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A novel easily made thienoacene-based organic semiconductor, i.e., dinaphtho[3,4-d:3",4'-
d'|benzo[1,2-b:4,5-b'|dithiophene (Ph5T2), was synthesized in high yield, and its thermal
stability, electrochemical properties, thin-film morphology and field-effect mobility were
investigated. Ph5T2 exhibit excellent thermal stability with a decomposition temperature
(Tq) of 427 °C. Thin-film X-ray diffraction (XRD) and atomic force microscopy (AFM) char-
acterizations indicate that Ph5T2 can form highly ordered films with large domain size on
the para-sexiphenyl (6P)-modified substrates. Organic thin-film transistors (OTFTs) with
top-contact geometry based on Ph5T2 exhibit mobilities up to 1.2 cm? V! s~! in ambient.
The devices are highly stable and exhibit almost no performance degradation during
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3 months storage under ambient conditions with relative humidity up to 80%.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

High mobility and air stable organic semiconductors
(OSCs) are of great current interest due to their application
in organic thin film transistors (OTFTs) [1,2]. Acenes repre-
sent one of the most important classes of high mobility
0SCs and a benchmark mobility of 5.0cm?V~'s™! has
been demonstrated for pentacene-based OTFTs [3]. How-
ever, pentacene and larger acenes such as hexacene and
heptacene have a drawback of poor air stability owing to
their high-lying highest occupied molecular orbital
(HOMO) energy levels [4-6].

Thienoacenes, which are obtained by replacing some or
all phenyl rings in acenes with thiophene rings, have at-
tracted more and more attention in past several years be-
cause of their low-lying HOMO energy levels and
consequently good environmental stability [2]. A variety
of thienoacene-type OSCs comprising 4-8 fused rings have
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been developed [7-27]. According to the chemical struc-
tures, these OSCs were divided into four classes by Tak-
imiya: fused thiophenes, benzene-thiophene alternating
molecules, acenedithiophenes, and diacene-fused thieno-
thiophenes [2]. Several of them exhibited decent OTFT
mobility beyond 1 cm? V' s7![9,13,19,20-25]. For exam-
ple, diacene-fused thienothiophenes with 4, 6 and 8 fused
rings reported by Takimiya et al. all exhibited mobility
>1 cm? V157! [20-25]. Miillen et al. reported a thienoa-
cene with 5 rings which exhibited a mobility of 1.7 cm? -
V-'s~! when dip-coating was employed for the
fabrication of OTFTs [13]. Nevertheless, OSCs that combine
several features, such as high mobility, good device stabil-
ity and easy preparation which are required by future
applications, are still scarce.

In the current paper, we reported a novel easily-made
thienoacene-type semiconductor, i.e., dinaphtho[3,4-
d:3',4-d’'|benzo|[1,2-b:4,5-b'|dithiophene (Ph5T2), com-
prising seven fused rings (Fig. 1). Different from diacene-
fused thienothiophenes reported by Takimiya in which
acene-terminals were B-position fused, it contains two o-
position fused naphthyl terminals and a benzene-thiophene
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Fig. 1. Chemical structure of thienoacene Ph5T2.

alternating central unit. OTFTs were fabricated by vacuum
deposition, and a field-effect mobility of 1.2 cm?V~!s™!
along with a threshold voltage (V1) of ~—10 V and a current
on/off ratio (Ion/Iof) of >10° was achieved. Moreover, the de-
vice exhibited excellent ambient shelf-storage stability, and
no obvious decay of mobility and I,,/Io¢ and shift of V; were
observed in a storage period of three months in ambient
conditions with relative humidity up to 80%.

2. Experimental
2.1. Materials

All reactions were carried out under argon unless stated
otherwise. Toluene was distilled over sodium and benzo-
phenone. 2-(Naphthalene-6-yl)-1,3,2-dioxaborinane (1)
[28] and 1,4-dibromo-2,5-bis (methylsulfinyl)benzene (2)
[29,30] were synthesized according to literature proce-
dures. Other reagents were obtained from commercial
resources and used without further purification.

