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Temperature-Independent Hole Mobility in Field-Effect Transistors 
Based on Liquid-Crystalline Semiconductors 

Masahiro FUNAHASHITa), Fapei ZHANGtt, and Nobuyuki TAMAOKItti", Nonmembers 

SUMMARY Thin-film transistors based on Liquid-crystalline phenyl
terthiophenes, 3-TTPPh-5 and 3-TTPPhF4-6 are fabricated with a spin
coating method. The devices exhibit p-type operation with the mobility 
on the order of 10-2 cm2V- 1 s-l. The field-effect mobilities of the tran
sistors using 3-TTPPh-5 and 3-TTPPhF4-6 are almost independent of the 
temperature above room temperatnre. In particular, the temperature range 
in which the mobility is constant is between 230 and 350 K for 3-TIPPh-5. 
key words: liquid-crystalline semiconductor, field-effect transistOJ; carrier 
transport, field-effect mobility, phenylterthiophene 

1. Introduction 

Liquid-crystalline (LC) semiconductors exhibit the high car
rier mobility exceeding organic amorphous semiconductors 
as well as solution-processability [1]-[3]. Carrier transport 
propelties in the LC phases have been studied by the time
of-flight method [4]-[6]. Macroscopic carrier mobilities in 
the bulk are revealed by this method, in contrast to the mi
croscopic band mobilities determined by the pulse radiol
ysis time-resolved microwave conductivity [7]. The car
rier mobilities are several orders of magnitude higher than 
those of organic amorphous semiconductors and exceeds 
0.1 cm2V-1s- 1 in the ordered smectic [8]-[10] and colum
nar phases [11]-[13] .. 

The other significant feature in the bulk carrier trans
port is temperature-independent mobility above room tem
perature. In a columnar phase of triphenylene dimer, the 
hole mobility is independent of the temperature above room 
temperature and decreases with a decrease in the tempera
ture below it [5]. The same tendency is observed in the SmE 
phase of alkynylterthiophene derivatives both for holes and 
electrons. A mechanism based on the disorder formalism 
has been proposed to explain the temperature-independence 
of the carrier mobilities in the LC phases [5], [6]. This in
dependence has been attributed to a small energetic disorder 
in the LC phases compared to the amorphous phases. In 
addition, the influence of the defects such as domain bound
aries is small in the LC phases compared to crystal phases 
[14]. In the LC phases, the defects are more ambiguous due 
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to molecular thermal movement and fluctuation than in the 
crystal phases. 

Field-effect transistors (FETs) based on LC semicon
ductors such as oligothiophene [10], [15]-[17] and hexaben
zocoronene derivatives have been reported recently [18]. 
Phenylterthiophene derivatives can produce LC thin films on 
silicon and polymer substrates [10], [19]-[21] by the spin
coating method. However, the temperature-dependence of 
the field-effect mobilities in the thin film states of the LC 
semiconductors has not been studied so far. The typical 
value of the thickness of the active layers in the FETs is sev
eral ten nanometers. The carrier transport in the thin films 
should be different from those of the bulk LC states. 

In FETs based on vacuum-deposited aromatic poly
crystalline thin films, the defect density and impurity con
tamination determine the temperature-dependence of the 
carrier mobilities [22]. Temperature-independent hole mo
bility was observed in the FETs using vacuum-deposited 
thin films of pentacene with the high quality [23]. In this 
study, we report LC thin films of phenylterthiophene and 
tetrafluorophenylterthiophene derivatives as well as the fab
rication of FETs based on these LC compounds. And 
we also report the temperature-independent field-effect hole 
mobilities in the LC FETs based on these LC compounds. 

2. Experiments 

2.1 Synthesis of LC Semiconductors 

Oligo thiophene derivatives are widely studied as active lay
ers of electroluminescence devices and FETs [24]. However 
their solubilities in organic solvents are too low for the so
lution process. Dialkylterthiophene and dialkylquaterthio
phene derivatives exhibit smectic phases, and efficient am
bipolar carrier transport has been observed [25], [26]. How
ever they crystallize around room temperature resulting in 
inhomogeneous thin films with the solution process. 

