductor, which is intrinsically undoped, will not
show any charge carriers. Direct injection from the source/drain electrodes is the
only way to create flowing current in the organic semiconductor. Such currents
will be relatively small owing to the high resistance of the organic semiconductors
and large distance between the source and drain electrodes.
When a negative gate voltage is applied (Figure 3b), positive charges are induced
at the organic semiconductors adjacent to the gate dielectric (a p-type conducting
channel is formed). If the Fermi level of the source/drain metal is close to the
HOMO level of the organic semiconductor, then positive charges can be extracted
by the electrodes by applying a voltage, Vds , between the drain and source. Such
organic semiconductors with the ability to conduct only positive-charge carriers
are termed p-type semiconductors.
When a positive voltage is applied to the gate (Figure 3c), negative charges
are induced at the semiconductor adjacent to the dielectric interface (an n-type
conducting channel is formed). If the Fermi level of source/drain metal is far away
from the LUMO level such that electron injection/extraction is very unlikely, then
low Ids is expected owing to high contact barriers. If the Fermi level of source/drain
metal is close to the LUMO level of the organic semiconductor, then negative
charges can be injected and extracted by the electrodes by applying a voltage, Vds ,
between the drain and source. Such organic semiconductors with ability to conduct
only negative-charge carriers are said to be n-type semiconductors. In some organic
semiconductors, both electrons and holes can be injected and transported, an effect
known as ambipolar transistor that is discussed below.
Recently, significant improvements in charge-carrier mobilities of organic semiconductor materials in OFETs have been made (see Table 1). However, in these
devices, choice of gate dielectrics play a crucial role. Whereas most of the organic
semiconductor materials are p-type semiconductors and sustain positive-chargecarrier conduction, n-type organic semiconductors are less represented, mostly
because of the difficulty of synthesizing materials with a large electron affinity
that allows the injection of electrons from stable electrodes in air. It is also generally appreciated to have a balanced electron and hole mobility in an ambipolar
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Figure 3 Illustration of an OFET working principle with respect to applied Vg . (a) No
charges are injected when Vg = 0 V. (b) When a negative voltage is applied to the gate,
positive charges are induced at the organic semiconductor/organic insulator interface (at the
channel). When the Fermi level of source/drain metal is close to the HOMO level, holes can
be injected from/to the metal to/from the HOMO of the semiconductor, and a p-type OFET
is realized. (c) When a positive voltage is applied to the gate, negative charges are induced at
the organic semiconductor/organic insulator interface and for source/drain metals with Fermi
levels close to the LUMO level of the organic semiconductor, electrons can be injected from
the source/drain metal to the LUMO of the semiconductor, and an n-type OFET is realized.

material for use in organic complementary metal oxide semiconductor (CMOS)–
like circuits and in possible applications for organic light-emitting transistors
(OLETs).

OFET MATERIALS
Solution-processible materials are very attractive for use in organic electronics, in
part because films exhibiting good characteristics can often be formed simply by
spin coating, casting, or printing at low temperatures and under ambient conditions.
From this point of view, soluble and processible polymeric semiconductors offer
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TABLE 1 Highest field-effect mobility (μ) values measured from OTFTs as reported in the
literature annually from 1986 through 2005.
Mobility
(cm2 Vs−1 )

Material (deposition method)a

Ion /Ioff b

W/L

Reference

1983

Minimal, not
reported
(NR)

Polyacetylene (s)
(demonstration of field effect in an
OTFT)

NR

200

[108]

1986

10−5

Polythiophene (s)

103

NR

[109]

1988

10−4
10−3
10−4

Polyacetylene (s)
Phthalocyanine (Pc) (v)
Poly(3-hexylthiophene) (s)

105
NR
NR

750
3
NR

[110]
[111]
[112]

1989

10−3
10−3

Poly(3-alkylthiophene) (s)
α–ω-hexathiophene (v)

NR
NR

NR
NR

[113]
[46]

1992

0.027
2 × 10−3

α–ω-hexathiophene (v)
Pentacene (v)

NR
NR

100
NR

[114]
[114]

1993

0.05

α–ω-di-hexyl-hexathiophene (v)

NR

100 –200

[45]

1994

0.06

α–ω-dihexyl-hexathiophene (v)

NR

50

[47]

1995

0.03
0.038
0.3

α–ω-hexathiophene (v)
Pentacene (v)
C60 (v)

