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We investigated the electrical characteristics of single-component ambipolar organic field-effect
transistors (OFETs) by controlling the device structure and preparation and the measurement
conditions. Six organic semiconductor materials (copper-phthalocyanine, tris-(8-hydroxyquinoline)
aluminum (Alqs), alpha-sexithiophene, 4-4'-bis-styrylphenyl, 2,7-diphenyl[1]benzothieno[3,2-b]
benzothiophene, or a photopolymerized polydiacethylene derivative (PDA) were used as the active
layer, and all were found to transport both holes and electrons. The PDA-based FETs had the highest
hole and electron mobilities (0.12 and 0.025 cm?/V s, respectively). We also investigated the effect
of air exposure on the OFETs. The hole mobility was barely affected by the exposure while the
electron mobility was significantly affected. The threshold voltage for p-channel operation was
shifted by the exposure while that for n-channel operation was not, indicating that the hole density
in the active layer is increased by air exposure whereas the electron density is independent of air
exposure. Furthermore, we prepared an Algs-based p-channel OFET and investigated the effect of
air exposure on it. While its operation was stable in vacuum, air exposure degraded its
characteristics. These behaviors indicate that irreversible chemical reactions occur between cationic

Algs species and oxygen or water molecules. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2919738]

I. INTRODUCTION

Organic field-effect transistors (OFETSs) have recently re-
ceived much attention due to their potential use in large-area
and flexible electronic devices such as flexible displays and
printable electronic circuits.'” Ambipolar OFETs are of par-
ticular interest because they can be operated in both
n-channel and p-channel modes. This unique characteristic
simplifies the preparation process when constructing comple-
mentary circuits.* Although most ambipolar OFETs are
composed of layered or mixed films of p-type and n-type
semiconducting molecules,4_6 researchers have recently re-
ported ambipolar OFETs with active layers composed of
single organic semiconducting materials and the fabrication
of complementary circuits.”® Because a balanced recombina-
tion of their holes and electrons can be achieved, such single-
component ambipolar OFETs are promising efficient light
emitters.” Single-component ambipolar OFETs are useful
for investigating the fundamental electrical characteristics of
organic semiconductor materials.'® Most organic materials
have thus far been empirically classified as p-type, n-type, or
bipolar-type on the basis of device behavior. Furthermore, a
material’s highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels, which
are closely correlated with carrier injection phenomena, can
be used as a basis on which to speculate to a certain extent
about the material’s type. However, there is no reason to
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think that organic semiconductors would show unipolar
semiconducting behavior since, unlike inorganic semicon-
ductors, they are not intentionally doped with electron do-
nors and acceptors. Thus, in this study, we carefully investi-
gated the electrical characteristics of ambipolar OFETs by
changing various parameters and environmental conditions,
which provided insight into the unipolar semiconducting be-
havior of organic semiconductors.

Pioneering works have revealed that there are several
key factors in the fabrication of single-component ambipolar
OFETs. In the early stages of their development, such OFETs
were fabricated using narrow-energy-gap (HOMO-LUMO
gap of <2.0 eV) semiconductors such as quinoidal
terthiophene'’ and  poly(indenofluorene).” Because the
HOMO and LUMO levels of these materials are close to
each other, the hole and electron injection barriers are not
very different from those of the contacts. The injection bar-
riers can thus be controlled by using metal contacts with a
particular work function. Yasuda et al. obtained n-channel
behavior in pentacene-based OFETs, which usually show
p-channel unipolar behavior, by using Ca, which has a low
work function, for the source and drain contacts to reduce the
electron injection barrier.'® Their results revealed that con-
trolling the injection barriers is important to obtaining ambi-
polar behavior.

In 2005, a striking report was made by Chua et al., who
demonstrated that most polymer semiconductors can trans-
port both holes and electrons in carefully prepared FET
structures. '’ They found that hydroxyl groups on the surface
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of Si0, dielectric layers acted as electron traps and demon-
strated n-channel and ambipolar operations by introducing
hydroxyl-free insulating polymer layers between the semi-
conducting layers and SiO, layer.

