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ABSTRACT: We present the synthesis, characterization,
and structural analysis of a thiophene-rich heteroacene,
dibenzothiopheno[6,5-b:6′,5′-f ]thieno[3,2-b]thiophene
(DBTTT) as well as its application in field-effect
transistors. The design of DBTTT is based on the
enhancement of intermolecular charge transfer through
strong S−S interactions. Crystal structure analysis showed
that the intermolecular π−π distance is shortened and that
the packing density is higher than those of the electroni-
cally equivalent benzene analogue, dinaphtho-[2,3-b:2′,3′-
f ]thieno[3,2-b]thiophene (DNTT). The highest hole
mobility we obtained in polycrystalline DBTTT thin-film
transistors was 19.3 cm2·V−1·s−1, six times higher than that
of DNTT-based transistors. The observed isotropic
angular mobilities and thermal stabilities at temperatures
up to 140 °C indicate the great potential of DBTTT for
attaining device uniformity and processability.

Organic semiconductors are drawing attention as promising
materials that can be applied in flexible electronics, despite

their relatively low charge mobility when compared to their
inorganic counterparts.1,2 New materials with high mobilities
above 10 cm2·V−1·s−1 and recently developed sophisticated
solution-processing techniques for single-crystalline devices have
spurred many researchers to develop organic semiconductors for
next-generation flexible electronics.3−6

Heteroacenes that contain chalcogenophene have been
actively investigated as semiconducting materials because they
are more stable in air than acenes and various chemical
modifications of the compounds are possible.7,8 While there
have been many attempts to combine benzene with thiophene
rings to produce higher-performance materials, only a few
derivatives are known to show high mobilities above 1 cm2·V−1·
s−1. Diacene-fused thieno-[3,2-b]thiophenes (DNTTs)9 have
been studied in depth by many researchers to demonstrate their
applicability in new-concept devices because of their high
mobility.10−12 For further enhancement of the mobility of
DNTT, Takimiya13 and Bao14 et al. introduced anthracene

instead of naphthalene to facilitate the charge transfer between
molecules by increasing the π−π orbital overlap; however, the
resulting TFT performance did not surpass that of TFTs based
on unmodified DNTT. While there are some examples of the
mobility being enhanced by side-chain modifications of
DNTT,15−20 we focused on developing new core molecules
with high performance. Although theoretical simulations suggest
that the highly symmetric benzene ring is more favorable than the
thiophene ring for low reorganization energy and charge transfer
is dependent on the conjugation length of the molecule, we
focused on the compactness of molecules for a higher density of
charge-carrying species and introducing strong S−S and S−C
interactions between thiophenes instead of the C−H···π
interactions through benzene rings.
By replacing the terminal benzene rings of DNTT with two

thiophene rings, as shown in Figure 1, we propose a four-

thiophene-fused heteroacene, dibenzothiopheno[6,5-b:6′,5′-f ]-
thieno[3,2-b]thiophene (DBTTT), as a candidate for a higher-
charge-transporting material. Owing to the higher number of
thiophenes, DBTTT has a lower HOMO level and a larger
HOMO−LUMO energy gap than DNTT in molecular orbital
calculation (HOMO, highest occupied molecular orbital;
LUMO, lowest unoccupied molecular orbital). Calculations
show that the reorganization energy of DBTTT (146 meV) is
comparable to that of DNTT (128 meV). In addition, crystal-
structure prediction using the Polymorph package in Materials
Studio (BIOVIA, formerly Accelrys, USA) shows that, compared
to DNTT, DBTTT molecules are more closely packed and that
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Figure 1. Chemical structure of DBTTT and DNTT.
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the packing density is over 10% higher (see Supporting
Information). We report here its synthesis, physicochemical
properties, crystal structure, and thin-film and single-crystalline
transistor characteristics to examine the suitability of DBTTT as
a high-performance semiconducting material.
In our study, DBTTT was regiospecifically synthesized by

adapting Neckers’ method,21 where dilithiated thieno[3,2-
b]thiophene was condensed with 3-bromo-thiophene-2-carbox-
aldehyde and by in situ dehydroxylation using sodium
cyanoborohydride to afford compound 3 in Scheme 1. Using a

little excess of tert-butyllithium (t-BuLi) and dimethylformamide
(DMF), the dibromo compound was converted to dicarbox-
aldehyde, compound 4, with good yield (42% in three steps).
The tandem intramolecular cyclodehydration (hetero-Bradsher
reaction) afforded the final product as an off-white solid, which
was further purified by sublimation.
DBTTT is a thermally stable pale-yellow crystal that sublimes

at temperatures above 350 °C (Tm = 427 °C). The optical
HOMO−LUMO gap estimated from the absorption edge (λedge
= 423 nm) is about 2.9 eV, which is similar to that of DNTT (3.0
eV). The ionization potential for DBTTT is 5.32 eV below the
vacuum level. Judging from this data, we expect DBTTT to be
electrochemically as stable as DNTT.
Single-crystal X-ray analysis of DBTTT elucidated that the