>106
140
NR

21
1000
25

[51]
[115]
[85]

1996

0.02
0.045
0.13
0.62

Pc (v)
Poly(3-hexylthiophene) (s)
α–ω-dihexyl-hexathiophene (v)
Pentacene (v)

2 × 105
340
>104
103

NR
20.8
7.3
11

[58]
[92]
[53]
[116]

1997

1.5
0.05

Pentacene (v)
Bis(dithienothiophene) (v)

108
108

2.5
500

[82]
[117]

1998

0.1
0.23
0.15

Poly(3-hexylthiophene) (s)
α–ω-dihexyl-quaterthiophene (v)
Dihexyl-anthradithiophene

>106
NR
NR

20
1.5
1.5

[91]
[118]
[119]

2000

0.1
0.1

n-decapentafluoroheptylmethylnaphthalene-1,4,5,8tetracarboxylic diimide (v)
α–ω-dihexyl-quinquethiophene (s)

105
NR

1.5
NR

[120]
[120]

2002

3
0.6

Pentacene (v)
N,N -dioctyl-3,4,9,10-perylene
tetracarbozylic diimide (v)

105
105

1.3
10

[121]
[122]

2003

0.001
0.002

CuPc (v)
Methanofullerene
[6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) (s)
C60 (v)
Pentacene (v)
Pentacene (v)
3 ,4 -dibutyl-5–
5bis(dicyanomethylene)-5,5 dihydro-2,2 :5 ,2 terthiophene (DCMT)

2.3 × 104
NR

165
140

[63]
[66]

108
1.6 × 106
do
106

40
10
do
10

[87]
[81]
[7]
[123]
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(Continued )
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(Continued )

Mobility
(cm2 Vs−1 )

Material (deposition method)a

Ion /Ioff b

W/L

Reference

2004

0.73
0.1
0.004
0.2
0.1
0.01

Poly(3-hexylthiophene) (s)
PTCDI-C5 (v)
C60 (v)
PCBM (s)
P3HT (s)
PCBM (s)

NR
105
105
103
105
106

12
10
250
23
200
25

[124]
[125]
[126]
[21]
[127]
[67]

2005

0.63
0.015
6
0.51
0.06

C60 (v)
Poly(3,3 -dialkyl-terthiophene)(s)
C60 (v)
Pentacene (v)
C60 -fused
N-methylpyrrolidine-meta-C12
phenyl (C60MC12) (s)
PCBM (s)
Thieno[2,3-b]thiophene(s)

104
105
104
105
1.6 × 105

40
50
40
40
250

[88]
[128]
[8]
[129]
[68]

7 × 104
105

250
NR

[68]
[33]

Year
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0.02
0.15
a

v, vacuum deposition; s, from solution.

Values for Ion /Ioff correspond to different gate voltage ranges and thus are not readily comparable to one another. The reader
is encouraged to read the details of the experiments in the cited references.

b

greater potential than do vacuum-evaporated small molecular organic semiconductors. Currently, semiconducting polymers with considerable air stability and
high charge-carrier mobility are a subject of intense research interest for OLEDs
and organic solar cells as well as organic transistors. To achieve high performance,
solution-processible organic semiconductors with high charge mobilities ordered
structures are needed at the tertiary nanostructure of organic thin films. One route
involves (a) designing the material to exhibit microcrystallinity (27) or liquid crystallinity (28) or self-organization or (b) making use of specific interactions with a
templating substrate. The other approach aims to produce a completely amorphous
micro/nanostructure to provide a uniform path for charge transport, with a minimum degree of site-energy fluctuations (29). Amorphous micro/nanostructures
may be more advantageous than the partially crystalline nanomorphologies because the crystalline domains with lower energies embedded in an amorphous
matrix of the same material act as trap sites; the crystalline packing lowers the
energy locally in such domains.
P3HT is microcrystalline in thin-film form and has one of the high chargecarrier mobilities. Its ionizaion potential (typically approximately 4.9–5.0 eV) is
best suited to form ohmic contact with many air stable electrodes such as Au
or the conducting polymer polyethylenedioxy-thiopehene doped with polystyrene
sulfonic acid (PEDOT/PSS). However, P3HT tends to exhibit a large positive
threshold voltage, VT , shift upon exposure to air, presumably owing to doping
of the polymer (30). P3HT is known to form a charge-transfer complex with
oxygen (31). This can be improved by increasing the ionization potential of the
polythiophene backbone by either adopting a fully planar conformation through
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the side-chain substitution pattern (32) or by incorporating partially conjugated
comonomers into the main chain (33). Field-effect mobilities exceeding 0.15 cm2
Vs−1 have been reported from such materials in air (Figure 4).
Increasing the performance of the semiconducting polymers through doping
results in a high source/drain current at zero gate voltage. Polyfluorene (34, 35),
P3HT, and most solution-processed polymers generally show p-type semiconducting nature. Recently, the University of Cambridge group has shown ambipolar

