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Abstract

Nitrogen heterocycles containing C=N double bonds have elec-
tron-accepting properties and can be used as n-type semiconduc-
tors for organic field-effect transistors. Thiazole, benzothiadi-
azole, pyrazine, and related heterocycles have been incorporated
in �-conjugated systems. The effects of the structures and elec-
tron affinity of the heterocycles on transistor characteristics have
been investigated here.

1. Introduction

Organic field-effect transistors (OFETs) have attracted
much attention for applications such as display drivers and iden-
tification tags because they have advantages of low cost, flexibil-
ity, and light weight.1 Organic semiconductors can be processed
at low temperatures compatible with plastic substrates. By using
solution techniques such as spin coating, inkjet printing, and
screen printing, large-area fabrication is possible at low cost.
Modification of organic semiconductors can easily tune the char-
acteristics of transistors. As mentioned above, OFETs have great
possibilities in organic electronics.

FET characteristics are evaluated mainly on carrier mobi-
lity, on/off current ratio, and threshold voltage. High-perform-
ance transistors display high mobility, large on/off ratio, and
low threshold voltage. In addition, high stability of the devices
in air is essential for practical application. To achieve such high
performance, development of new organic semiconductors as
well as the improvement of device structure is very important.
Many p-type organic semiconductors have been reported and
some semiconductors show higher mobilities than amorphous
silicon (1 cm2 V�1 s�1).2 On the other hand, n-type semiconduc-
tors are still not fully developed and performance is not satisfac-
tory. The n-type semiconductors are important as key compo-
nents of p–n junctions and advanced electron-transporting mate-
rials.3 To achieve high electron mobilities in FET devices, or-
ganic semiconductors should be highly ordered with strong
intermolecular interactions. Proper LUMO energy levels near
the work functions of source/drain electrodes are also necessary
for low threshold voltages. Recently, high-performance n-type
semiconductors have been obtained by introducing electron-
withdrawing groups such as fluoro or perfluoroalkyl substituents
into p-type semiconductor cores such as pentacene and oligo-
thiophenes.4 However, they still have disadvantages of insuffi-
cient intermolecular �–� interactions and unfavorable electron

injection. These disadvantages were expected to be overcome
by using electron-accepting heterocycles as the core of �-elec-
tron systems. Nitrogen-heterocycles containing C=N double
bonds have electron-accepting properties and can be used for
this purpose. From this viewpoint, we have developed new
n-type semiconductors containing thiazole, thiadiazole, pyra-
zine, and related heterocycles. I will highlight here those mate-
rials giving high-performance n-type organic FETs.

2. Thiazole-containing Compounds

We have achieved high electron mobilities by using a tri-
fluoromethylphenyl group as end substituents. Bithiophene de-
rivative 1 with the substituents showed a high mobility of
0.18 cm2 V�1 s�1 which was higher than that of the correspond-
ing perfluorohexyl derivative.5 This result shows that the tri-
fluoromethylphenyl group is superior for inducing n-type semi-
conducting behavior probably because the group is effective to
afford well-ordered crystalline films. However, the threshold
voltage of the FET based on 1 was very high (76V), and one rea-
son considered was due to the weak electron affinity resulting in
a high barrier of electron injection from electrodes. Therefore,
the thiophene rings of 1 were replaced by electron-accepting
thiazole rings to give 2 (Scheme 1).6 The electron mobility of
a device using a bare SiO2 substrate was 0.21 cm

2 V�1 s�1, and
the threshold voltage was a little decreased. The mobility was in-
creased to 1.83 cm2 V�1 s�1 by using an OTS (octadecyltrichloro-
silane)-modified SiO2 substrate although the threshold voltage
was increased.6 The output and transfer characteristics are de-
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scribed in Figure 1. Molecule 2 in a single crystal is completely
planar and forms a �-stacking structure in contrast to the her-
ringbone structure of 1. In addition, a two-dimensional (2-D)
columnar structure was observed as shown in Figure 2, which
is thought to be formed to avoid steric repulsion of CF3 groups.
The increase of the mobility on the SiO2 surface treatment was
explained by a morphology change of the films. Thus, the grain
size increased after surface treatment. The AFM image of the
OTS-treated film reveals a terrace-like layer structure in contrast
to the bare SiO2, leading to the high mobility in the OTS film. On
the other hand, isomer 3 containing nitrogen atoms at different
positions did not show any FET characteristics. Molecule 3 is
a little twisted with a dihedral angle of 10.4� and forms a �-
stacking structure in the single crystal. However, the XRDmeas-
urement showed no peak, indicating the disorder arrangement of
molecules in the thin film. This may be attributed to the easy ro-

tation of the central C–C bond of 3 resulting in the disorder ori-
entation.

