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Organic field-effect transistors (OFETs) have attracted
much attention for electronic applications,1 and even light-
emitting OFETs have recently been developed.2 For the
progress in this field, development of new organic semicon-
ductors are very important. Although a lot of p-type
semiconductors such as pentacenes3 and thiophene oligomers4

are reported, the number of n-type ones is still limited and
the performance is not satisfactory. In the case of light-
emitting FETs, the number of n-type ones are very few.5

For the high-performance FETs, high mobilities, high on/
off ratios, low threshold voltages, and high air stability are
required. Recently, we have found that thiazolothiazole6 and
bithiazole7 derivatives containing trifluoromethylphenyl groups
exhibit high electron mobilities and high on/off ratios.
However, they show high threshold voltages and instability

to air. To overcome these disadvantages, we lowered the
LUMO levels of the semiconductors by using strongly
electron-accepting heterocyclic units. For this purpose, 2,1,3-
benzothiadiazole is an attractive heterocycle that has a high
electron affinity.8 The synthesis and modification of the ring
system are easy. Introduction of thienyl groups can afford
donor-acceptor compounds that are expected to be self-
assembled by intermolecular charge-transfer interactions.
Furthermore, they seem to be promising semiconductors for
light-emitting n-type FETs because the dithienylbenzothia-
diazole derivatives are known to be efficient fluorophores
and have small HOMO-LUMO gaps.9 We report here the
high performance n-type FET characteristics and light-
emitting properties of a dithienylbenzothiadiazole with
trifluoromethylphenyl groups and the corresponding ben-
zoselenadiazole and quinoxaline derivatives.

The benzothiadiazole derivative1 was prepared by the
Stille coupling reaction of 2-(tributylstannyl)-5-(4′-trifluo-
romethylphenyl)thiophene with 4,7-dibromo-2,1,3-benzothia-
diazole. The benzoselenadiazole derivative2 and quinoxaline
derivative3 were similarly obtained from the corresponding
dibromo compounds. The yields of1-3 are 19, 12, and 20%,
respectively. Differential scanning calorimetry (DSC) mea-
surements showed a sharp melting endotherm peak at 254-
257 °C for 1, 260-263 °C for 2, and 293-295 °C for 3.
The absoption maxima, emission maxima, fluorescence
quantum yields, and differential pulse voltammetry (DPV)
data of 1-3 are summarized in Table 1. The reduction
potentials of five-membered heterocycles1 and2 are higher
than that of the quinoxaline derivative3, indicating that1
and2 have higher electron affinity than3. The LUMO levels
were calculated from the reduction potentials. Because their
oxidation potentials could not be measured, the HOMO levels
were estimated from the LUMO levels and the HOMO-
LUMO gaps, which were obtained from the absorption onset
in the thin films (Table 1). These compounds1-3 show
strong fluorescence even in the solid state. The emission
maxima in the solid state are observed at longer wavelengths
than those in solution by 48-65 nm, indicating the existence
of the strong intermolecular interactions in the solid state.

The single crystals of2 and3 were obtained from slow
sublimation. To investigate the molecular structures and
intermolecular interactions in the solid state, we carried out
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X-ray structure analyses. The molecule2 has a little
deformed strucure (Figure 1a) in which the dihedral angles
between the component rings are 5.1-16.8°. An important
feature is that a short contact between the S atom of the
thiophene ring and the N atom of the selenadiazole ring
(2.9-3.0 Å) exists and no disorder caused by the thienyl
ring rotation is observed. In the crystal structure (Figure 1b),
the molecule forms a columnar structure in which the average
interplanar distance is 3.40 Å. A short heteroatom contact
between the two columns (S‚‚‚Se, 3.62 Å) is observed.
Although the molecular structure of3 is similar to that of2,
it forms a dimer structure that is packed in a herringbone
manner (see the Supporting Information).