Figure 4 (Top) Chemical structure of a polythiophene-based semiconductor incorporating
thieno[2,3-b]thiophene. (Bottom) Transfer characteristics of an OFET realized using the
polymer (top) as a semiconductor in air scanned from positive to negative gate voltages at
drain voltages of −5 V and −60 V. Reproduced with permission from Reference 33.
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transport in OFETS for solution-processed semiconducting polymers (22) by
avoiding the charge-carrier trapping at the interface of the insulator.
An alternative route to making solution-processible polymeric materials is to
use small-molecule semiconductors processed either from the solution or evaporated (sublimated) from a heated source onto a target substrate. Such an example
is pentacene, an aromatic compound with five condensed benzene rings. Pentacene has been widely studied as a p-type semiconductor for OFETs. The highest
field-effect mobility obtained is 3 cm2 Vs−1 for pentacene thin film on polymer
dielectric (13) and 6 cm2 Vs−1 on a chemically modified SiO2 /Si substrate (7).
Among the n-type semiconductors, fullerene and its derivatives have been widely
studied; these reach a field-effect mobility of 6 cm2 Vs−1 with hot wall epitaxy–
grown fullerene thin films on polymeric dielectrics (8, 9). Small-molecule organic
semiconductors can also be rendered solution processible by attachment of flexible side chains. Among the fullerene derivatives, phenyl C61 -butyric acid methyl
ester (PCBM) has a mobility as high as 0.2 cm2 Vs−1 when the film is solution cast on polymeric dielectrics (21). Some of the side chain–substituted small
molecules that exhibit liquid-crystalline phases at elevated temperatures provide
alternative routes to forming highly crystalline thin films from solution. Discotic
liquid-crystalline molecules, such as hexabenzocoronenes, uniaxially aligned in
thin-film form with the columnar axis oriented along the transport direction in
the OFETs, have field-effect mobilities up to 0.01 cm2 Vs−1 along the discotic
columns. Use of graphoepitaxy on highly crystalline teflon alignment layers (36)
or deposition by zone crystallization (37) results in such an orientation. 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 (38) or irradiative
(39) conversion into the fully conjugated form. Pentacene precursors have been
reported to yield field-effect mobilities of 0.01–0.1 cm2 Vs−1 (40) or 0.1–0.8 cm2
Vs−1 (41) after thermal conversion at 150–200◦ C. A precursor-route approach to
tetrabenzoporphyrin has also been developed (42); this yields a field-effect mobility
on SiO2 of 0.02 cm2 Vs−1 after thermal conversion at 150–200◦ C. Sexithiophene
substituted with ester groups, which can be removed by thermolysis at 150–260◦ C,
exhibits field-effect mobilities on SiO2 of up to 0.07 cm2 Vs−1 (43).
Conjugated oligothiophene’s charge-carrier mobility can be improved by adding
alkyl chains to the end of the oligothiophene rings (44). Among all the thiophene
oligomers, α-sexithiophene (α-6T) and its derivatives have been widely used as
active organic materials (45–48). Carrier mobilities reported for α-6T OFETs have
improved from 10−4 cm2 Vs−1 to greater than 0.01 cm2 Vs−1 (49–54). Halik and
coworkers (55) recently reported obtaining a carrier mobility of 1.1 cm2 Vs−1
for alkyl-substituted oligothiophene. They synthesized and evaluated a series of
alkyl-substituted oligothiophenes with different alkyl side-chain lengths and different chromophore lengths ranging from four to six thiophene units. They found
that the OFETs’ performance depends critically on the length of the side chains.
The highest mobility was found for α,α -diethylsexithiophene, which, owing to its
shorter side chains, forms a significantly thinner barrier between the conjugated
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backbones, leading to more efficient carrier tunneling. Para-sexiphenyl (PHP), a
large band-gap oligomer, has mobilities in the range of 10−2 cm2 Vs−1 (56, 57).
Phthalocyanines (Pcs) as organic semiconductors have been studied widely owing to their intense optical absorptions and excellent optoelectronic properties (58,
59). They have been used in solar cells, optical limiters, and photoconductors (60,
61). Mobilities up to 0.11 cm2 Vs−1 for OFETs are reported for metallophthalocyanines (62). Bao and coworkers (63) observed ambipolar transport in Pc-based
OFETs. Substituted Pcs have electronic levels that can be shifted in a wide range
by appropriate substitution with electron-withdrawing ligands, with heteroatoms,
or with electron-withdrawing substituents like chlorine or fluorine atoms to their
outer rings (64, 65).
Soluble forms of fullerenes such as methanofullerene and PCBM have high
mobility (10−3 to 0.2 cm2 Vs−1 ) (21, 66, 67) and show generally n-type semiconductor properties. Recently it has been shown that PCBM also has ambipolar
transport (67). Regarding the transport properties of soluble fullerenes, recent
reports of long-chain alkyl-substituted C60 , C60 -fused N-methylpyrrolidine-metaC12 phenyl (C60MC12), show a less temperature-dependent mobility, with activation energy ∼20 meV, as shown in Figure 5. PCBM shows much higher activation
energy, of the order of 60–100 meV (21, 68).
The several organic dielectrics used in OFETs clearly show the variability and
the versatility of using organic gate insulators. The physics of organic dielectrics
is a well-developed branch of science and technology and is not further discussed
here. We simply display the chemical structures of commonly used organic dielectrics (Figure 6), along with organic semiconductors with p-type (Figure 7)
and n-type (Figure 8) in OFETs. The insulator also plays a crucial role; insulating materials and deposition techniques used for these materials are reviewed
elsewhere (10).