compound exhibited a typical herringbone packing structure
with a small standard deviation of 0.04 Å. Compared to the well-
known DNTT, the intermolecular distance between two
adjacent DBTTT molecules along the π-stacking direction was
dramatically reduced to 5.91 Å (6.19 Å for DNTT), and all sulfur
atoms participated in the sulfur−sulfur van der Waals interaction
on the a−b plane and even along the c-axis. Unlike other high-
performance semiconducting materials like DNTT, pentacene,
or rubrene, the transfer integral values22 of DBTTT on the a−b
plane were quite well balanced (VT1 = 67, VT2 = 50, and VTP = 70
meV). The Marcus-theory-based23 directional charge mobilities
of DBTTT ranged from 2.5 to 5.6 cm2·V−1·s−1. Compared to the
structurally similar DNTT and dianthra[2,3-b:2′,3′-f ]thieno-
[3,2-b]thiophene (DATT) crystals, the transfer integral values
were quite distinguishable (Figure 2d), and the calculated ratio
between the maximum and minimum angular mobility, μmax/
μmin, of DBTTT was much lower than those of DNTT and
DATT (9.3/2.9 and 15.5/5.2, respectively). It is noteworthy that,
even though the maximum and average mobilities of DBTTT are
expected to be lower, the isotropic mobility of DBTTT can be
evaluated in polycrystalline thin films because anisotropic charge
transport may obstruct the prediction of the characteristics and
complicate circuit and device design. Furthermore, the grain
boundary of isotropic microcrystals probably reduces the energy
barrier to transport and possibly contribute to the improvement
in device uniformity.

Thin-film transistors were fabricated by vacuum deposition on
the octadecyltrichlorosilane (ODTS)-treated SiO2/Si (300 nm-
thick thermal SiO2 on Si wafer) substrates. The channel width
and length of the DBTTT were 1000 and 100 μm, respectively.
Table 1 summarizes the performance of the DBTTT-based

organic field-effect transistors (OFETs) prepared at various
substrate temperatures (Tsub). All the devices showed typical p-
channel field-effect transistor (FET) characteristics. In particular,
excellent FET characteristics, with average mobility of μFET =
13.9 ± 2.3 cm2·V−1·s−1 and on/off current ratio of Ion/Ioff > 107

were obtained from 36 devices fabricated at Tsub = 60 °C. Among
the results, the highest hole mobility of 19.3 cm2·V−1·s−1 was
achieved with a threshold voltage (Vth) of −11.2 V in the
saturation region. The value of Ion/Ioff was around 3.6 × 108. The
mobility is the highest value ever reported among polycrystalline
thin-film transistors fabricated on SiO2/Si substrates. The output
characteristics (drain current, ID, versus drain−source bias, VDS)
and transfer characteristics (ID versus gate−source bias, VGS) of
the devices are shown in Figure 3.
The substrate temperature influenced the crystalline domain

sizes, as shown in the atomic force microscopy (AFM) images
(Figure 4a). The grains were ∼0.1 μm in size in the thin films
deposited at room temperature (RT), whereas the grain sizes
were 1−2 μm in the films deposited at Tsub = 60 °C. Apparently,
the larger grains contributed to the enhancement in hole

Scheme 1. Synthetic Route to DBTTT

Figure 2. Crystal structure and transfer integral value of DBTTT. (a,b)
There are two kinds of intermolecular S···S contacts (S1−S4, S2−S3)
that are shorter than the sum of van der Waals radius of the sulfur atoms
(3.70 Å). (c) c-Axis projection representing the herringbone structure.
The transfer integrals were computed for the transverse (VT1 and VT2)
and parallel (VTP) components of pairs of nearest neighbors. H atoms
have been omitted for clarity. (d) Comparison of transfer integral values
of DBTTT with those of other thienothiophene-cored organic
semiconductors, DNTT and DATT.

Table 1. Experimental Characteristics of DBTTT-Based
Organic Field-Effect Transistors (OFETs)

substrate temp
(°C) mobilitya (cm2·V−1·s−1) Ion/Ioff

threshold voltage
(V)

RT 2.82 ± 0.71 106−107 − 7.91 ± 2.34
40 6.89 ± 0.84 107 − 8.32 ± 1.14
60 13.87 ± 2.34 108 − 9.82 ± 2.75
80 8.26 ± 1.15 107 − 9.76 ± 0.75

aExtracted from saturation regime (VDS = −40 V).
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mobility.24WhenDBTTTwas deposited at a higher temperature
(80 °C), larger, albeit noncontinuous, crystallites were observed,
which is consistent with the weaker field-effect response in actual
devices.
The X-ray diffraction (XRD) patterns of the DBTTT thin