We have already reported that 5-alkyl-5"-alkynyl-
2, 2':5', 2"-terthiophene and 5-alkyl-5'''-alkynyl-2, 2':5', 
2" :5", 2'" -quaterthiophene exhibit ordered smectic phases 
around room temperature. Asymmetric structures of these 
compounds should inhibit the crystallization and result in 
the appearance of the metastable LC phases at room tem
perature [6], [9]. 

Other asymmetrically substituted terthiophene deriva
tives which bear alkyl and phenyl or tetrafluorophenyl sub
stituents also exhibit the ordered smectic phases around 
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cat. Pd(PPh3)4 

Na2C03IDME - H20. reflux 

Scheme 1 Synthetic routes of LC semiconductors 1 and 2. 

Table 1 Phase transition temperatures of LC semiconductors 1 and 2. 
OrdSm: ordered smectic phase; N: nematic phase; Iso: isotropic phase. 

COlll'ound Phase transition telll'erature 

3-TIPPh-5 (1) OrdSm202 DC N 217 DC Iso 

3-TIPPhF4-6 (2) OrdSm 112 DC N 142 DC Iso 

room temperature. 5-propyl-5" -(4-pentylphenyl)-2, 2' :5', 
2"-terthiophene (1) (3-TTPPh-5) and 5-propyl-5"-(2, 3, 5, 
6-tetrafluoro-4-hexylphenyl)-2, 2' :5' , 2"-terthiophene (2) 
(3-TTPPhF4-6) were synthesized by the Pd(O)-catalyzed 
coupling reactions as shown in Scheme 1. These compounds 
exhibit the ordered smectic phases at room temperature and 
are soluble in conventional organic solvents such as toluene, 
xylene, and tetrahydrofurane [10], [20]. The phase transi
tion temperatures are summarized in Table 1. 

2.2 Preparation of the FETs on Si02/Si Substrates 

FETs using the LC semiconductors were fabricated on 
Si/Si02 substrates. The chlorobenzene solution (0.6 wt%) 
of compound 1 or 2 was spun on a Si/Si02 substrate at 
1500 rpm for 25 s, producing homogeneous LC thin films 
with the thickness of 50 nm. On the LC thin films, Au 
source and drain electrodes were vacuum-deposited through 
a shadow mask. The better performance is obtained when 
the smiace of. the Si02 layer is treated with a silane cou
pling reagent [19]. 

3. Results and Discussion 

3.1 Mesomorpruc Behaviors of LC Semiconductors 

3-TTPPh-5 (1) exhibited an ordered smectic phase around 
room temperature and did not crystallize even when it was 
cooled to -50°C. In the ordered smectic phase, the X-ray 
diffraction reveals that a long range order exists within the 
smectic layers and the LC molecules tilted towards the nor
mal of the smectic layers at an angle of sr. This result in
dicates that this smectic phase has a closer packing structure 

1100 urnl 

Fig. 1 Polarizing optical micrographic image of a LC thin film of 3-
TTPPh-S (1) produced by a spin-coating method. 

that is favorable for fast carrier transport. 
3-TTPPhF4-6 (2) exhibits an enantiotropic nematic (N) 

and an ordered smectic phases. When the ordered smec
tic phase was cooled to -50°C, no glass transition was ob
served. The X-ray diffraction of the ordered smectic phase 
of compound 2 indicates a crystal-like three-dimensional 
structure. However, this phase exhibits fluidity above 100 
°C on heating, below the phase transition to the nematic 
phase, indicating that this is a mesophase with a freedom 
of molecular thermal movement. 

The phase transition temperatures of compound 2 were 
lowered by ca. 50°C as compared to the non-fluorinated 
counterpart 1, as shown in Table 1. 

3.2 Characterization of the LC Thin Films of 3-TTPPh-5 
(1) 

Figure 1 shows a polarizing optical micrograph of the LC 
thin film of 3-TTPPh-5 (1) produced by the spin-coating 
method. The thin film comprised of optically anisotropic 
domains of which sizes were on the order of several ten mi
crometers. 