CRITICAL PARAMETERS INFLUENCING OFET
FABRICATION AND PERFORMANCE
In the early days of organic TFTs, it appeared more convenient to use well-known
techniques such as thermal oxidation or photolithography, and most of the devices were actually produced on oxidized silicon with source and drain contacts
patterned with conventional lithography. However, to adapt to the demand for
low-cost and easy-fabrication techniques, there is a trend of patterning the sourcedrain electrodes first, as shown for the top-gate geometry devices in Figure 1 c, d.
An elegant and promising route to low-cost fabrication of organic integrated
circuits is the direct printing of various elements that constitute OFETs. These
include
1. screen printing (69),
2. roll-to-roll printing (70),
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Figure 5 (a) Illustration of schematic film structure of C60MC12 active
layer. (b) Temperature dependence of the field-effect mobility extracted from
the characteristics of C60MC12- and PCBM-based OFETs in the saturation
regime Vds = 50 V. Reproduced with permission from Reference 68.

3.
4.
5.
6.

microcontact printing (71),
inkjet printing (72–75),
thermal imaging (76), and
offset printing (5, 77).

These printing methods can provide a resolution down to 2 μm.
Another popular technology is vacuum evaporation using shadow masks. Hot
wall epitaxy (HWE) is a special growth method (78) that works close to
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Figure 6 Chemical structures of some commonly used organic dielectrics. PVP, poly(4vinyl phenol); PS, polystyrene; PMMA, polymethyl-methacrylate; PVA, polyvinyl alcohol; PVC, polyvinylchloride; PVDF, polyvinylidenfluoride; PαMS, poly[α-methylstyrene];
CYEPL, cyano-ethylpullulan; BCB, divinyltetramethyldisiloxane-bis(benzocyclobutene).

thermodynamic equilibrium and that results in well-ordered organic thin films
with high OFET mobilities (8, 9).
For all fabrication methods used, the morphology of organic semiconductors
as well as that of the organic dielectric interface has been found to have critical
importance.

