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Solution-Crystallized Organic Semiconductors with High
Carrier Mobility and Air Stability

Shaohua Dong, Hongtao Zhang, Liu Yang, Meilin Bai, Yuan Yao, Hongliang Chen,
Lin Gan, Tieying Yang, Hong Jiang, Shimin Hou, Lijun Wan, and Xuefeng Guo*

Organic field-effect transistors (OFETs) have continuously
attracted intense research interest as a viable alternative to
amorphous silicon thin-film transistors for potential applica-
tions in large-area and flexible electronics.!! Thanks to tre-
mendous developments of novel high-performance organic
semiconductors and device optimization,??! the very high field-
effect mobilities of OFETs that are beyond 1 cm? V™! s7! have
been recently reported,®! which, however, generally required
complex physical vapor or vacuum deposition techniques. To
enable low-cost manufacturing, materials fabrication through
simple solution processing under ambient conditions is highly
desirable.l?*<2¢] However, the electrical properties of current
OFETs fabricated with solution techniques remain inferior to
those of the vacuum-deposited devices because of more defects
and carrier traps in thin films and/or the instability in air. Up to
now, only few examples reported such high carrier mobilities of
OFETs formed from solution.! Consequently, rational design
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of the chemical structure of solution-processable organic semi-
conductors to achieve optimum molecular ordering and max-
imum orbital coupling that enable efficient and stable charge
transport between neighboring molecules is still a big challenge
for future OFET technology.!

Among many organic semiconducting materials used in
OFET;, oligothiophenes and polythiophenes represent a prom-
ising class of organic semiconductors for solution-processed
OFETs because of their relatively straightforward synthesis and
flexible structural modification.'*222>2¢21  However, defects
in their solution-processed thin films and the sensitivity to
photo-oxidative doping/bleaching hamper the intrinsic charge
carrier transport and yield poor transistor performance (e.g.,
low mobility, low current on/off ratio, etc.). To remove defects
and restore the device performance, we intend to modify oli-
gothiophene backbones with strategically-placed long alkyl
side-chains. This modification has two designed considera-
tions. The first is to integrate self-healing capabilities of liquid
crystals into oligothiophene molecules, which can spontane-
ously self-organize into highly ordered molecular stacks during
thermal annealing. Only very few liquid crystalline semicon-
ductors have been recently demonstrated with improved tran-
sistor characteristics in thin films (mobility 102-10" cm? V!
s71).l°] The second is to facilitate molecular self-assembly to
form high-quality single crystals that possess essentially perfect
molecular ordering ideally for charge transport. Because of the
poor crystallinity oligothiophene-based single crystal transistors
are not available except rare cases using fused thienoacenes.!
On the other hand, to impart sufficient oxidative stability to the
system, we intend to employ unsubstituted quaterthiophene or
pentathiophene backbones, which possess rotational freedom
to some extent, for tuning effective n-conjugation. This
strategy is of great value to achieve a good balance between
device functionality and oxidative doping stability as previ-
ously demonstrated.l®*-48] With these molecular designs taken
together, we focused on alkylated oligothiophenes as active
semiconductors for use in low-cost high-performance OFETs.
In this study, we present two liquid crystalline oligothiophene
derivatives (1 and 2, Scheme 1) and their OFET devices that
show very high average field-effect mobility of 4.0 cm? V! 57!
with the highest up to 6.2 cm? V-1 s7%.

Figure 1a shows the UV-vis absorption spectra of com-
pounds 1 and 2 in THF (1 x 10> M) and in annealed thin films
(70 °C for 1 and 140 °C for 2 for 10 min), respectively. In dilute
solution, the strongest absorption band at A, = 437 nm of 2
showed an obvious red-shift relative to that of 1 (A, = 413 nm)
due to the extended effective m-conjugation with the increase
of thiophene units, reflecting a smaller HOMO-LUMO gap
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schematically represented in Scheme 1b.[
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In case of 2, an even larger blue-shift was
observed (AA = 36 nm for 1 and 46 nm for
2, Table S1, Supporting Information), indi-
cating the formation of better n-packing. This
suggests that compound 2 might display the
better device performance. The estimated Egs
from the absorption edge are ca. 2.14 eV for
1 and 2.00 eV for 2 in thin films (Table S1).
These are close to that of P3HT estimated
from its thin film absorption spectrum
(~1.9 eV), suggesting their typical p-type
device characteristics as discussed below.
Cyclic voltammetric (CV) studies of both

Scheme 1. Molecular structures a) and proposed packing mode b) of compounds 1 and 2.

