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for Evolutional Science and Technology (CREST), 4-1-8 Hon-cho, Kawaguchi 332-0012, Japan

(Received 7 October 2010; accepted 11 February 2011; published online 6 April 2011)

We have investigated the availability of liquid crystalline thin films as a precursor of quality
polycrystalline thin films for organic field effect transistors (OFETs) by solution process. The
experiments of spin-coating at various temperatures proved that the morphology of resulting
polycrystalline thin films at room temperature strongly depend on what the films immediately after
spin-coating and solvent evaporation at those temperatures were, i.e., crystal, liquid crystal, or
isotropic liquid. The polycrystalline films spin-coated at the temperatures for crystal and isotropic
liquid phases were much roughened owing to many small crystal flakes and droplets. On the other
hand, the thin films spin-coated at liquid crystal temperatures were very uniform in a whole area
and showed high FET mobility having a small variation from device to device. © 2011 American

Institute of Physics. [doi:10.1063/1.3563586]

. INTRODUCTION

Because of high mobility comparable to that of amor-
phous silicon thin films, organic polycrystalline thin films
have attracted high attention for organic field effect transis-
tors (OFETs). Many organic materials have been synthesized
and investigated in order to develop the OFET materials that
meet various requirements for practical applications of
OFETs such as high FET mobility, good electrical contacts
with source and drain electrode materials, good processabil-
ity for film fabrication, and good stability in ambient
atmosphere.

In recent years, a considerable attention has been paid to
wet-processable materials, which have to have high solubil-
ity in common organic solvents: in fact, organic materials
having an extended m-conjugated system suitable for high
mobility such as polyacenes and oligomers of aromatic het-
erocycles exhibit poor solubility in common organic solvents
because of strong n-7 interaction of the extended m-conju-
gated system. Several trials to improve the poor solubility in
OFET materials have been carried out, which includes the
utilization of polymer materials, soluble precursor, and
bulky-moiety substituted materials.'> The most popular
strategy to improve the poor solubility of OFET materials is
chemical modification of the extended m-conjugated system
with long alkyl chains. Such the extended m-conjugated sys-
tems chemically modified with long alkyl chains often ex-
hibit liquid crystalline phases, which is not surprising
because it is the same strategy as the molecular design of liq-
uid crystalline materials for enhancing the molecular anisot-
ropy in molecular shape and suppressing easy crystallization.
In fact, the soluble OFETs materials such as diaklyled ben-
zothienobenzothiophene(BTBT), pentacene, and oligothio-
phene derivatives, show some liquid crystal phases in certain
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temperature ranges.®® However, the liquid crystallinity in
these materials has hardly been paid any attention to.

In this report, we have investigated the importance of
liquid crystal phases in fabrication of very uniform thin film
by solution process. In order to show it in general, we used a
well-known and one of the most popular liquid crystalline
materials, terthiophene derivative, 5,5”-dioctylterthiophene
(8-TTP-8) (Ref. 10), as a model liquid crystal; furthermore,
we used a new material recently reported to show high mo-
bility, 2,7-didecyl-benzothienobenzothiophene derivative
(10-BTBT-10) (Ref. 6), which shows a liquid crystal
phase.11

Il. EXPERIMENTAL

8-TTP-8 and 10-BTBT-10, whose chemical structures
are shown in Fig. 1, were synthesized as reported elsewhere
in detail.'®'" 8-TTP-8 shows three liquid crystalline phases,
1.e., smectic C (SmC: 89-86 °C), smectic F (SmF: 86-71 °C),
and smectic G (SmG: 71-58°C) in cooling process. 10-
BTBT-10 shows a low ordered phase, smectic A (SmA: 122-
95°C), in cooling process. The 8-TTP-8 and 10-BTBT-10
were purified by column chromatography and recrystalliza-
tion from n-hexane. The concentration of electrically active
impurities in these materials was confirmed to be less than
Ippm by time-of-flight (TOF) technique.'?

We spin-coated their solutions onto thermally oxidized
Si-wafer (300nm-SiO,/p*-Si), which had a size of ca. 20
mm square and was untreated with any surface modification
agents, at 3000 rpm for fifteen seconds and given tempera-
tures in an oven, and then cooled them to a room temperature
in order to make them crystallized. In order to avoid ambigu-
ity of spin-coating temperature, we set a spin-coater in an
oven kept at a given temperature and monitored substrate
and solution temperatures using an infrared temperature sen-
sor. The film morphology was evaluated by optical micro-
scopes in reflection mode (OLYMPUS or Nikon ECLIPSE
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FIG. 1. The chemical structures and phase transition temperatures of (a) 8-
TTP-8 and (b) 10-BTBT-10.