2.1.1. 1,4-Bis(naphthalene-6-yl)-2,5-
bis(methylsulfinyl )benzene (3)

A mixture of 1 (2.57 g, 12.1 mmol), 2 (1.98 g, 5.5 mmol),
Pd(PPhs); (127 mg, 0.11 mmol) and K,CO; (6.68g,
48.4 mmol) was degassed with argon, and then toluene
(120 mL) and H,0 (24 mL) were added. The mixture was
further purged with argon for 10 min and heated to 90 °C
for 48 h, then poured into water for extraction with chloro-
form (3 x 80 mL). The combined organic layers were
washed with brine, and dried over anhydrous MgSO,. After
the solvent had been removed, the residue was purified by
column chromatography on silica gel with chloroform/
ethyl acetate = 50:1 (v/v) as eluent to afford 3 as a white
solid in a yield of 85% (4.67 g), '"H NMR (600 MHz, CDCl5):
é (ppm) 8.24 (s, 2 H), 8.01(s, 2 H), 7.99 (d, J = 8.4 Hz, 2 H),
7.90-7.95 (m, 4 H), 7.63 (dd, J=1.8 Hz, J=8.4Hz, 2 H),

S:0
QO ) B Br
B-O i
O-S\ 2
i Pd(PPh3),,
K,CO3, H,O,
toluene

1) CF3SO3H/P,O5

> Ph5T2 (60%)

2) quinoline

7.56-7.61 (m, 4 H), 2.40 (s, 6 H). '3C NMR (150 MHz,
CDCls): & (ppm) 147.37, 139.73, 134.01, 133.24, 133.13,
128.98, 128.59, 128.34, 127.87, 127.13, 127.01, 126.43,
126.07, 41.60. Anal. Calcd for CogH2,0,S, (%): C, 73.98; H,
4.88. Found: C, 73.86; H, 4.52.

2.1.2. Dinaphtho([3,4-d:3',4'-d' [benzo[1,2-b:4,5-
b'[dithiophene (Ph5T2)

A 250ml Schlenk flask was filled with 3 (2.30g,
5.06 mmol), phosphorus pentoxide (210 mg) and trifluoro-
methanesulfonic acid (100 mL). The mixture was stirred
for 72 h at room temperature and then poured into ice-
water (100 mL). The yellow precipitate was collected by
suction filtration and dried under vacuum. Demethylation
was conducted in quinoline (100 mL) by heating at
180 °C for 24 h. When the suspension was cooled to room
temperature, the precipitate was collected by filtration and
washed successively with water and acetone, and then ex-
tracted with toluene in Soxhlet extractor. The crude prod-
uct was purified by twice vacuum sublimation to afford
Ph5T2 as a white solid in a yield of 60% (1.18 g). 'H NMR
(400 MHz, C,D,Cly, 80°C) ¢ (ppm) 8.76 (s, 2H), 8.26 (d,
J=7.2Hz, 2H), 8.16 (d, J=5.6 Hz, 2H), 8.00 (d, J=6.0 Hz,
2H), 7.93 (d, J=6.8 Hz, 2H), 7.65-7.59 (m, 4H). MALDI-
TOF MS (reflection mode) m/z (%) 390.1 (100). Anal. Calcd
for CogH14S2 (%): C, 79.96; H, 3.61. Found: C, 79.93; H, 3.88.

2.2. Measurements

'H and '3C NMR spectra were recorded on a Bruker
600 MHz or 400 MHz spectrometer in CDClz or C;D,Cl4.
Chemical shift was reported relative to an internal tetra-
methylsilane (TMS) standard for the measurements with
CDCl5 as solvent, while it was reported relative to the sol-
vent signal for the measurements with C,D,Cl4 as solvent.
Elemental analysis was performed on a VarioEL elemental
analysis system. Matrix-assisted laser desorption ioniza-
tion time-of-flight (MALDI-TOF) mass spectra were re-
corded on a Bruker/AutoflexIll Smartbean MALDI mass
spectrometer with dithranol as the matrix in reflection
mode. TGA was carried out on a Perkin—-Elmer TGA7 at a
heating rate of 10 °C min~! under nitrogen flow. UV-vis
absorption was recorded on a Shimadzu UV-3600 UV-
vis-NIR spectrometer. The bandgap was calculated accord-