(Eg). The absorption spectra of both compounds in thin films
significantly differ from those of the isolated molecules in
solution. Comparison with the absorption features in solution
reveals a blue-shift of the maximum, a simultaneous red-shift
of the onset, and newly-formed fine peaks at lower energies.
Those changes are indicative of the formation of H-aggregates
with close n-stacking in a face-to-face alignment, which have
been observed in crystalline oligothiophene derivatives.’! The
strategically-positioned long alkyl side-chains can help mole-
cules through self-assembly to achieve long-range intermo-
lecular side-chain interdigitation in the condensed phase, thus
forming lamella-like layered n-stacking structural orders as

compounds under nitrogen in 0.1M CH,Cl,/
TBAPF, solutions showed the reversible oxi-
dative peaks (Figure 1b) with the HOMO
energy levels (i.e. the minus of their ionization potentials, IPs)
estimated from the oxidation onset at —5.37 eV and —5.30 eV
for 1 and 2, respectively. Compared with regioregular P3HT
(-5.02 eV) and other fused thiophene-based polymers,!62¢b.¢d]
both 1 and 2 possess the deeperlying HOMO energy level,
thus imparting the sufficient stability against oxidative doping
to themselves. This is because of the m-conjugation cutting-
down to an extent in the presence of unsubstituted thiophene
moieties as discussed above.[* 48] As shown in Figure 1c, the
HOMOs are mostly distributed on the C=C bonds and delo-
calized along the thiophene units; in contrast, the LUMOs are
majorly distributed on the C-C bonds and the S atoms, which
suggests that a hoping-type mechanism
dominates hole carrier transport in these
materials.']

The thermal properties of 1 and 2 were
investigated by thermogravimetric analysis
(TGA) and differential scanning calorimetry
(DSC) (Table S1). The TGA curves indicated
that both compounds possess good thermal
stability with the onset weight-loss tem-
peratures of 430 °C for 1 and 434 °C for 2
(Figure S1, Supporting Information). In DSC
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Figure 1. a) The UV-vis absorption spectra of the solutions (10> M, THF) and annealed thin
films (on quartz substrates) of 1 and 2. b) Cyclic voltammograms of 1 and 2 tested in CH,Cl,/
TBAPFg solution (scan rate, 50 mV s7'). c) Calculated molecular orbitals (MOs) of 1 and 2.

To clearly show the MOs, we omit the long alkyl side chains.
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studies, we observed the typical liquid crystal-
line characteristics. For 2 as a representative
in Figure 2a, the DSC thermogram displayed
two endotherm peaks at ~135 °C and ~160 °C,
corresponding to the crystalline-to-liquid
crystalline and liquid crystalline-to-isotropic
phase transitions, respectively. The polar-
izing optical microscopy (POM) image of
2 (Figure 2b) showed the characteristic fan-
like texture in the temperature ranges of
140-158 and 155-120°C for the heating and
cooling procedures, respectively. This is the
typical texture for the smectic liquid crystal-
line phase, consistent with previous obser-
vations in other oligothiophenes and/or
polythiophenes.[®>6¢6L6m] The domain size
reaches several tens of micrometers.

The Xray diffraction (XRD), grazing
incidence X-ray diffraction (GIXD), atomic
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STM images reveal that monolayers of both
1 and 2 show the high-density columnar
packing structures (Figures S6-S7), which
further proves their packing mode proposed
in Scheme 1b.