Another approach to fabricating single-component ambi-
polar OFETs is to use organic single crystals as the active
layer. de Boer et al.*® and Takahashi er al.”! prepared ambi-
polar OFETs using single crystals of copper and iron
phthalocyanines,20 rubrene,”’ and tetracene."® The findings of
these studies suggest that a low trap density in the active
layer, particularly for electrons, is important for obtaining
ambipolar semiconducting behavior.

Carrier transport in organic semiconductors is signifi-
cantly affected by the environmental conditions. For ex-
ample, it has been shown that the presence of oxygen con-
verts the polarities of OFETs fabricated of titanyl-
phthalocyanine or fullerene from n- to p-channel.24’25 By
preparing OFETs in an ultrahigh vacuum and taking succes-
sive electrical measurements without breaking the vacuum,
we can evaluate the intrinsic carrier transport properties and
determine how active gases, such as oxygen and water vapor,
affect OFET electrical characteristics.”*

These earlier works have shown that most organic semi-
conductors are intrinsically able to transport both holes and
electrons in FET structures when the key factors
(semiconductor/metal and semiconductor/dielectric inter-
faces, organic semiconductor purity, device preparation pro-
cedures, and measurements conditions) are controlled to re-
duce the number of injection barriers and traps. In previous
work, by controlling these factors, we demonstrated ambipo-
lar operations of OFETs even when we used a wide-energy-
gap blue-emitting organic semiconductor and obtained effi-
cient blue emission."*

To investigate the electrical characteristics of ambipolar
OFETs, we used six representative organic semiconductor
materials as the active layer and prepared the samples with-
out breaking the high vacuum during organic and metal
deposition and electrical measurement. The metals for the
source and drain contacts were changed to investigate the
effects of the injection barriers on ambipolar behavior.
Samples were also exposed to air to investigate how carrier
transport in organic semiconductors is affected by environ-
mental conditions.

Il. EXPERIMENT

The molecular structures of the six organic semi-
conductors used as the active layer are shown in Fig. 1(a):
copper-phthalocyanine  (CuPc) (Aldrich Co.), tris-(8-
hydroxyquinoline) aluminum (Alg;) (Nippon Steel Chemical
Co.), alpha-sexithiophene (a-6T) (Aldrich Co.), 4-4’-bis-
styrylphenyl ~ (BSBP),'*  2,7-diphenyl[1]benzothieno[3,
2-b]benzothiophene (DPh-BTBT),”” and a polydiacetylene
derivative (PDA), which was photopolymerized from 10,12-
pentacosadiynoic acid (PDA monomer) (Tokyo Chemical In-
dustry Co.). Other than the PDA monomer, these organic
materials were train-sublimated several times before use. The
PDA monomer was used as purchased.

Using these six materials and metals with various work
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FIG. 1. (a) Molecular structures of organic semiconductors used. (b) Sche-
matic view of OFET device structure.

functions for the contacts, we fabricated eight sample de-
vices (the first eight listed in Table I). Figure 1(b) shows their
schematic view. A 100-nm-thick polymethylmethacrylate
(PMMA) (Aldrich Co.) layer was dip coated onto
SiO,/p**-Si substrates to eliminate electron traps on the
SiO, surfaces.

We used a vacuum deposition and measurement system
that consisted of one vacuum chamber each for organic
deposition, metal deposition, and electrical measurement to
control device preparation and measurement conditions.
PMMA-coated substrates were first placed in the organic
deposition chamber to form semiconducting layers. Organic
semiconductor material was evaporated in a vacuum of 2
X 107 Pa. The thickness and deposition rate were controlled
at 30 nm and 0.05 nm/s, respectively. The substrates were
held at room temperature during deposition. They were then
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TABLE I. Hole mobility, electron mobility, and threshold voltage for n- and p-channel operations.