3 (85%)

Scheme 1. Synthetic route of Ph5T2.
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ing to the absorption onset of UV-vis spectra (E, = 1240/
Jonset €V). Film cyclic voltammetry (CV) was performed
on a CHI660a electrochemical analyzer with a three-elec-
trode cell at a scan rate of 100 mV s~'. BuyNPFg (0.1
mol L) and anhydrous acetonitrile were used as electro-
lyte and solvent, respectively. A platinum plate (0.6 cm?)
with Ph5T2 thin film prepared by vacuum deposition on
it was used as the working electrode. A Pt wire and a sat-
urated calomel electrode (SCE) were used as counter and
reference electrodes, respectively. The potential was cali-
brated against the ferrocene/ferrocenium (Fc/Fc*). The
highest occupied molecular orbital (HOMO) level was esti-
mated by the equation: HOMO = —(4.80 + Eo¢*") eV. Out-
of-plane thin-film X-ray diffraction (XRD) was recorded
on a Bruker D8 Discover thin-film diffractometer with Cu
Kot radiation (/i =1.541A). In-plane XRD of the thin film
of Ph5T2 were measured with a Rigaku SmartLab with a
Cu Ko source (4 =1.541 A) in air. Atomic force microscopy
(AFM) measurements were performed in tapping mode on
a SPA400HV instrument with a SPI 3800 controller (Seiko
Instruments). Selected area electron diffraction (SAED)
was performed on a JEOL JEM-1011 transmission electron
microscope (TEM) operated at an acceleration voltage of
100 kV. In order to provide weaker-intensity beam and
high contrast, dark field was used.

2.3. Fabrications and measurement of OTFTs

OTFTs were fabricated on heavily doped n-type Si wa-
fers covered with 300 nm thick thermally grown SiO,
(G;=10nFcm™2). The Si/SiO, substrates were carefully
cleaned according to the literature procedure and then
treated with octyltrichlorosilane (OTS), hexamethyldisilaz-
ane (HMDS) or octadecyltrichlorosilane (ODTS) to form a
self-assembled monolayer (SAM) [31-33], then 40 nm
Ph5T2 film was deposited atop. Finally, Au drain and
source electrodes (thickness 40 nm) were deposited in vac-
uum through a shadow mask. The channel length (L) and
width (W) are 100 pm and 3000 pm, respectively. For
OTFTs on 6P-modified substrates, 6P monolayer (2 nm) in-
stead of OTS, HMDS or ODTS SAM was first deposited on
the substrate [34], and other conditions are identical. The

100
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Fig. 2. TGA curve of Ph5T2.

electrical measurements were performed with two Keith-
ley 236 source/measure units at room temperature in
ambient atmosphere. The mobility data were collected
from more than 8 different devices. Like other organic
semiconductors with HOMO energy levels lower than
—5.5 eV [33-37], air-assistant mobility enhancement was
observed in the course of measurement, and about one
magnitude mobility enhancement was observed after
ambient storage for 1-3 days. Therefore, all data reported
in the paper are saturated values.

3. Results and discussion
3.1. Synthesis and characterization
The synthesis of Ph5T2 is depicted in Scheme 1. The

synthetic route is relatively short and all reactions can be
conducted in large scale. The starting materials (1 and 2)
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Fig. 3. Out-of-plane (a) and in-plane (b) XRD patterns of Ph5T2 thin films

deposited on the ODTS (top) and 6P (bottom) modified Si/SiO, substrates
at T, = 80 °C.
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were easily made from commercially available chemicals
in large quantity [28-30]. The intermediate 3 was prepared
by Suzuki coupling in a yield of 85%. The intramolecular
ring-closing reaction was conducted by a modified refer-
ence procedure [10]. Subsequent purification by vacuum
sublimation twice afforded Ph5T2 as a white solid in a
yield of 60%. The chemical structure was verified by high
temperature '"H NMR and MALDI-TOF mass spectra and
element analysis (Figs. S1 and S2, Supporting Information).
Ph5T2 exhibited excellent thermal stability with a decom-
position temperature (Tq) of 427 °C as measured by ther-
mogravimetric analysis (TGA, Fig. 2).