Organic thin-film transistors with bottom-
gate top-contact configurations were fabri-
cated through spin-coating technique under
ambient conditions on OTS-modified silicon
wafers. The pristine mobilities from as-cast
thin films were ~7.6 x 1073 cm? V! s7! for
1 and ~0.1 cm? V! 57! for 2. However, after
thermal annealing, the device characteris-
tics improved significantly as summarized in
Table 1. The average mobility of 2 increased
to as high as ~0.2 cm? V! s7! with an on/
off ratio on the order of 10° as illustrated in
Figure 3 (200 devices), which is very high
among the best organic semiconductors based
on oligothiophenes or polythiophenes.[2>2¢]
This large improvement should be attrib-
uted to the enhanced molecular ordering and
m—n stacking induced by thermally-assisted

Figure 2. a) The DSC thermogram of 2 at a scan rate of 10 °C min~". b) A POM image of 2 in self-assembly of liquid crystals as described
the temperature ranges of 140-158 and 155-120 °C for the heating and cooling procedures, above.l% It should be noted that all the output
respectively. ¢) XRD patterns of a 2 thin film on OTS-treated silicon wafers before and after ~characteristics showed almost no contact
annealing at 140 °C for 10 min. d) An SEM image of the self-assembled microribbons of 2. yesistance and good saturation behaviors,

The insets shows the TEM image of a 2 single crystal with a scale bar of 2 um (upper) and the  1i}y partially results from the fact that the

corresponding SEAD pattern with a scale bar of 2 nm™' (lower).

force microscopy (AFM) and scanning tunneling microscopy
(STM) were employed to investigate the packing structures
and morphologies of the thin films on octadecyltrichlorosilane
(OTS)-treated silicon wafers. The XRD patterns of as-cast thin
films exhibited a primary diffraction peak at 26 = 2.20° for 1
(Figures S2—S3) and 1.87° for 2 (Figures 2c and S4), revealing
the interlayer distance (d-spacing) of 40.2 A for 1 and 47.2 A
for 2, respectively. These are slightly larger than the molecular
lengths (34.8 A for 1 and 38.7 A for 2) with the fully-extended
alkyl groups having all-anti conformations, suggesting that
intermolecular side-chain interdigitation is formed in the
solid state (Scheme 1Db).1° After thermal annealing at different
temperatures the more distinctive, highly crystalline XRD pat-
terns, assigned to the equidistant (00n) reflection family, were
observed, which are consistent with the 2D-GIXD patterns
(Figures S2-S4, and Figure 2c). The first-order reflection peak
with the intensity up to the fifth order became sharper. The
appearance of higher-order reflection peaks with negligible
-1 stacking peak at 20 = ~ 22° or even its concomitant dis-
appearance proves that the annealing process leads to the for-
mation of highly-ordered lamellar n-stacks that are oriented
normal to the substrate surface.**f] Thus, both molecules
possess the natural capability of self-organizing into highly-
crystalline lamella-like layered structure with improved n—m
stacking that favors charge transport for improving the device
performance, consistent with UV-vis studies and also dem-
onstrated by atomic force microscopic (AFM) investigations
where we observed that the crystalline domain size increased
after thermal annealing (Figure S5). Further high-resolution

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

HOMO levels of both compounds match well

with the work function of gold electrodes
(5.2 eV). Importantly, the 2 devices are also stable at ambient
conditions for at least one month (Figure S11), which may be
due to its low-lying HOMO level.

The long alkyl side chains not only increase the molecular
solubility allowing for low-cost device fabrication, but also
improve the self-assembly ability to form high-quality single
crystals, thus offering us the chance to investigate their
intrinsic properties. We grew a mat of microribbons from a
CHCI; solvent via a slow solvent evaporation process. The
dimensions of the self-assembled microribbons from 1 and 2
are varying from several tens of microns to 600 um long, ~1 to
5 um wide, and ~40 to 130 nm high (Figures 2d and S2). The
transmission electron microscopy (TEM) and selected-area

Table 1. FET properties of thin films and single crystals for semiconduc-
tors 1 and 2.