Threshold voltage Threshold voltage

Hole mobility Electron mobility (p-channel) (n-channel)

Device® (cm?/V s) (cm?/V s) (V) (V)
PDA (Au) 0.12 0.025 -60 31
CuPc (Al) 27X 107 7.5%107* -65 39
CuPc (Au) 1.7% 107 6.1 107 -30 57
BSBP (Al) 1.5%1073 2.5%X107° -50 64
BSBP (Au) 0.030 9.0%x 107 =57 70
DPh-BTBT (Ca) 4.4x107° 3.6xX10™ =79 77
a-6T (Ca) 3.3x10™ 2.5%X107* -72 79
Algs (Ca) o 55%107 64
Alg; (Au/Cr)® 1.6x 1077 e —43

“Active layer material (source and drain contact metal).
"Bottom-contact electrodes on HMDS-treated substrate
25 pm.)

transferred to the metal deposition chamber to prepare source
and drain contacts. The channel length and width were
50 um and 6 mm, respectively. The completed devices were
then transferred to the measurement chamber to measure the
FET characteristics. The measurement was done in a vacuum
of 1 X107 Pa. All processes after PMMA deposition were
performed without breaking the vacuum.

We measured the electrical characteristics with a semi-
conductor parameter analyzer (Agilent 4156C). To control
the vacuum pressure of the measurement chamber, we intro-
duced air by tuning a leak valve and adjusting the rotation
speed of a turbomolecular pump while monitoring the pres-
sure.

lll. RESULTS AND DISCUSSION

A. FET characteristics measured without breaking
vacuum

Figures 2(a) and 2(b) show the transfer characteristics of
the eight fabricated devices for p-channel and n-channel op-
eration, respectively, measured without breaking the vacuum
from device preparation through measurement. In both op-
eration modes, current enhancement was observed in high
gate-voltage ranges for most of the devices, indicating that
the devices had ambipolar characteristics. Large current
flows in low gate-voltage ranges originated from the oppo-
site carrier flow, from the drain contact to the source contact,
due to the high electric field between the drain and gate
electrodes.

Among these devices, the PDA-based device with Au
contacts showed the highest hole mobility of
0.12 cm? V! s7! and this value is of the same order as one
previously reported.28 This PDA-based device also had a
relatively high electron mobility of 0.025 cm? V~!'s7!.
These high mobilities are thought to be due to the high crys-
tallinity of the film and the intrachain carrier transport along
the polymer backbone. Furthermore, since the HOMO (5.6
eV) and LUMO (4.0 eV) levels®™ of the PDA are similar to
the work function of Au (5.1 eV), electrons as well as holes
can be easily injected from Au contacts. PDA-based OFETs
with UV/Os-treated SiO,/p**Si substrates also showed
similar ambipolar behavior although there were many hy-
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Phthalocyanine derivatives show ambipolar behavior in
FET structures.””*** Yasuda et al. demonstrated ambipolar
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FIG. 2. (Color online) Transfer characteristics of eight devices for (a)
n-channel and (b) p-channel operation. Drain voltage was set to —100 and
100 V, respectively. Metals in parentheses indicate were used for source and
drain contacts.
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carrier transport in CuPc-based OFETs with low work func-
tion Ca contacts, which reduced the electron injection
barrier.”” In a similar manner, we also demonstrated ambipo-
lar behavior when low work function Al contacts were used,
as shown in Fig. 2(b). We even demonstrated ambipolar be-
havior when high work function Au contacts were used, al-
though there is a large electron injection barrier of 1.4 eV
between the work function of Au (5.1 eV) and the LUMO
level of CuPc (3.7 eV).? These results indicate that matching
the work function of the metal contacts with the energy level
of the organic semiconductor is not required for ambipolar
operation if carriers can be injected from the electrodes.
However, for n-channel operation, the drain current in the
devices with Au contacts was smaller than that of the one
with Al contacts, indicating that matching the work function
is preferable for improving device performance. Thus, the
apparent electron mobility of 6.1 X 107 cm? V™' s7! in the
device with Au contacts was lower than that of 7.5
%107 cm? V~! 57! in the device with Al contacts.

Similar behaviors were also observed in the OFETs
based on BSBP with a wide energy gap of 2.9 ev.! Although
the electron injection barrier from Au to the LUMO level of
BSBP (2.1 eV) is very large (nearly 3 eV), we were able to
observe n-type semiconducting behavior. Furthermore, we
observed ambipolar behavior in the DPh-BTBT-based
OFETs with Ca contacts, although DPh-BTBT has the widest
energy gap (3.1 eV) among the materials used in this study.
These results clearly indicate that, in principle, ambipolar
carrier transport can be achieved in almost all organic semi-
conductors.