The system of 2 was further modified to extend � conjuga-
tion to give co-oligomers 4 and 5.6 The FET performance of 4
is much better than that of 5. The low performance of 5 is also
attributed to the conformational disorder caused by the rotation
of the central bond as found in 3. To suppress this rotation and
construct a more rigid system, thiazolothiazole-containing com-
pound 6 was designed.5 This bicyclic ring can be easily formed
by a one-step reaction of aromatic aldehydes with commercially
available dithiooxamide (Scheme 2). The rigid and polarized
heterocyclic system was expected to induce strong intermolecu-
lar �–� interactions. Actually, 6 has a �-stacking structure and
short heteroatom contacts (S���S contact of 3.25 Å) between the
columns in the crystal as shown in Figure 3, that is a kind of
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Figure 1. (a) Output characteristics and (b) transfer characteris-
tics of the FET of 2.
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Figure 2. Crystal structure of 2 and AFM images of the films.
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2-D structure. A similar crystal structure was observed in the bi-
thiophene derivative 8,7 suggesting that the thiazolothiazole unit
is crucial for the construction of the 2-D structure. The FET de-
vice based on 6 using a bare SiO2 substrate showed a high elec-
tron mobility of 0.30 cm2 V�1 s�1 with a threshold voltage of
60V. On the other hand, bithiophene derivative 8 showed a
p-type semiconducting behavior. This fact indicates that the
CF3–phenyl group plays an important role in exhibiting high
electron mobility.

Although optimization of the device structure based on 6 by
using an OTS-modified SiO2 substrate improved the mobility to
1.2 cm2 V�1 s�1, the threshold voltage was still high (Table 1).8

To decrease the threshold voltage, the LUMO levels of semi-
conductors should be lowered for facile electron injection. The
LUMO levels can be estimated from the reduction potentials.
Replacement of the thiophene rings of 6 by thiazole ones to
give 7 shifts the reduction potentials positively, indicating that
the electron affinity is increased by the replacement.9 The FET
device based on 7 exhibited a lower threshold voltage of 24V
with a high mobility of 0.64 cm2 V�1 s�1 as shown in Table 1.

The extension of � conjugation is considered to be useful
for increase in intermolecular interactions as well as decrease
in Coulomb repulsion. For this purpose, benzobisthiazole deriv-
atives 9 and 10 were designed.10 They were easily obtained by
reaction of commercially available 2,5-diamino-1,4-benzenedi-
thiol and the corresponding aldehydes (Scheme 3). The packing
structure in the single crystal of 9 is a herringbone type as shown
in Figure 4, which is in contrast to the �-stacking structure of 6.
This is probably due to the electron repulsion between the
benzobisthiazole rings of 9. Although the �–� intermolecular
interaction is weaker in the herringbone packing than in the �-
stacked one, the former is more favorable for the high dimen-
sionality as seen in pentacene. The mobility of 9 is a little low
compared to that of 6 (Table 1). However, the threshold voltage
is much reduced to 24V although the electron affinity is similar.
This result may be attributed to the herringbone structure of 9
leading to a better contact between the semiconductor and the
electrodes. On the other hand, the thiazole analogue 10 exhibited
a poor FET performance. This result was attributed to its amor-
phous-like morphology in the thin film since no peak was ob-
served in the X-ray diffraction analysis.

Instead of the benzobisthiazole core, anthraquinone was
used since it has a high electron affinity.11 The derivatives 11
and 12 afforded good performance FETs as shown in Table 1.
In this case, the mobilities were better in thiazole derivative 12
than in thiophene 11. This result is attributed to the stronger in-
termolecular interactions in 12 than in 11. Their crystal struc-
tures are � stacking in contrast to the herringbone structure of
9.11 The crystal structure of 11 is described in Figure 4, which
shows a one-dimensional column.

3. Benzothiadiazole and Benzoselena-
diazole-containing Compounds

2,1,3-Benzothiadiazole is a stronger electron-acceptor than
thiazole because of the quinoid structure as well as the two
C=N double bonds. The heterocyclic unit has been used in elec-
tron acceptors for organic conductors or electron-transporting
materials and emission layers for organic electron-luminescence
devices. The heterocycle has also been used for OFETs. Re-
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Figure 4. (a) Crystal structures of 9 and (b) 11.