As shown in Fig.2(a), a sharp diffraction peak at the 
angle 2() = 3.9° was observed in the out-of-plane X-ray 
diffraction measurement. The layer spacing was almost the 
same as that of the bulk smectic phase. In the wide angle 
region of the in-plane diffraction, only a broad halo around 
21 ° was observed in the as-deposited film (Fig. 2(b)). This 
X-ray diffraction curves indicate that this thin film has a 
layer structure but not a long-range order within layers. Af
ter thermal annealing, the wide angle halo changed to a clear 
peak, indicating a long-range order within the smectic lay
ers. 

The atomic force microscopy (AFM) observation also 
exhibits the enhancement of tfie ordering of the LC mol
ecules by the thermal treatment. The surface of the as
deposited film was not flat but showed a roughness on the 
order of several nanometers, as shown in the photographs at 
the top of Fig. 3(a). However, the thermal annealing of the 
thin films at 120°C for 15 min, the surface morphology was 
remarkably changed as shown in Fig. 3(b). The surface was 
completely flat on the molecular scale. This indicates that 
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Fig. 2 X-ray diffraction patterns of a thin film of 3-TIPPh-5 (1) mea
sured in (a) out-of-plane and (b) in-plane configurations. The inset in (a) 
is an extension of the curves in the region between 5 and 25 degrees. The 
curve in the in-plane configuration (b) is magnified by a factor of 4. 

(a) 

(b) 

Fig. 3 AFM images of the thin film (a) before and (b) after annealing at 
120°C/15 min. Left: topographical image, Right: phase image. 

the domain has an ordered structure and low defect density. 
The domain size was 50-100 J.lm, which is larger than the 
channel length (20-30 J.lm) of the normal FETs. It should 
be noted that the freedom of molecular movement in the LC 
phase should promote the reorganization of molecular align
ment in the thin films, resulting in the formation of high-
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Fig. 4 Polarizing optical micrographic image of a LC thin film of 3-
TIPPhF4-6 (2) produced by a spin-coating method. 
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Fig. 5 X-ray diffraction patterns of a thin film of3-TIPPhF4-6 (2) before 
and after the thermal treatment at 85°C for 10 min. 

quality thin films . 

3.3 Characterization of the LC Thin Films of 3-TTPPhF4-
6 (2) 

Figure 4 shows a polarizing optical micrograph of a thin 
film for 3-TTPPhF4-6 (2) after thermal annealing at 8SOC 
for 10 min. During the thermal treatment, a fine threaded 
texture changed to a mosaic texture. The domain sizes ex
ceed several hundred micrometers. In these LC thin films of 
compound 2, the enhancement of the reorientation of the LC 
molecules with the thermal treatment was also observed. 

In the X-ray diffraction patterns as shown in Fig. 5, 
the as-deposited films of compound 2 show two distinct se
ries of intense peaks, suggesting the presence of two dif
ferent LC phases. After the thermal annealing, the diffrac
tion peaks belonging to one series disappeared completely 
and the intensity of the peaks in the other series was con
siderably enhanced. Under the condition of spin-coating, a 
metastable LC phase should appear, due to the fast evapora
tion of the solvent. These two LC phases have layer struc
tures and the tilt angles of the LC molecules should be dif
ferent between the LC phases. The interlayer spacing was 
calculated as 2.1 nm after thermal annealing, in agreement 
with the step height of the molecular layers measured by 
AFM. This indicates that the smectic layers in the film are 
parallel to the substrate surface. 
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Fig. 6 (a) Output and (b) transfer characteristics of the FET based on the 
LC thin film of3-TTPPh-5 (1). The channel length and film thickness were 
20 Jim and 65 nm, respectively. 

3.4 Characteristics ofthe Field-Effect Transistors Using 3-
TTPPh-5 (1) and 3-TTP-PhF4-6 (2) 

The FETs fabricated based on 3-TTPPh-5 (1) showed p-type 
operation. When the Si02 surface was treated by octyl
trichlorosilane, the best performance was obtained. Figure 6 
exhibits the out-put and transfer characteristics of the de
vice. The mobility of 4.2 x 10-2 cm2y-1s-1 and the on/off 
ratio of more than 106 are achieved after the thermal treat
ment at 105°C for 5 min. In these devices, the smectic lay
ers are aligned parallel to the Si02 surface and the holes are 
transported within the layers as a consequence. The value 
is comparable to the hole mobility obtained from the TOF 
measurement [20], to represent an upper limit to the mobil
ity of the FETs. 