In the a-6T-based OFET with Ca contacts, we observed
a high electron injection barrier although the work function
of Ca (2.9 eV) is close to the LUMO level of the a-6T [2.8
eV (Ref. 30)]. The threshold voltage for n-channel operation
was as high as 79 V, and the calculated electron mobility of
2.5%107* cm? V-! 57! was significantly lower than the re-
ported hole mobility of 0.1-1.0 cm? V™' s1.3' There are
two possible explanations for this phenomena. One is that
there was unintentional doping in the bulk of the «-6T layer
and/or the a-6T/PMMA interface was not eliminated even
after several sublimations of the evaporation source. The
other is that there was a positive vacuum level shift of @-6T
at the interface of Ca/a-6T. Such positive vacuum level
shifts of organic layers are thought to increase electron in-
jection barriers.*

Although Alqs is one of the most well known organic
semiconductors, there have been no reports on preparing
Alqs-based OFETs. By reducing the number of electron traps
and injection barriers, we obtained n-channel FET character-
istics in devices with Ca source and drain contacts. The field-
effect mobility was 5.5X 1077 cm? V-!s~!, which corre-
sponds well with the value obtained by measuring the space-
charge-limited current in ultrahigh vacuum.” However, it is
significantly lower than the value obtained by time-of-
flight measurements, which was of the order of
105 ¢cm? V! s1.3%3% Nevertheless, the device showed no
hole enhancement, as shown in Fig. 2(b). We had expected
that Alqgs could transport holes as well as electrons in the
devices we prepared. We therefore first changed the metal
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contacts from Ca to Au to reduce the hole injection barrier.
However, it was difficult to obtain distinct p-channel FET
characteristics due to the low drain current. We then prepared
a bottom-contact-type OFET with interdigital electrodes of
Au/Cr (channel length of 76 mm and channel width of
25 wm) on a hexamethyldisylazane (HMDS) treated
Si0,/p**Si substrate to increase the drain current. With this
sample, we observed apparent p-channel FET characteristics,
indicating that Alqs can intrinsically transport both holes and
electrons. The FET behaviors of the p-channel Alqs-based
OFET will be discussed in Sec. III B.

The field-effect mobilities of holes and electrons and the
threshold voltages for the nine devices are summarized in
Table I. Note that these mobilities are apparent values, sim-
ply calculated using a standard method in the saturation re-
gime because these values usually contain contact resistances
that originate from a mismatch between the work function of
the metal contacts and the energy level of the organic semi-
conductor. As shown by the hole mobility of the CuPc-based
OFET with Au contacts, the mobility in this study was rela-
tively low compared to the value reported by Bao et
al.(0.02 ¢cm?/V s).*® This is because we did not optimize the
deposition conditions. Optimization of the substrate tempera-
ture and deposition rate would improve the crystallinity and
increase the grain size of the semiconducting films and lead
to higher mobility.

B. Effect of air exposure

Here, we describe how carrier transport in the PDA-
based ambipolar OFET and the Alqs-based p-channel OFET
was affected by air. Figure 3 shows the vacuum pressure
dependence of the transfer characteristics of the PDA-based
ambipolar OFET in various environments from a high
vacuum of 1X107 Pa to atmospheric conditions (1
X 10° Pa). The vacuum pressure was controlled by introduc-
ing air into the measurement chamber. For p-channel opera-
tion, few changes were observed in the high vacuum range
(1X1075-1x 107! Pa). When the vacuum pressure was
lower than 1 Pa, the drain current gradually increased as the
vacuum decreased [Fig. 3(a), p-channel] due to the threshold
shift from =60 V for 1 X107 Pa to =24 V for 1 X 10° Pa
[Fig. 3(b), p-channel]. The change in hole mobility, from
0.12 cm? V7!'s7! for 1 X107 Pa to 0.096 cm? V! s~! for
1 X 10° Pa, was small, as shown by the slopes of the square
root drain currents for p-channel operation, which were al-
most the same. These results indicate that hole transport was
not significantly affected by exposure to air. However, be-
cause oxygen molecules act as electron acceptors,26 the hole
density in the PDA layer increased, causing a positive shift in
the threshold voltage.