Table 1. Reduction potentials and FET characteristicsa of thi-
azole-containing compounds

Compound
Ered

/Vb

Devise
type

Mobility
/cm2 V�1 s�1

Threshold
/V

1 �1:81 top 0.18 +76
2 �1:63 top 1.83 +78
3 �1:46 top not observed
4 �1:62 top 0.085 +63
5 �1:35 top 0.0028 +63
6 �1:48 top 1.20 +67
7 �1:08 top 0.64 +24
9 �1:40 top 0.24 +24
10 �0:99 top 0.05 +28
11 �0:88 bottom 0.020 +26
12 —c bottom 0.074 +25

aThe highest mobilities reported. bThe first reduction poten-
tials, V vs. SCE. cNot measured due to the low solubility.
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placement of the thiazolothiazole core in 6 by the benzothiadi-
azole ring gives 13 (Scheme 4). The reduction potential of 13
is much higher than that of 6, confirming the high electron affin-
ity. The FET device based on 13 showed good mobility and low
threshold voltage (Table 2).12 Particularly, the low threshold
voltage of 3V in the top contact device is noteworthy, which
can be attributed to the high electron affinity of 13. In addition,
the FET device showed n-type light-emitting FET characteris-
tics. When Au source and drain electrodes were used, red emis-
sion of 662 nm consistent with that of fluorescence was observed
near the electrode. The emission intensity increases with an
increase of the gate voltage, confirming that the device is a
light-emitting FET. This is due to the small HOMO–LUMO en-
ergy gap leading to direct hole injection from the electrode. On
the other hand, the thiazole-substituted derivative 14 also
showed good FET performance (Table 2).13 The single-crystal
X-ray structure analysis revealed that the molecule has a short
intramolecular S���N contact of 2.89 Å resulting from the electro-
static interaction, which makes the direction of the thiazole ring
definite.

On the other hand, introduction of selenium atoms is expect-
ed to increase intermolecular interactions owing to the more po-
larized nature of the selenium atom. In this context, selenium-
containing compounds 15–17 were synthesized.14 The compari-
son of 13 and 15 indicates that the selenadiazole ring has a high-
er electron affinity than the thiadiazole. The selenophene rings in
16 and 17 also decreases the LUMO energies compared with the
thiophenes as seen in their reduction potentials which are more

positively shifted than those of the corresponding molecules
13 and 15. The single-crystal X-ray structure analysis of 16 re-
veals a multidimensional structure as shown in Figure 5, where
the molecules form a dimer pair which is arranged in a herring-
bone manner, and short S���Se contacts of 3.66 and 3.68 Å are ob-
served. The mobilities of the bottom-contact FETs of 16 and 17
are higher than those of 13 and 15. Particularly, the mobilities at
the substrate temperature of 25 �C are greatly increased by the
introduction of the selenophene rings. The threshold voltages
of the selenophene-containing compounds 16 and 17 are lower
than those of 13 and 15 because of the higher electron affinity
of the former. The mobilities were improved by increasing the
substrate temperature, and the highest mobilities of 16 and 17
in the bottom-contact devices reached to 0.19 and 0.16
cm2 V�1 s�1 at 100 �C, respectively.

4. Pyrazine-containing Compounds

Since pyrazine is a stronger electron acceptor than thiazole,
compounds containing pyrazine units have been used as n-type
semiconductors. Co-oligomers 18 and 19 with the pyrazine ring
were easily prepared by the Stille coupling of 2-bromo-5-iodo-
pyrazine with the corresponding stannyl reagents.15 They afford-
ed n-type FETs, where the electron mobility was improved by
replacing the thienyl unit with the thiazole one as shown in
Table 3. This replacement also decreases the threshold voltage
owing to the increase of electron affinity. Single-crystal structure
analysis of 18 was carried out, which reveals the molecular
structure with the N of the pyrazine and the S of thiophene in
the same direction probably resulting from the electrostatic in-
teraction. The crystal structure is a herringbone type which is
different from the �-stacking structure of thiazolothiazole deriv-
ative 6.

On the other hand, dicyanopyrazinopyridine 20 and its de-
rivatives are strong electron acceptors.16 Various derivatives
have been used as semiconductors for FETs. Although most of
them showed n-type behavior, the electron mobilities were low
(ca. 10�6 cm2 V�1 s�1). This is probably due to the carrier trap
by the cyano groups. Phenanthroline-fused pyrazine derivatives
have high electron affinity stemming from the presence of four
C=N double bonds. Such compounds were expected to show
n-type semiconducting behavior without CN groups. In fact, ter-
thiophene derivative 21 afforded an n-type FET. Interestingly,
the quinquethiophene derivative 22 showed clear ambipolar
FET characteristics, where both p- and n-type behaviors were
observed.17 This is attributed to the increased HOMO level of
22. Compound 22 has an absorption maximum at 727 nm result-
ing from the small HOMO–LUMO energy gap.