films show well-defined crystalline character, and the peaks are
clearly assignable to (001) reflections (Figure 4c). A primary
diffraction peak appears at 2θ = 5.68°, with third- to sixth-order
diffraction peaks at 2θ = 17.10, 22.86, 28.66, and 34.58°,
respectively. The strong intensity of the XRD peaks indicates the
formation of lamellar ordering, and the crystallinity of the
substrate. The d-spacing of DBTTT obtained from the first
reflection peak was 15.5 Å, which is consistent with the single-
layer thickness obtained by AFM (Figure 4b). As shown in the
AFM images (Figure 4a,b), the molecules stood almost
perpendicular to the substrate surface and the packing nature
of the microcrystal in the thin film was similar to that of the
solution-grown single crystal.
To confirm the intrinsic mobility of DBTTT, single-crystalline

field-effect transistors (SC-FETs) were fabricated. Using the
physical vapor transport (PVT) method,25 the crystals were
directly grown on a SiO2/Si substrate coated with a self-
assembled monolayer (SAM) of ODTS. The micrometer-sized
single-crystalline plates, as large as 20 × 20 ± 5 μm with a typical
thickness of∼40± 2 nm, were obtained with a regular hexagonal

shape, where the angles of the facets match those calculated from
the X-ray structure (Figure 2a,b). The SC-FETs were fabricated
using the “organic ribbon mask” technique26 in which an
individual organic ribbon was used as a mask for the deposition of
gold for the source and drain electrodes. Top-contact bottom-
gate devices were produced (Figure 5c). The angular depend-

ence of the field-effect mobility of DBTTT appeared quite
uniform, regardless of the channel direction. As shown in Figure
5d, the transistors exhibited very similar mobilities of about
4.06−5.11 cm2·V−1·s−1 along the [100], [110], and [010]
directions. As the gate bias increased, the saturation mobility
increased to 8.53 ± 0.56 cm2·V−1·s−1 (VDS at −20 V). With
further increase of the bias to −40 V, some devices underwent
breakage, although the saturation mobility was observed to be
18.0 cm2·V−1·s−1.
In order to evaluate the thermal stability of DBTTT-based

FET devices, the temperature-dependent electrical character-
istics were measured by elevating the temperature from RT to
200 °C in steps of 10 °C. The transfer characteristics, mobility,
and Vth remained at their initial values until the temperature
reached 140 °C (Figure 6). Although a 50% decrease in mobility
and negative shift of Vth were observed when the temperature
exceeded 150 °C, the mobility was restored to the initial value
after cooling to RT. Compared to its benzene analogue, DNTT,
the improved thermal stability of DBTTT can be explained by

Figure 3. Device performance of DBTTT-based OFETs. (a) Output
characteristics (ID versus VDS) and (b) transfer characteristics (ID versus
VGS) of DBTTT-based OFETs fabricated on ODTS-treated SiO2/Si
substrate with a width/length ratio of 10. (c) Histogram of the mobilities
obtained from 36 devices. The inset image shows the device structure
with top contact and bottom gate.

Figure 4. AFM image and XRD patterns obtained at different substrate
temperatures. (a) AFM images of the evaporated thin films deposited on
ODTS-treated SiO2/Si substrates at Tsub of (1) 25, (2) 40, (3) 60, and
(4) 80 °C. Scale bar: 1 μm. (b) Cross-sectional profile of (a3). (c) Out-
of-plane XRD patterns of DBTTT on ODTS-modified substrates at
different substrate temperatures (black line, simulated from single
crystallographic data; red line, Tsub = 25 °C; green line, Tsub = 40 °C;
orange line, Tsub = 60 °C; blue line, Tsub = 80 °C). The d-spacing of the
evaporated DBTTT film, obtained from the reflection peak, was 15.5 Å.

Figure 5. Highly regular hexagonal crystal and electrical characteristics
of single-crystalline FETs along different crystal planes. (a) Optical
microscope image of the hexagonal crystal with the facets indexed. (b)
Herringbone arrangement of the molecules when viewed along the c-
axis. (c) Optical microscope image of DBTTT transistors consisting of
individual single crystals with different channel directions. Carrier
transport along the (left) [100], (center) [110], and (right) [010]
directions. (d) Experimental results of the channel-direction-dependent
charge-carrier mobility in the range of 0−180° (VGS =−40 V; VDS =−10
V, −20 V).

Figure 6. (a) Transfer curves and (b) mobility and Vth of DBTTT at
different temperatures.
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the stiffness of the packing structure of DBTTT owing to
multiple S···S contacts and closer π−π distance, resulting in
higher packing density (1.473 g·cm−3 for DNTT; 1.622 g·cm−3

for DBTTT).
We have designed and efficiently synthesized a novel organic

semiconductor with thermal stability and durability. The high-
performance transistor characteristics originated from the unique
interaction between DBTTT molecules owing to the additional
thiophenes, resulting in closer contact in the crystal lattice. In
addition to the strong π−π stacking interaction, the intermo-
lecular networking in the crystal lattice through S···S van der
Waals contacts dramatically enhanced the charge-carrying
mobility to 19.3 cm2·V−1·s−1 in a polycrystalline thin-film
transistor. The isotropic charge-transfer characteristics of
single-crystalline FETs are considered an additional benefit for
facilitating charge transfer in multigrain thin films.27,28 Based on
these results, we conclude that DBTTT can be a very promising
candidate for practical application in future organic electronics.
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