3.2. Optical and electrochemical properties

The UV-vis spectrum of the vacuum-deposited thin film
(~50 nm) revealed an absorption maximum at 396 nm.
The optical band-gap is about 3.04 eV as estimated from
the absorption edge (Fig. S3, Supporting Information),
which is similar to that of dinaphtho[2,3-b:2’,3'-f]thie-
no[3,2-b|thiophene (DNTT) (3.0 eV) [21] but much larger
than that of heptacene (1.5 eV) [6]. Thin-film cyclic vol-
tammograms (CV) of Ph5T2 were measured to estimate
its energy levels. The HOMO level of Ph5T2 was deter-
mined to be —5.85eV (Fig. S4, Supporting Information).
The low HOMO level implies that Ph5T2 should be an envi-
ronment-stable organic semiconductor. However, the
HOMO level of Ph5T2 is much lower than the work func-
tion of Au, which may result in a high hole injection barrier
at the interface between Au and Ph5T2 films in OTFT
devices.

3.3. Thin film morphology

Microstructures of the films of Ph5T2 on Si/SiO, sub-
strates modified with different surface treatment reagents
were studied by thin film XRD. The films on ODTS, HMDS
or OTS SAM modified substrates exhibited similar XRD pat-

0.00 [nm] 37.59

terns. Fig. 3a shows the out-of-plane XRD pattern of Ph5T2
film deposited on ODTS modified substrate at a substrate
temperature (Ts,;) of 80 °C. Clearly, two kinds of molecular
arrangement modes were coexistent. The diffraction peaks,
which are relative to the molecular length, can be divided
into two groups with d-spacings of 17.45, 8.73, 5.82 and
436 A and 15.17, 7.60 and 5.05 A, respectively. This sug-
gests that Ph5T2 molecules stand on the substrate with
different title angles. Since the molecular length is
18.05 A as estimated from MM2 calculation, some mole-
cules are nearly perpendicular to the substrate and the
others lay on the substrate with a title angle of ~33°.
Meanwhile, polymorphism of Ph5T2 was observed in the
powder XRD (Fig. S5, Supporting Information). This poly-
morphism has also been reported for benzo[1,2-b:4,5-
b']bis[b]benzothiophene (BBBT) [2], whose vacuum
processed OTFTs exhibited a mobility as low as
2.4 x 103 cm?V~!s~1. The in-plane packing structure of
Ph5T2 film was also studied. As shown in Fig. 3b, four
strong diffraction peaks at 18.0°, 21.4°, 25.6° and 29.5°
were observed, corresponding to d-spacings of 4.92, 4.14,
3.47 and 3.02 A, respectively, indicating that the thin-film
are in-plane highly ordered.

We have reported that the continuous and highly or-
dered films with larger grain sizes of some OSCs could be
prepared by depositing the materials on para-sexiphenyl
(p-6P) monolayer modified Si/SiO, substrates, leading to
the remarkable improvement in device performance
[34,38,39]. Therefore, we also fabricated Ph5T2 films on
6P-modified substrates. Induced by 6P layer, highly or-
dered thin films with only one crystalline phase in which
the molecules were nearly perpendicular to the substrate
were obtained. From SAED patterns, the in-plane lattice
parameters d(zgo) and d(o]o)(d(zog) =4.20 A, d(o]o) =6.00 A,
y=90°) of Ph5T2 are much larger than those of 6P
(d(zoo) =3.92 A, d(mo) =5.59 A, Y= 900), as shown in Flg S6
(Supporting Information). Meanwhile, the a* and b* axis
of Ph5T2 are parallel to the a* and b* axis of 6P, respec-