Tetrathiafulvalene (TTF) is a strong electron donor and its
derivatives have been used as p-type semiconductors for OFETs.
The HOMO levels of TTFs are very high, resulting in lability to
oxygen. To decrease the HOMO levels, electron-accepting pyr-
azine rings were introduced. As a result, TTF derivative 23 con-
taining fused-quinoxaline rings enhanced the air-stability.18

However, the compound still showed p-type behavior. In con-
trast, halogen-substituted derivatives 24 and 25 (Scheme 5)
showed n-type behavior. Both of them showed a good electron
mobility of 0.1 cm2 V�1 s�1, and they became the first examples
of n-type FETs based on TTF derivatives.19 The molecules are
�-stacked to form columns as shown in Figure 6, which are dif-

Table 2. Reduction potentials and FET characteristicsa of com-
pounds 13–17

Compound
Ered

/Vb Type
Tsub
/�C

Mobility
/cm2 V�1 s�1

Threshold
/V

13 �1:00 bottom 25 5:5� 10�5 +35
bottom 80 0.043 +35
top 80 0.19 +3

14 �0:77 top 50 0.068 +15
15 �0:92 bottom 25 8:1� 10�4 +40

bottom 100 0.011 +59
16 �0:91 bottom 25 0.012 +49

bottom 100 0.19 +20
17 �0:86 bottom 25 0.061 +28

bottom 100 0.16 +23
aThe highest mobilities reported. bThe first reduction poten-
tials, V vs. SCE.
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ferent from a herringbone structure of a naphthalene-fused
TTF.18 This can be attributed to the intermolecular charge-trans-
fer interactions. The fluoro derivative 24 has an interaction be-
tween the electron-donating TTF unit and the electron-accepting
quinoxaline part similarly to 23, whereas in 24 the electron-with-
drawing Cl atoms are sandwiched between the TTF units. The
structure of 24 is a kind of 2-D column. In addition, both of them
have short S���S contacts (3.56 and 3.60 Å) between the columns,
forming a 2-D network. The effect of halogen substituents on the
FET behavior was rationalized by the lower LUMO levels
caused by the halogen atoms. This result confirms that the FET
polarity can be determined by the frontier orbital energies of
semiconductors and that end substituents can control the polarity.

Electron-accepting carbonyl compounds are candidates for
n-type semiconductors as noted for anthraquinones 11 and 12.
Indenofluorenedione derivatives 26 and 27 (Scheme 5) were ex-
pected to be semiconductors because of the planar rigid terphen-
ylene structures, which are easily obtained from terephthalic
acids. The pyrazine analogues 28 and 29 were synthesized from
the corresponding indanone derivatives.20 Single-crystal X-ray
structure analyses of the fluoro derivatives 27 and 29 revealed

the �-stacking columnar structures. The crystal structure of 27
is shown in Figure 7. The pyrazine derivatives have higher elec-
tron affinity than the corresponding benzene derivatives. The
fluoro derivative 27 exhibited a high electron mobility of
0.17 cm2 V�1 s�1 in the bottom-contact FET although nonsubsti-
tuted 26 showed no FET characteristics. On the other hand, non-
substituted pyrazine derivative 28 afforded an n-type FET and the
FET of fluoro derivative 29 showed higher mobility. It should be
noted here that the threshold voltage was much decreased by in-
troduction of the pyrazine ring to 17 from 75V in the top-contact
devices. This can be attributed to smooth electron injection from
the Au electrodes in 29 with higher electron affinity.

5. Summary

We have developed various n-type semiconductors com-
posed of nitrogen-containing heterocycles. Introduction of the
heterocyclic rings could control the LUMO levels and intermo-
lecular interactions. Consequently, some of them afforded high
electron mobilities, high on/off ratios, and low threshold voltag-
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Figure 7. Crystal structure of 27.

Table 3. Reduction potentials and FET characteristicsa of pyr-
azine-containing compounds

Compound
Ered

/Vb

Devise
type

Mobility
/cm2 V�1 s�1

Threshold
/V

18 �1:86 bottom 8:3� 10�4 +105
19 �1:76 bottom 3:0� 10�3 +41

top 0.04 +36
20 �0:03 bottom 3� 10�6 +4
21 �0:92 bottom 2� 10�4 +85
22 �0:83 bottom (n) 6� 10�5 —c

(p) 1� 10�5 —c

23 < �1:9 top (p) 0.20 �36

24 < �1:9 top 0.10 +49
25 < �1:9 top 0.11 +52
26 �1:19 top not observed
27 �1:02 bottom 0.17 +69

top 6:6� 10�2 +75
28 �0:85 bottom 2:7� 10�4 +70
27 �0:75 bottom 1:1� 10�2 +27

top 0.17 +17
aThe highest mobilities reported. bThe first reduction poten-
tials, V vs. SCE. cNot reported.

Figure 5. Crystal structure of 16.

(a) (b)

Figure 6. (a) Crystal structures of 24 and (b) 25.
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es. However, n-type FETs are generally unstable in air and the
FET characteristics described here were measured under vacu-
um conditions. In addition, these devices were fabricated by vac-
uum evaporation of organic semiconductors since they have low
solubility in solvents. To overcome those disadvantages, further
studies are under way.
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