FET devices with bottom contact geometry were con-
structed by vapor-deposition on SiO2/Si substrate. FET
measurements were carried out at room temperature in a
vacuum chamber without exposure to air. All of them showed
n-type behavior. The FET characteristics on bottom contact
device are summarized in Table S6 (see the Supporting
Information). The electron mobilities increase at higher
substrate temperatures. The performance of1 and2 is similar.
On the other hand, the quinoxaline derivative3 showed a
little lower mobility. This fact may be attributed to the
inefficient intermolecular interaction in3 as deduced from
the single-crystal X-ray analysis. The films of1-3 deposited
on the SiO2/Si substrate were investigated by X-ray diffrac-
tion in the reflection mode (XRD) (see the Supporting
Information). The intensity and the number of the peaks
increased with an increase in substrate temperatures. This
finding indicates that the molecules are more highly ordered
upon higher temperatures. The FET performance of1 was
optimized by fabricating the device with top contact geom-
etry, where gold electrodes were defined after 50 nm of
semiconductor deposition by using shadow masks with W/L
of 1.0 mm/200, 100, 50µm. The SiO2 gate insulator was
200 nm thick and treated with hexamethyldisilazan (HMDS).
The FET measurements were carried out in a high-vacuum
chamber (1× 10-5 Pa). Figure 2 shows the drain current
(Id) versus voltage (Vd) characteristics for the FET device of
1. The FET characteristics on top contact geometry at
different substrate temperatures are summarized in Table 2.
The electron mobility calculated in the saturation regime was
0.19 cm2 V-1 s-1 at 80°C. It should be noted here that the

threshold voltage is very low (3 V), which is much lower
than those of previously reported bis(trifluoromethylphenyl)
substituted semiconductors (55-78 V).6,7 The low threshold
voltage is of importance for the appreciations. This may be
related to the high electron affinity and suitable morphology
of 1.

Next, light-emitting FET devices based on the semicon-
ductors1-3 were fabricated by using interdigital electrodes
of Cr (10 nm)/Au (20 nm) with the W/L of 38 mm/5µm on
bottom contact geometry. The thin film of1 was prepared
by vapor deposition in a vaccum chamber (1× 10-5 Pa) at
the substrate temperature of 80°C. After deposition, the
device was exposed to air to be transferred to another vacuum
chamber (1× 10-3 Pa) equipped with a glass window from
which light emission can be measured with a spectrogram
and CCD system. The film was found to have air stability
enough for the transfer in air. The device of1 showed
emission with a maximum of 661 nm, which is close to the
fluorescence in the thin film (662 nm). The emission spectra

Table 1. Optical and Electrochemical Properties of 1-3a

λabs(nm) (logε) λem (nm) (φ)

compd solutiona filmb solutiona solidb E1
red

c (V) E2
red

c (V) HOMO (eV) LUMO (eV) Eg (eV)

1 256 (4.26), 348 (4.50), 480 (4.45) 330, 347, 475 616 (0.31) 667 -1.00 -1.52 5.38 3.38 2.00
2 251 (4.14), 355 (4.60), 512 (4.31) 339, 376, 544 670 (0.17) 735 -0.92 -1.46 5.21 3.45 1.76
3 272 (4.31), 351 (4.43), 457 (4.37) 295, 324, 452 598 (0.31) 646 -1.16 -1.60 5.34 3.21 2.13

a In CH2Cl2. b 50 nm thick on a quartz plate.c In DMF (0.1M TBAPF6), Pt electrode, scan rate 20 mV s-1, V vs SCE. The fluorescence quantum yields
were obtained by using 9,10-diphenylanthracene (λex ) 365 nm,φf ) 0.90 in cyclohexane) as a standard.

Figure 1. (a) Molecular and (b) crystal structure of2.

Figure 2. (a) Output characteristics and (b) transfer characteristics of1 at
Tsub ) 80 °C on top contact geometry.

Table 2. Field-Effect Transistor Characteristics of 1

Tsub(°C) mobility (cm2 V-1 s-1) on/off threshold (V)

25 0.04 1× 105 39
50 0.08 1× 105 30
80 0.19 1× 106 3
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were measured with the drain voltage of 100 V and the gate
voltages were varied from 20 to 100 V. The emission
intensity increased with an increase in gate voltage (Figure
3). The emission intensity also increased with an increase
in drain voltages because of the increased carrier recombina-
tion. The emission was observed near the drain electrode
side because the device has only an n-channel.5 The
successful light-emitting observation can be attributed to the
small HOMO-LUMO gap. The FET devices based on2
and3 showed similar light-emitting behavior.

In conclusion, we have developed new semiconductors
composed of donor-acceptor compounds including electron-
accepting benzothiadiazole and related heterocycles. The FET
devices based on them showed high n-type performance.
Using the benzothiadiazole unit, we found the threshold
voltage to be greatly reduced to 3 V. The devices showed
n-type light-emitting FET characteristics, where the emission
intensity was strongly dependent on the gate voltages.
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Figure 3. LFET spectra depending onVg of the device of1.
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