Fig. 4. AFM images of Ph5T2 thin films on ODTS (a) and 6P (b) modified Si/SiO, substrates at T, = 80 °C.
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tively. This indicates an incommensurate epitaxy growth of
Ph5T2 on 6P layer. As shown in Fig. 3a, the out-of-plane
XRD pattern exhibited strong and sharp diffraction peaks
up to four orders with the primary peak at 5.06° (d-spacing
of 17.45A). In the in-plane XRD pattern (Fig. 3b), four
strong diffraction peaks at 18.0°, 21.5°, 25.9° and 29.5°
were observed, corresponding to d-spacings of 4.92, 4.13,
3.44 and 3.02 A, respectively. Ph5T2 molecules adopted
the herringbone packing in the film as indicated by the
SAED pattern, and therefore we can assign these peaks as
(110),(200), (120) and (020). The similar in-plane XRD
pattern were also found for diacene-fused thienothioph-
enes with 4, 6 and 8 fused rings reported by Takimiya
et al. [22,25,40], Since the large HOMO coefficients on the
sulfur atoms from the calculated frontier orbital (DFT
B3LYP/6-31 g) (Fig. S7, Supporting Information) were also
observed for Ph5T2, this packing structure should endow

Table 1
OTFT device performance of Ph5T2 on ODTS- or 6P-modified Si/SiO,
substrates.

Surface-treatment  Tep  Mmax (Mave) Vi (V) Ton/loft
reagent (°C)  (em?V~'s™h
ODTS 60 0.34(0.26) —16to —26  10°
80 0.36(0.29) —14to -25 10°
100 0.079 (0.057) —24to-29 10°
6P 60 0.95(0.83) -15t0 22 10°
80 1.2(1.0) ~10to —18  10°
100 0.88 (0.73) ~13to-22 106
(@) 5]
-20 4
?51 -15 1
£ -10
54 4
O-I T T T T T
0 -10 -20 -30 -40 -50
Vi)
(c)
-80
-60
<
3
~  -40 A
=
-20_

0 -10 -20 -30 -40 -50
V, (V)
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Ph5T2 films two-dimensional (2D) carrier transport
behavior like previous report on diacene-fused thienothi-
ophenes by Takimiya et al. [2].

Fig. 4 depicts the atomic force microscopic (AFM)
images of Ph5T2 thin-films deposited on ODTS and 6P-
modified substrates. On the ODTS-modified substrate,
Ph5T2 exhibited a layer-by-layer growth characteristic.
However, poor connection between the crystalline do-
mains was observed, probably due to the coexistence of
two phases as revealed by the thin-film XRD pattern,
which is detrimental to the charge carrier transport. In
contrast, Ph5T2 film deposited on the 6P-modified sub-
strate exhibited dendrite crystalline morphology with tigh-
ter interconnection between crystalline grains. This type of
morphology was also found for the film of pentacene [41].
Above morphology difference indicates that the surface
properties of substrate have an important effect on the
arrangement of Ph5T2 molecules.

3.4. Properties of OTFTs

OTFTs were fabricated with a bottom-gate and top-con-
tact configuration. The Si/SiO, substrates were first modi-
fied with ODTS SAM or 6P monolayer. Ph5T2 (40 nm)
was then vacuum-deposited on the top at different Tyyp.
Finally, gold source and drain electrodes (40 nm) were
evaporated through a shadow mask with a channel width
(W) of 3000 um and a channel length (L) of 100 pum,
respectively. Table 1 summarizes the OTFT performance

L 60
o_
40
=
t
L2o S
S ... S
-50 -40 -30 -20 -10 0 10
Ve (V)
L1860
L 120
o
S
80 3
Z
L 40 Px]
T T T T FIO

-50 -40 -30 -20 -10 0 10
Vg (V)