Semiconductor type Average mobility Ton/loft Vr

[em2 Vs V]
1 thin film 7.6x 1073 10° -27
1 thin film (annealed) 0.016 10° -10
1 crystal 0.1 10° -25
2 thin film 0.1 10° -16
2 thin film (annealed) 0.2 10° -1
2 crystal 4.0 10° -9

Adv. Mater. 2012, 24, 5576-5580
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a .16[C b ESE Vg0 ¥ 7 Vi were sometimes observed probably due
I ~E s —44x10°  to the contact stability when the thick micro-

A2k 1E-6F_ 1 .~  ribbons were used. Surprisingly, the hole
< | — 1E-7:— 3 U" mobility of 2 was calculated to be around
= gl - 1E-8§— 1 ‘L’_,i 4.5 cm? V! 57! with a high on/off ratio on
Lt 0 12 " the order of 10° and a low threshold voltage
4l ' 1E9F 1, B (V1) of —9 V. Further statistical investiga-

L 1E-10L __1 S5 tions based on over 60 individual devices

0 1 1 gl \{’ el Y’ i 1E-11 3 C o reveal an average mobility of 4.0 cm? V-1 571
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Figure 3. a) Output and b) transfer characteristics of a 2 thin film device after thermal annealing

at 140°C for 10 min. W =100 um, L =20 um.

electron diffraction (SAED) were used to demonstrate the
quality of the self-assembled microribbons (inset in Figure 2d
for 2 as representative). The SAED pattern is indexed in com-
bination with the XRD results, showing that the microribbons
grows along the 77 stacking (010) direction. The same clear
SAED patterns were found in different regions on one micro-
ribbon, suggesting the single crystallinity of the 1-dimensioanl
micro-structures.l8l To fabricate single crystal transistors, we
loaded the self-assembled microribbons by a nondestructive
elastomer-based transfer technique onto OTS-treated silicon
wafers and then Au leads were deposited by thermal evapo-
ration in vacuum.!'!l Typical transfer and output characteris-
tics of a 2 single crystal are shown in Figures 4a,b. The slight
vibrations in both transfer and output curves at high Vpg and

Ve (V)

(Figure 4c), which ranks the highest among
oliogthiophene-based semiconducting
materials.[?*7¢2¢l These values are also an
order of magnitude higher than that of 1
(0.1 cm? V! s7!) (Table 1 and Figure S12).
Noticeably, 2 single crystals exhibited the good air stability for
at least one month, and the mobilities calculated from both
the linear and saturation regimes were almost the same. Inter-
estingly, devices fabricated from either thin films or single
crystals of 2 were sensitive to light, showing the reversible
and fast photocurrents with a high on/off ratio on the order of
~10% when exposed to light (Figure 4d). Therefore, in combi-
nation with the results from thin film characterizations, all the
data suggest that 2 is promising in potential applications for
organic optoelectronics applications.['?l
In conclusion, we demonstrated that by rational design of
the chemical structure of organic semiconductors for better
self-organization ability and proper m-conjugation, excellent
OFET performance based on classic thiophene-based semi-
conductors can be achieved through simple
solution processing. Molecule 2 exhibits

- -5
a 2.5— 95V b 1E F Vps=-80V 2x10° airstable thin-film mobilities as high as
20k 1E-6¢ 0.2 cm? V7! s71 and an average single-crystal
L 1E-7F ~  mobility of 4.0 cm? V™! 57 with the highest
< 1.5F < 1e8L g~ upto6.2 cm? V17! which ranks the highest
= - T 1E-9§ ~. among oliogthiophene-based semiconduc-
81.0r < £ _"  tors. These results provide new insights into
r 1E'10;' 2 how to combine molecular engineering and
0.5- 1E-11 5 chemical self-assembly with materials fab-
0 0_ : : _ SV,10V 1E-12F : o rication to achieve properties that are desir-
"0 -20 -40 -60 -80 -100 20 0 -20 -40 -60 -80 -100 able for device applications.
Vos Ve (V)
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Figure 4. a) Output and b) transfer characteristics of a 2 single crystal device. W = 1.5 um,

L =23 um. Inset shows the SEM image of the device with a scale bar of 10 um. c) Statistical
mobility distribution of ~66 single crystal devices of 2. d) Photoresponsive behavior of a 2 thin

film device.
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