LV100). The thickness of thin films was evaluated by a con-
focal laser scanning microscopy (CLSM: Keyence VK-
9710), which used a violet light laser (4 =408 nm) and the
resolution for height is one nm. For CLSM observation of
the thin films, we used quartz substrates because we could
not obtain correct information about the films on 300 nm
Si0O, on Si wafer.

In FET fabrication, gold for source and drain electrodes
was deposited onto the resulting polycrystalline films by
thermal evaporation through a metal mask at 2 x 10~ Torr,
whose thickness was 30 nm and 90 nm for 8-TTP-8 and 10-
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BTBT-10, respectively. The FET characteristics were meas-
ured by using two source measurement units (ADCMT
8252) under ambient atmosphere and at room temperature.
The FET mobility was estimated from transfer characteris-
tics in saturation region.

lll. RESULTS AND DISCUSSION

In order to spin-coat the liquid crystal solution at high
temperatures including their liquid crystal and isotropic
phases, i.e., up to 115°C, we choose diethylbenzene as sol-
vent because of a high boiling point of 182 °C, rather than
common organic solvents such as toluene and xylene. As we
discuss later on, the concentration of liquid crystals in spin-
coating solution is one of important factors to have good
surface morphology of the resulting films. We selected a
concentration of 1 wt% for 8-TTP-8 and spin-coated it at
various room temperatures including temperatures for crystal
phase, liquid crystal SmG and SmF phases, and isotropic
phase.

The films spin-coated at room temperature, 42 °C, and
50°C for crystal phase were very inhomogeneous and just
aggregation of small crystal flakes as shown in Figs.
2(a)—2(c), respectively. Furthermore, the films were not cov-
ered the whole area of substrates, which suggests that FET
characteristics would have a big variation from device to de-
vice due to the inhomogeneity of these films. On the contrast
to the films spin-coated at crystal phase temperatures, the
films spin-coated at 60, 68, 72, and 85 °C for liquid crystal
phases were very uniform and covered the whole area of sub-
strates as shown in Figs. 2(d)-2(g), respectively: above all,
the films spin-coated in SmF phase at 72 and 85°C were
quite uniform as shown in Figs. 2(f) and 2(g), respectively;
the thin films spin-coated at 60 and 68 °C for SmG phase

FIG. 2. (Color online) Optical micros-
copy textures of 8-TTP-8 polycrystalline
thin films fabricated from diethlyben-
zene solution 1 wt% at several tempera-
tures, in crystal phase at (a) room
temperature, (b) 42°C, and (c) 50°C, in
SmG phase at (d) 60°C and (e) 68 °C, in
SmF phase at (f) 72°C and (g) 85°C,
and in isotropic phase at (h) 100°C and
(i) 115 °C. White bars indicate 25 ym in
length.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



074505-3 H. lino and J. Hanna

contained some small crystal grains in the uniform texture as
shown in Figs. 2(d) and 2(e); the thin films spin-coated at 72
and 85 °C for SmF phase, which is a lower ordered phase,
contained few small crystal grains as show in Figs. 2(f) and
2(g). The thickness of thin films was ca. 50 nm. The good
uniformity and surface morphology in the polycrystalline
thin films spin-coated at liquid crystal temperatures come
from the viscous and soft nature in liquid crystal phases,
which prevent dewetting on the substrate surface and make
the film morphology uniform. The films spin-coated in the
isotropic phase at 100 and 115 °C were quite inhomogeneous
and just like some crystal droplets on substrates, as is similar
to the films spin-coated at crystal phase temperatures. These
crystal droplets probably resulted from the dewetting of 8-
TTP-8 from substrates immediately after solvent evaporation
because of smaller viscosity of its isotropic phase. These uni-
form crystalline thin films could be fabricated not only from
diethylbenzene solution in the present result, but also from
p-xyelne solution'? when these were spin-coated at liquid
crystalline temperature. Judging from these facts, the uni-
form crystalline films spin-coated at liquid crystalline tem-
perature result not from an optimal condition with a
particular solution but from the nature of liquid crystal
phase.