Fig. 5. Typical output (a and c) and transfer (b and d) characteristics of OTFT devices based on Ph5T2 on ODTS (a and b) and 6P (c and d) modified Si/SiO,

substrates at T, = 80 °C.
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evaluated in ambient conditions at room temperature. The
mobility was calculated from saturation region. All devices
showed p-type transport characteristic and operated in an
accumulation mode. Fig. 5 shows the typical output and
transfer characteristics of OTFT devices of Ph5T2 at the Ty
of 80 °C. Output curves of the devices exhibited standard
linear and saturated regime and almost no noticeable con-
tact resistance (Figs. 5a and c). On the ODTS modified sub-
strates, Ph5T2 exhibited mobilities up to 0.36 cm? V' s~!
and a threshold voltage (Vr) of —14 V (see Fig. 5b). Device
performance was not improved when HMDS and OTS were
used as substrate treatment reagents. The moderate mobil-
ity of the devices of Ph5T2 should be attributed to the
coexistence of two crystalline phases as aforementioned
(see Fig. 3a), which may lead to the formation of charge
carrier trap sites in the semiconducting channel. From
above discussion (see Figs. 3 and 4), the Ph5T2 films on
6P modified substrates comprised only one crystalline
phase, and were highly ordered both in plane and out of
plane along with well-connected crystalline grains. As a
consequence, the OTFT device performance of Ph5T2 on

(a)m".
10°% Vg=-50 V
: ——3day
g E .e..8day
o 107 - -15day
- v—-20day
-<-30day
107 - »- 45day
-« -bB0day
-+ 90day _
Tl . < ]
50 40 -30 -20 -10 0 10
Vg (V)
)
L 10
1.2— -~
IR I
T l;J[ 1 | } Y oto
- 1 <
ci 0.8 1 3
X I I d Lo
31 ] i1 1 1
u —
0.4 - ll] i
L7 Humidity | 20
I=— 30-50% —k—60-80%—I
T " T T T " T . T

0 20 40 60 80 100
Time (day)

Fig. 6. (a) Transfer characteristics of OTFTs on 6P-modified substrates
upon stored in ambient conditions for 3 months. (b) Average mobility and
Vr of the eight devices with error bar upon stored in ambient conditions
for 3 months.

the 6P-modified substrates was dramatically improved.
Fig. 5c and d depict the typical device output and transfer
characteristic, respectively. As shown in Table 1 and
Fig. 5d, at the optimized T,, of 80°C, a mobility of
1.2cm?V-'s ! along with a Vy of =11V and a Iyn/log Of
10° was achieved.

The storage stability of OTFTs on 6P-modified sub-
strates was studied in ambient condition with relative
humidity varied in 30-80%. As shown in Fig. 6a, in the stor-
age period of three months, the transfer curves remain
nearly unchanged along with I,,/I,¢ keeping in the level
of 10°. Fig. 6b shows the average mobility and V; from
eight devices along with error as measured at different
storage time. The mobility was almost constant within
the range of error, and the threshold voltage shifted by less
than 5 V. It is well-known that OTFTs usually exhibit lower
stability at high humidity (for example: >50%) [42-45].
However, the relative humidity during 45% of the time of
the measurements in the current paper is >60% (see
Fig. 6b). It was reported that HOMO energy level and film
morphology had remarkable effects on the device stability
[4,45-53]. This superior device stability of Ph5T2 may be
attributed to the combination of its low lying HOMO en-
ergy levels (—5.85eV), tighter molecular packing and
interconnection between crystalline grains (see Fig. 4b)
in the film.

4. Conclusion

In conclusion, a novel easily made thienoacene-based
organic semiconductor, i.e., dinaphtho[3,4-d:3',4’-d’'|benzo
[1,2-b:4,5-b'|dithiophene (Ph5T2), was designed and syn-
thesized. Ph5T2 can form highly ordered films with large
domain size on the 6P-modified substrates. OTFTs with
mobilities up to 1.2 cm? V~! s~ have been fabricated. Most
importantly, the devices are highly stable and exhibit
almost no performance degradation during 3 months stor-
age under ambient conditions with relative humidity up to
80%.
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