The Interfacial Layer between the Organic Semiconductor
and the Dielectric
α-6T OFETs (46, 79) are used to demonstrate that the accumulation layer resides
within one layer or a few molecular layers within the contact interface between the
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Figure 7 Commonly used p-type organic semiconductors. F8T2, poly[9,9 dioctylfluorene-co-bithiophene]; MDMO-PPV, poly[2-methoxy-5-(3,7-dimethyloctyloxy)]1,4-phenylenevinylene; P3HT, regioregular poly[3-hexylthiophene]; PTAA,
α,ωpolytriarylamine;
PVT,
poly-[2,5-thienylene
vinylene];
DH-5T,
dihexylquinquethiophene; DH-6T, α,ω-dihexylsexithiophene; phthalocyanine;
pentacene; α-6T, α-sexithiophene.
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Figure 8 Commonly used n-type organic semiconductors. NDI, naphthalene
diimide; F16 CuPc, perfluorocopperphthalocyanine; perylene; PTCDA, 3,4,9,10perylene-tetracarboxylic dianhydrid and its derivaties; PDI, N,N -dimethyl 3,4,9,10perylene tetracarboxylicdiimide; C60 ; PCBM, methanofullerene [6,6]-phenyl C61 butyric acid methyl ester.
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organic semiconductor and gate dielectric (Figure 9). The first two molecular layers
next to the dielectric interface determine the OFET charge transport [Figure 9 (79)].
This is the first direct estimate of the physical thickness of the transport layer in
organic TFTs. Hence, the organization of organic semiconductor thin film on the
dielectric layer in OFETs is a crucial parameter for device performance (80).
If the interface to the organic dielectric exhibits a large number of chemical
groups that can act as charge-carrier traps, this will have a radical influence on
charge-carrier transport within the channel. The modification of the interface, on
the other hand, can be used to increase and facilitate the charge transport, as shown
in Figures 10 and 11 (81).
Most of the pentacene thin films are grown on untreated inorganic SiO2 or Al2 O3
dielectrics (82, 83). One of the most significant improvements in the mobility (up
to 3.4 cm2 Vs−1 ) in pentacene-based OFETs has been achieved by deposition of the
pentacene film onto surface-modified Al2 O3 dielectrics, as shown in Figure 11 (81).
The same group demonstrated even higher mobility of 6 cm2 Vs−1 from pentacene
in their later publications (7) in the same year. Surface energy engineering of
inorganic/organic dielectric seems to be fine tuning the growth of polycrystalline
pentacene film (83, 84).

Figure 9 Hole mobility versus coverage (number of monolayers) for low (squares)
and high (dots) rates of deposition. For the high rate series, the mean value of the plateau
at room temperature is 1.5 ( ± 0.3) 10−2 cm2 Vs−1 . A crossover from monotonic growth
to the plateau occurs at  ≈ 2 ML. Reproduced with permission from Reference 79.
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The Nanomorphology of OFETs
The fabrication of OFETs based on C60 was reported in 1993; these had a fieldeffect electron mobility of 10−3 cm2 Vs−1 (85). This was followed by a 1995 Bell
Laboratories report showing a mobility of 0.3 cm2 Vs−1 (86). This was recently
reproduced in OFETs with mobilities of 0.5 cm2 Vs−1 (87). HWE-grown C60
on organic dielectrics normally shows mobilities of approximately 0.6 cm2 Vs−1
(88). Recently it was reported that the thin-film morphology of fullerene C60 can be
influenced heavily by preheating the dielectric substrate at elevated temperatures
before deposition (Figure 12) (8). Films grown at higher substrate temperatures
yield mobilities of up to 6 cm2 Vs−1 , as shown in Figure 13 (6). Fullerene-based
devices are rather sensitive to air, which induces traps and reduces mobility by
several orders of magnitude.
Morphological studies of copper phthalocyanine (CuPc) films grown on carboncoated electron-microscopic grids exhibit nanoscale crystallites, as shown in
Figure 14. Correlated with the thin-film morphology, the field-effect mobility is
found to be limited by defects, grain size, and grain boundaries varying from
1 × 10−3 cm2 Vs−1 to 3.7 × 10−3 cm2 Vs−1 in these studies (89).
Frisbie and coworkers (90) have studied incidence X-ray diffraction (GIXD) of
ultrathin pentacene films thermally evaporated on a SiO2 /Si substrate. From the
first few monolayers, in which charge transport dominates, two polymorphs are
observed. The monolayer phase has a two-dimensional rectangular cell wherein
the long axis of the pentacene molecule is perpendicular to the a-b crystal plane
on the dielectric surface. In the thin-film phase, the long axis of the pentacene
molecule is slightly tilted with respect to the dielectric surface normal (90). This
in turn has important implications for interfacial transport in pentacene-based
OFETs.
Sirringhaus and coworkers (91) showed that the performance of polymer OFETs
crucially depends on the polymer’s chemical and structural ordering. With structural optimization, these microcrystalline polymers can exhibit mobilities beyond
0.1 cm2 Vs−1 (92–94). Thin films of P3HT reveal a highly microcrystalline and
anisotropic lamellar microstructure consisting of two-dimensional conjugated layers with strong π–π interchain interactions separated by layers of solubilizing, insulating side chains; this microstructure leads to fast in-plane charge transport (Figure
15) (91). These microcrystals have a nanoribbon shape (93). The field-effect mobility of P3HT is very sensitive to the degree of head-to-tail regioregularity (91,
92) and film-deposition techniques (91, 92). High-molecular-weight P3HT films
have varying degrees of crystallinity, which also are induced by varying the solvent
(94). The mobility also increases with increasing molecular weight (95), which is
attributed to lower grain boundaries limiting the transport in low-molecular-weight
samples (90) or, to a less planar polymer backbone in the amorphous regions of
the film in the case of low-molecular-weight fractions (96–98).
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Figure 11 Representative OFET trace for pentacene deposited on an alumina sample treated
with 1-phosphonohexadecane. Vds is held constant at −40 V, and Vg is swept from +10
√
to −40 V. A linear fit to the Ids -Vg trace permits the extraction of saturation mobility
and threshold voltage (VT ). Device parameters for this sample were μsat = 3.4 cm2 Vs−1 ,
VT = −10.4 V, S = 3.4 V/decade, and Ion /Ioff = 1.5 × 106 . Reproduced with permission
from Reference 81.