FET transfer characteristics strongly depended on tem-
peratures in spin-coating 8-TTP-8 solution as shown in Fig.
3(a). As shown in Fig. 3(a), the transfer characteristics show
high threshold voltage and small on-current in FETs fabri-
cated with the films spin-coated in the crystal and liquid
phases, whose FET mobility obtained from transfer charac-
teristics in saturation region were small and less than 10>
cm?/Vs, which is the same small value as reported recently,
5% 107> cm?/Vs (Ref. 14). On the other hand, transfer char-
acteristics show a low threshold voltage and a high on-cur-
rent in FETs fabricated with the uniform films spin-coated in
liquid crystal phases, whose FET mobility was over 0.1 cm?/
Vs. This superior performance hardly depended on the spin-
coat temperature at liquid crystal phases, i.e., SmF and SmG
phases. Figure 3(b) shows FET mobility as a function of
spin-coat temperature for fabrication of polycrystalline thin
films. FET mobility of the films fabricated in liquid crystal
phases was 0.05 - 0.1 cm?/Vs and had a small variation from
device to device. On the other hand, the FET mobility of the
films fabricated in crystal and isotropic phases were very
small, 1073 -107 cmz/Vs, and had a large variation from
device to device. These results indicate that liquid crystalline
thin films are a good precursor for fabrication of uniform and
quality polycrystalline thin films. In general, the FET mobil-
ity was determined by not only the intrinsic mobility of
OFET materials but also extrinsic factors such as the contact
resistance between organic materials and source/drain elec-
trodes, and interface trap density between organic materials
and gate insulators, and so on. The FET mobility of 8-TTP-8
films spin-coated at liquid crystal phases is almost the same
value as the bulk mobility of 8-TTP-8 polycrystalline film,
0.3 cm?/Vs, determined by TOF experiments.'> This fact
indicates that the FET mobility hardly depended on the ex-
trinsic factors such as the contact resistance and interface
traps. In fact, the contact resistance of 8-TTP-8 and gold
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FIG. 3. (Color online) FET characteristics of the polycrystalline thin films
of 8-TTP-8 at various spin-coat temperatures. (a) Transfer characteristics
and (b) FET mobility. Channel length and width are 20 ym and 200 pm,
respectively.

electrodes in the FET devices estimated using transfer line
method was ca. 0.3 MQmm, which was two orders of magni-
tude smaller than that of the polycrystalline films of 8-TTP-8
in the recent report.14 Furthermore, this small contact resist-
ance of 8-TTP-8 FETs was the almost same value as that of
FETs fabricated with vacuum deposition polycrystalline film
of a dialkylated quaterthiophene derivative,'®!” regardless of
the smaller core moiety of terthiophene.

In order to confirm the availability and generality of
these results, we investigated them with a different liquid
crystalline material of BTBT derivatives, i.e., 10-BTBT-10,
which have attracted a high attention for FET materials
because of high FET mobility over 1 cm?/Vs (Ref. 6). We
fabricated those polycrystalline thin films in both crystal and
liquid crystal phases in the same manner as described above.
The spin-coating solvent was also diethylbenzene and its
concentration was 1 wt%. It was quite inhomogeneous, the

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



074505-4

-

FIG. 4. (Color online) Optical microscopy textures of polycrystalline thin
films of 10-BTBT-10 fabricated by spin-coating its 1 wt% diethylbenzene
solution (a) at room temperature for crystal phase and (b) at 105 °C for SmA
phase, and (c) its 0.5 wt% diethylbenzene solution at 108 °C and (d) its 0.25
wt% diethylbenzene solution at 107 °C for SmA phase. White bars indicate
25 um in length.
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polycrystalline thin films spin-coated at temperatures for
crystal phase, which the whole area of substrates was not
covered with, as shown in Fig. 4(a). This was very similar to
the results on the films of 8-TTP-8 at those temperatures. On
the other hand, the polycrystalline thin films spin-coated in
the liquid crystal (SmA) phase at 105°C was as uniform as
the films of 8-TTP-8 spin-coated at its liquid crystal phases,
as we expected. The thickness of the thin film was 58 =2
nm. However, the films had some cracks as shown in Fig.
4(b). It is very plausible that the cracks are due to rather
thick films of ca. 60 nm, in addition to a big change of den-
sities from SmA phase into crystal phase. We tried to
improve this problem by making thinner films with 10-
BTBT-10 solutions of lower concentrations for spin-coat. In
fact, the polycrystalline film spin-coated in the SmA phase
of 108 °C from a solution of 0.5 wt% exhibited less cracks
than the films from 1 wt% solution as shown in Fig. 4(c).
Furthermore, the polycrystalline film in the SmA phase of
107 °C from a solution of 0.25 wt% did not show any cracks
as shown in Fig. 4(d). The thickness of thin films were
28 =3 nm and 13 =2 nm for the solutions of 0.5 wt% and
0.25 w%, respectively. As is clear from these results, the
cracks in the films, which are caused by the shrinkage of
bulk film from liquid crystal to crystal phases, can be fairly
suppressed by making a balance of the compressive stress in
the bulk of the film and the adhesive force on the surface of
substrates. On the contrary, it was very interesting that the
morphology of the 8-TTP-8 polycrystalline films fabricated
at liquid crystal SmF phase did not have any cracks even
thick film, ca. 50nm, as shown in Fig. 2(g).