Figure 7 shows the temperature-dependence of the 
field-effect mobility for holes and the threshold voltage in 
the FET based on compound 1. Between 200 and 350 K, 
the hole mobility· is independent of the temperature. Below 
200 K, the hole mobility decreases remarkably with a de
crease in the temperature. In this low temperature region, a 
few cleavages were formed in the LC thin films because of 
the volume shrinkage. Above 350 K, the mobility also de
creases gradually with an increase in the temperature. This 
should be originated from the increase in the disorder, due 
to the thermal movement of the LC molecules. The thresh
old voltage VT shifts to negative direction with a decrease 
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Fig. 7 Hole mobility and threshold voltage of the FET using 3-TTPPh-
5 (1) as a function of the temperature in Ca) below and (b) above room 
temperature. 

in the temperature in the both regions. In the low temper
ature region, this behavior should be attributed to the hole 
trapping on the Si02 surfaces. Above room temperature, 
thermal movement of the LC molecules should affect on the 
detrapping of the holes at the interface. In the field-effect 
mobility and the threshold voltage exhibit a slight hysteresis 
for the heating and cooling processes. This should be at· 
tributed to the change of the molecular ordering depending 
on the temperature. 

The field-effect mobility decreased to 2 x 10-2 cm2y-l 

S-I when the channel length was increased to 50,um. This 
indicates that the FET characteristics are determined mainly 
by the hole transport in the active layer rather than contact 
resistance. 

In the LC thin films of 3-TTPPh-5 (1) in the FETs, 
the size of the LC domains exceeds the channel lengths. 
Therefore, the holes can drift between the source and drain 
electrodes without encountering the domain boundaries on 
which localized states are formed. In vacuum-deposited 
molecular crystals, grain size IS smaller than the channel 
length. The device performance is strongly affected from 
the crystal growth condition and depends on the tempera
ture as a result. 

Figure 8(a) shows the ID-VD characteristics for FETs 
of 3-TTPPhF4-6 (2) measured in ambient air. The devices 
exhibit a typical p-type operation. The hole mobility is cal
culated as 2.7 x 10-2 cm2y- 1s-l in a saturation region. The 
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Fig. 8 (a) Output and (b) transfer characteristics of the FET based on the 
LC thin film of 3-TTPPhF4-6 (2), The channel length and film thickness 
were 20 flm and 50 nm, respectively. 

current on/off ratio is more than 106. Such a value is close 
to that obtained from the TOF measurement in the bulk state 
(7xlO-2 cm2V- 1 S-1 at 50°C) [19]. The mobility is also com
parable to that of the FETs of non-fluorinated compound 1. 
Moreover, an enhanced stability of operation in ambient air 
is expected for the FETs of compound 2. The strong electron 
withdrawing characteristics of the tetrafluorophenyl group, 
which raise the oxidation potential of the aromatic core to 
make the material less susceptible to air oxidation. 

Figure 9 shows the temperature-dependence of the hole 
mobility and the threshold voltage of the devices using 
compound 2. The hole mobility is almost independent of 
the temperature between 27 and SO°e. This should be at
tributed to the formation of highly ordered LC domains with 
the size larger than the channel length (20-30 flm) of the 
FETs. The holes can be transported in the channel area 
without being trapped. In the FETs based on compound 2, 
the temperature-dependence of the threshold voltage is also 
small. This should be attributed to the low density or shal
low depth of the localized states on the dielectric surface. 

The most significant characteristic of these LC-based 
FETs is the temperature-independent carrier mobility. Bulk 
carrier transport characteristics have been studied by the 
time-of-flight technique. In the columnar and smectic 
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Fig. 9 Hole mobility fl (filled square) and threshold voltage VT (filled 
circle) of the FET using 3-TTPPhF4-6 (2) as a function of the temperature. 

phases, temperature-independent carrier mobilities have 
been observed above critical temperatures [5], [6]. In the 
case of LC alkynylterthiophene, the temperature is -20°e. 
Below the temperature, the carrier mobilities usually de
pend upon the temperature and the electric field, The depen
dences are explained by the Gaussian disorder model which 
was proposed for carrier transports of amorphous organic 
semiconductors. This model assumes hopping transport be
tween molecular orbitals and the Gaussian distribution of 
their energy levels. In this model, photo-generated carriers 
are thermally relaxed and activated by the heat and the elec
tric field, leading to the temperature and the field-dependent 
carrier mobility. 