AMBIPOLAR TRANSPORT
The ambipolar charge transport in an organic transistor is a highly desirable property because it enables the design of circuits with lower-power dissipation and
good noise margin similar to CMOS logic circuits. It is also a necessary condition
for light-emitting transistors (99, 100). Although the first single-channel inorganic
←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 10 AFM images of 1-phosphonohexadecane with increasing coverage of
pentacene. Bright areas in the images are interpreted as increasing film thickness in the
z, or out-of-plane, direction. (A) Initial stages (10-Å coverage) show a large number
of nucleation sites and some lateral growth, with no growth in the vertical direction.
(B) With increasing coverage (35 Å), a second layer of material is nucleated on top of
the first layer as the first layer continues to fill in laterally. (C) With further pentacene
deposition (75 Å), the vertical growth rate seems to more nearly equal to the rate of
lateral growth: Several incomplete layers are manifested as lamellae in the pentacene
grains. Reproduced with permission from Reference 81.
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Figure 12 AFM topography images of (a) 5-nm C60 film grown on BCB substrates without
preheating and (b) 5-nm C60 film grown on BCB substrates with in-situ preheating at 250◦ C.
Reproduced with permission from Reference 8.

√
Figure 13 Plots showing Ids versus Vg -VT (symbols) for C60 OFETs fabricated
with different growth conditions along with theoretical fit curves (without symbols)
using Equation 3. The obtained electron mobilities, μe , are indicated along with the
respective curves. Reproduced with permission from Reference 8.
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Figure 14 Transmission electron micrographs from CuPc films at different substrate
temperatures (Tsub ). (a) At Tsub = 20◦ C, crystals are granular and ∼20–30 nm in
diameter. (b) At Tsub = 120◦ C, crystals have average dimensions of ∼50 × 200 nm2 .
(c) At Tsub = 170◦ C, rod-like crystals have average dimensions of ∼60 × 460 nm2
(with some small gaps). (d) At Tsub = 200◦ C, large elongated crystals have dimensions
of up to ∼400 × 3000 nm2 (with severe discontinuities and large gaps). Reproduced
with permission from Reference 89.

ambipolar transistors were demonstrated more than two decades ago (101), they
have been reported from organic semiconductors in recent years (102–104). The
first report on ambipolar operation in a single OFET was for devices employing a p/n-type heterostructure as the active channel layer consists of two organic
semiconductors (102, 103). It was shown that currents of both polarities could be
simultaneously injected from the source and the drain contacts under appropriate
bias conditions and that both n- and p-type transistor operation could be achieved.
More recently, ambipolar charge transport was reported for OFETs employing
single films of heterogeneous blends consisting of polymer-based interpenetrating
networks [first suggested by Tada et al. (103)] as well as for narrow band-gap organic semiconductors (104). Using these materials, the first complementary-like
inverters employing single-channel OFETs have been demonstrated (104). In their
work, Meijer et al. (104) argued that ambipolar transport is an intrinsic property
of pure organic semiconductors and that it is highly dependent on energy-level
matching between (a) the work function of the source and drain electrodes and
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Figure 15 Regioregular poly(3-hexyl thiophene) shows in-plane, lamellar
self-organization. a and b are lattice parameters. Reproduced with permission
from Reference 91.