The FET characteristic of polycrystalline thin film fabri-
cated in SmA phase of 105°C from a solution of 1 wt% has
lower threshold and high on-current than that fabricated in
crystal phase as shown in Fig. 5. The FET mobility obtained
from the transfer characteristics in saturation region show
0.03 and 1.5 cm?/Vs for films fabricated in crystal and SmA
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FIG. 5. (Color online) Transfer characteristics of 10-BTBT-10 FETSs fabri-
cated with polycrystalline thin films spin-coated 1 wt% diethylbenzene solu-
tion at room temperature for crystal phase and 105°C for SmA phase.
Channel length and width are 100 ym and 1000 um, respectively. FET per-
formance was measured at room temperature.

phases, respectively. The FETs fabricated with the films of
10-BTBT-10 spin-coated at the temperatures for SmA phase
showed a threshold voltage of -28 V and a high on-current on
the order of 10> A, and gave high mobility of 1.5 cm?/Vs,
while the FET fabricated with the films spin-coated at room
temperature showed low mobility of 0.03 cm?/Vs. This mo-
bility is far better than 0.28 — 0.86 cm?/Vs in the FETSs previ-
ously reported, in which the films were spin-coated at room
temperature and successively annealed at 80 °C for 60 mins.®

Interestingly, the high FET mobility in the thick films,
ca. 60nm, fabricated at SmA phase temperatures from a solu-
tion of 1 wt% were not affected at all irrespective of whether
the films had cracks in the film or not. Judging from a fact
that the channel region in the OFETs are formed within a
few molecular layers of the OFET material from the inter-
face of gate insulator, this is probably because the crystal
films are electrically well connected within a few molecular
layers on the gate insulator of SiO, even in the films having
the cracks, which does not cause a serious problem on the
carrier transport in the channel on the gate insulator. In fact,
the high FET mobility was almost same in these films fabri-
cated from 0.5 wt% and 0.25 wt% diethylbenzene solutions.
It is very interesting to note that the thickness of a thin film
fabricated with 0.25 wt% solution, whose thickness is ca. 13
nm, corresponds to four layers of 10-BTBT-10 molecules
vertically aligned on the substrate. These results support that
the channel in the FET is formed in a few monolayers at
the interface of the gate insulator and an organic semicon-
ductor film as reported in oligothiophene and pentacene
FETs previously.'®2°

All of these results support an idea that a liquid crystal
thin film is a good precursor for its polycrystalline thin films
suitable for OFETs. We attribute the less defective nature of
polycrystalline thin films fabricated by spin-coating at liquid
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crystal phases to a fully relaxed crystal structure through
step-wise structural relaxation of molecular alignment from
the liquid crystal phase to crystal phase, which the soft na-
ture of the liquid crystal phase is very helpful.

IV. CONCLUSION

We have investigated fabrication of polycrystalline thin
films of liquid crystalline terthiophene and BTBT derivatives
by a spin-coating technique and their application to FETs.
We found that uniform and less defective polycrystalline
thin films were fabricated by spin-coating their solutions at
liquid crystal phase temperatures, and they gave high FET
mobility up to 0.1 and 1.5 cm?Vs for 8-TTP-8 and 10-
BTBT-10, respectively. We conclude that the liquid crystal-
linity in OFET materials is available to fabricate uniform
and less defective polycrystalline thin films, for which the
liquid crystalline thin films are a good precursor.
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