The drain current for n-channel operation dramatically
decreased as vacuum pressure was reduced, indicating that
oxygen or water molecules acted as traps. The mobility de-
creased (from 0.025 to 1.0 X 107 c¢cm? V- s7!) as the pres-
sure was reduced. However, the threshold voltage of around
35 V for n-channel operation was almost independent of the
vacuum pressure, indicating that the electron density in the
PDA layer was not affected by exposure to air. These find-
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FIG. 3. (Color online) Vacuum-pressure dependence of transfer characteris-
tics of PDA-based ambipolar OFET. (a) Drain current in logarithmic scale
versus gate voltage. (b) Square-root drain current vs gate voltage. Drain
voltage for p-channel and n-channel operation was set to —100 and 100 V,
respectively. Vacuum pressure was controlled from 1X 107 to 1X10° Pa
(atmospheric pressure).

ings indicate that PDA film does not have an intrinsic elec-
tron charge and that accumulated electrons are injected from
Au contacts. The introduction of donor gases such as NHj
may generate electron charges and should negatively shift
threshold Voltages.23

Figure 4(a) shows the FET characteristics of the
Algs-based bottom-contact-type FET for p-channel opera-
tion. The electrical measurements were carried out without
breaking the vacuum after deposition. The device showed
saturation behaviors with a field-effect hole mobility of 1.6
X 1077 ecm? V™! s7!, which is comparable to that of elec-
trons. Here, the steep current increase at a gate voltage of
zero was due to the electron flow from the drain contact to
the source contact.

Cationic Alqy has been thought to easily decompose due
to the chemical reactions initiated by water and oxygen
molecules.””® To clarify the effect of exposure to air on the
Alqs-based p-channel OFET, we first exposed the device to
air for 1 h and then returned it to a high vacuum. Almost no
change was observed in the FET characteristics, indicating
that no chemical reactions or contamination had occurred
during the exposure. We then measured the device character-
istics in air [Fig. 4(b)] and found that the current had signifi-
cantly decreased and that the device less stably operated than
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FIG. 4. FET characteristics of Alq;-based ambipolar OFET with HMDS-
treated SiO,/p**Si substrate with bottom-contact electrodes of Au/Cr (chan-
nel width of 76 mm and channel length of 25 wm) obtained in (a) vacuum
of 1 X107 Pa and (b) air.

when it was in vacuum. The FET characteristics were not
restored even when we returned the device to a high vacuum.
These results indicate that measurement of the FET charac-
teristics in air causes an irreversible chemical reaction be-
tween cationic Alg; and oxygen and water molecules.

IV. SUMMARY

To investigate the electrical characteristics of ambipolar
OFETs, we used six organic semiconductor materials as the
active layer: CuPc, a-6T, PDA, DPh-BTBT, BSBP, or Algs.
By controlling the device structure, device preparation, and
measurement conditions, we found that these materials can
transport both holes and electrons. Of these devices, the
PDA-based FET showed the highest hole and electron mo-
bilities (0.12 and 0.025 cm? V™' s7!, respectively). We
found that the work function of the metal contacts and the
energy gaps of the semiconductors are not essential for am-
bipolar operation. We also investigated the effect of exposure
to air on PDA-based ambipolar OFETs. The hole mobility
was barely affected by the exposure, while the electron mo-
bility was significantly affected by it. However, the threshold
voltage for p-channel operation was changed by exposure to
air, while that for n-channel operation was independent of
vacuum pressure. These behaviors indicate that the hole den-
sity in the active layer increased and that electron density
was not affected by exposure to air. The FET characteristics
of the Alq;-based p-channel OFET were not affected by ex-
posure to air for 1 h, while measurement in air degraded the
FET characteristics. This indicates that measurement in air
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causes chemical reactions between cationic Alqs and oxygen
or water molecules. The preparation and measurement with-
out breaking the vacuum enabled us to investigate both the
intrinsic behavior and degradation processes and mecha-
nisms of organic semiconductor materials.
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