(b) the energy levels, namely the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO), of the semiconductor (see also
Reference 67 and references therein).
Surface energy of a chosen dielectric plays an important role in the orientation
and packing of the organic semiconductors on top of it. Charge trapping at the
interfacial layer, polarity of the dielectric, and the dielectric polarizability are
reported to be responsible for electrical hysteresis (19), bias stress (105), and device
degradation (106), for example. Figure 16 shows that the organic semiconductor
pentacene can be ambipolar on polyvinylalchohol as dielectrics (57). If the standard
Si/SiO2 dielectric gate transistor geometry is used, normally pentacene will only
give p-type OFET operation. This demonstrates that using organic dielectrics like
PVA can have a fundamental influence on the character of OFETs.

ORGANIC LIGHT-EMITTING TRANSISTORS
We now turn to a discussion of the possible implications of ambipolar transport in
OFETs in organic light-emitting transistors (OLETs) (100). The first demonstration
of OLETs was performed using a tetracene thin film (102, 107). With the gate
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Figure 16 (a) AFM images of pentacene film grown on polyvinyl alcohol dielectric at
different elevated substrate temperatures. (b) Corresponding ambipolar transistor transfer
characteristics for both electron-enhanced and hole-enhanced modes.

bias, holes accumulate in the transistor channel. This hole current flows toward
the drain, which is negative biased with respect to the source. Together with the
direct injection of electrons from the drain into the LUMO level of tetracene, these
injected electrons have a high probability of interacting with positively charged
tetracene molecules to form excitons, which can then give rise to light emission.
However, in unipolar devices, light emission is restricted to a region close to the
contact that injects the charge carriers of lower mobility, as shown in Figure 17.
In contrast, an ambipolar OLET would allow the electron-hole balance as well as
the location of the recombination zone between source and drain to be tuned by
the gate voltage, hence improving the quantum efficiency of light emission per
injected charge.
Rost et al. (100) have demonstrated OLETs based on coevaporated films of αpentathiophene (α-5T) and N,N -ditridecylperylene-3,4,9,10-tetracarbozylic diimide (P13). Balanced charge-carrier mobility seems to be a prerequisite for such
devices. Exciton formation and therefore light emission strongly depend on the
relative positions of the HOMO and LUMO energy level of the two organic semiconductors.
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Figure 17 Structure (top) and micrographs (bottom) of OLETs fabricated on SiO2 /nSi substrates. Light is generated by recombination of holes and electrons injected
into the transistor channel by source and drain contacts, respectively. Tetracene as an
organic semiconductor and 15-nm sputtered Au as a source-drain electrode were used.
Reproduced with permission from Reference 99.
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Figure 18 Interfacing the life sciences with electronic technology (cybernetics) may
be the future mission of organic semiconductor devices.

CONCLUSIONS
In the field of OFETs, there is a growing interest for use of organic gate insulators in conjunction with organic semiconductors. The low temperature processibility of organic dielectrics fits well with the processing advantages of organic
semiconductors. Top-gate geometries became feasible by using organic gate insulators. The large number of organic dielectrics provides enormous practical
flexibility.
In this article, we focused on the effects of the interface between organic insulators and organic semiconductors. The first couple of nanometers of organic
semiconductors close to the organic dielectric interface play a crucial role in OFET
performance. Modification of this interface can change the characteristics of the
OFETs considerably. Along with these interfacial effects, the nanomorphology of
the organic semiconductors close to the interface also are important for OFET performance. This nanomorphology can be manipulated by varying the temperature,
solvent used, or surface modification. With this flexibility and versatility, OFETs
using organic dielectrics will be increasingly important for the practical realization
of organic integrated circuits.
Furthermore, owing to the compatibility of carbon/hydrogen-based organic
semiconductors with organic biomolecules and living cells, there is a great opportunity to integrate such organic semiconductor devices with living organisms.
The largely independent fields of bio/life sciences and information technology can
be thus bridged in an advanced cybernetic approach, through the use of organic
semiconductor devices (Figure 18). Facilitating this interface in the resulting field
of bio-organic electronic devices is proposed to be the future mission of organic
semiconductor devices.
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