The width of the distribution is narrower in the LC 
phases than in the amorphous materials, due to the molecu
lar order in the LC phases. In the high temperature regions, 
most of the photo-generated carriers should be located 
close to the transpOlt level, resulting in the temperature
independent mobility [5], [6]. 

There is a possibility that coincidental compensation of 
the thermal activation effect in the carrier hopping process 
for the thermal fluctuation of the LC phase structure pro
duces the apparent temperature-independent mobilities. In 
fact, a complicated dependence of the hole mobility on the 
temperature was also reported for a columnar phase con
sisting of a triphenylene dimer [27]. In this case, the hole 
mobility exhibits a maximum value as a result of an imper
fect balance between the two effects. However, the ordered 
smectic phases exhibit fluidity just below the phase transi
tion temperature to the nematic or isotropic phases. In gen
eral, ordered smectic and columnar structures determined 
by the X-ray diffraction are not so perturbed by the thermal 
effect below room temperature [5], [6]. The thermal fluctu
ation of LC molecules should not cancel the temperature
dependence of the carrier mobility caused by thermal acti
vation of the carrier hopping in a wide temperature region 
below room temperature. 

In this study, the temperature-independent mobility is 
also observed over a wide temperature range in the LC
based FETs in which the carriers move within the two
dimensional interface areas unlike the three-dimensional 
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bulk states. This result indicates that the ordered structure 
with the small energetic disorder and the low defect density 
should be formed not only in the bulk but also at the inter
face area between the active layer and the gate insulator. 

The temperature-dependent carrier mobilities have 
been observed in the FETs based on high quality polycrys
talline films [28] and rubrene single crystals [29], [30]. In 
these cases, carrier mobilities exceed 1 cm2V-1s- l , and the 
carrier transport process is band mechanism. The balance 
between the effects of phonon scattering and thermal activa
tion from shallow traps results in the apparent temperature
independent mobilities. 

In contrast, the carrier mobilities of LC semiconduc
tors are on the order of 10-1 cm2V-1s-1 at best. This value 
is one order of magnitude lower than those of organic crys
talline semiconductors. The carrier transport processes are 
based on hopping mechanism rather than band scheme. As 
shown in Fig. 7, the decrease in the hole mobility above 
80°C should be attributed to the increase of the structural 
disorder caused by thermal movement of the LC molecules. 
However, below the temperature, the thermal fluctuation 
should be suppressed and the LC structure is stable. The 
temperature-independent mobility should be ascribed to the 
small energetic disorder and small influence from the do
main boundaries in the LC phases comparing with the amor
phous organic semiconductors. The detailed study on the 
mechanism is in progress. 

Comparing to organic crystalline semiconductors, 
large domains whose sizes exceed FET channel lengths 
can be formed with quite simple processes. For the FETs 
based on crystalline thin films of aromatic compounds, a 
precise control of the crystal growth is indispensable un
der a vacuum condition in order to obtain the temperature
independent carrier mobilities. In the LC semiconductors, 
the LC materials are purified by a column chromatography 
and recrystallization, and the devices are fabricated by the 
spin-coating method. The material pUlifications and device 
fabrications are carried out under ambient conditions. 

4. Conclusion 

FETs with the good performance were fabricated using LC 
semiconductors, 3-TTPPh-5 (1) and 3-TTPPhF4-6 (2) by 
the spin-coating method. They exhibit p-type operation with 
the field-effect mobility on the order of 10-2 cm2V-1 s-1 and 
the on/off ratio of 106 . It should be noted that the devices are 
operated in the LC state, in which large domains are formed 
in the channel areas. The domain sizes exceed several tens 
micrometers and the holes can move in the channel areas 
without being trapped. In consequence, the hole mobilities 
of the FETs for both LC semiconductors are almost inde
pendent of the temperature. 
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