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Development of Liquid-Crystalline Semiconductors with High
Carrier Mobilities and Their Application to Thin-film Transistors

By Masahiro FUNAHASHI
�

Carrier transport in liquid-crystal phases, design of liquid-crystalline semiconductors with high carrier mobilities, and their

application to field-effect transistors are reviewed. High carrier mobility has been observed in the smectic phases of

oligothiophene derivatives as well as in the columnar phases of triphenylene and hexabenzocoronene derivatives. The

mobility increases with the molecular ordering in the mesophases and extension of the �-conjugated system of the liquid-

crystal molecules. Asymmetrically substituted liquid-crystalline oligothiophene derivatives retain the highly ordered smectic

phases below room temperature. The liquid crystals are solution-processable and can be used in high-performance field-effect

transistors. The transistors exhibit high hole mobility and on/off ratio of 4� 10�2 cm2 V�1 s�1 and 107, respectively.
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Currently, organic semiconductors are being used in various

electronics devices such as disposal xerographic photorecep-

tors.1 Electroluminescence devices also have several practical

applications.2 Bulk heterojunction solar cells, in which p-type

and n-type organic semiconductors form nanosegregated

structures, have also attracted significant attention.3 Extensive

studies on thin-film transistors (TFTs) based on crystalline

films of aromatic compounds have been reported.4,5 Unlike

inorganic semiconductors, whose fabrication requires the use

of an expensive vacuum process, most organic semiconductors

are solution-processable and can be incorporated into a variety

of electronic devices via an inexpensive solution process.6 One

of the recent researches is the development of flexible devices,

including electronic papers.7 For use in electronic papers, it is

indispensable to produce organic semiconductors with high

carrier mobility as well as high flexibility.

It is not easy to construct a molecular system that has high

carrier mobility, excellent solution processability, and high

flexibility. A closely packed molecular structure, which is

commonly observed in molecular crystals, facilitates carrier

mobility. In aromatic molecular crystals, carrier mobilities

exceeding 1 cm2 V�1 s�1 are sometimes observed.5 However,

precise control of the crystal growth process is essential for

high-quality crystalline thin films. Weak intermolecular inter-

actions are indispensable for soft structures of solution-

processable and flexible materials. However, such weak

intermolecular interactions may result in the formation of

amorphous structures with pendant polymers such as poly-

vinylcarbazole and low-molecular-weight aromatic amines,

which exhibit low carrier mobility.8 Typically, carrier mobi-

lities in amorphous organic semiconductors fall in the range of

10�7–10�4 cm2 V�1 s�1.8

One of the approaches to overcome the above-mentioned

difficulty is to make use of the property of liquid crystallinity.

Dynamic anisotropic nanostructures have been constructed

in liquid crystal phases based on the weak intermolecular

interactions and various enhanced electric and optical func-

tionalities can be realized utilizing the nanostructure.9 Liquid

crystals with highly ordered smectic or columnar phases have a

crystal-like molecular packing structure, which is favorable for

the fast transport of electronic charge carriers. In addition, a

normal liquid-crystal molecule has a few alkyl chains, which

make them soluble in organic solvents. The thermal motion of

the alkyl chains also contributes to the flexibility and softness

of the mesomorphic structures.

For application to fast-response field-effect transistors

(FETs), crystalline organic semiconductors must have high

carrier mobility. A few solution-processable organic semi-

conductors that can be used in the fabrication of high-quality

polycrystalline thin films have been designed; thin films

deposited using soluble precursor molecules are subsequently

converted to polycrystalline thin films by thermal treatment.10

Solution-processable pentacene-bearing bulky substitutents can

be used to obtain homogeneous crystalline thin films by the

spin-coating method.11 However, control of crystal growth in

solution processes is difficult, and hence, devices obtained by

this process deliver an inferior performance as compared to

those fabricated by the vacuum process. High-performance

FETs have been fabricated using poly(3-alkylthiophene) and

the related compounds;12 their performance is strongly depend-

ent on the rot of the polymers, and the reproducibility of their

characteristics is found to be unsatisfactory.13 Both high-

molecular-weight and low-molecular-weight liquid crystals

are expected to constitute a new class of flexible, solution-
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processable organic semiconductors with high carrier mobi-

lities.

HISTORICAL BACKGROUND14–17

The idea of liquid-crystalline semiconductors was conceived

in the 1970s. Yoshino et al. carried out detailed studies on

electrical conduction in nematic, smectic, and cholesteric

phases.18,19 Kusabayashi et al. synthesized liquid-crystalline

compounds containing carbazole or fluorenone moieties, which

are known to be good carrier transport materials.20 They found

that only ionic conduction occurs in liquid-crystal phases.

Because of the increased industrial production of display

devices using nematic liquid crystals, a number of researchers

have carried out detailed investigations on the electrical

conductivity in nematic liquid crystals.21–23 These liquid

crystals were not so stable, and the contaminants or degraded

species present in them caused ionic conduction. Ikeda et al.

synthesized nematic polymers having carbazolyl groups as

pendants. However, their hole mobilities were comparable to

those of conventional amorphous photoconductive polymers.24

In order to realize electronic conduction in liquid-crystal

phases, it is necessary to enhance the rate of intermolecular

charge transfer. Columnar phases or smectic phases, which

have closely packed columnar or layer structures, are expected

to facilitate rapid intermolecular charge transfer, although

transport of electronic charge carriers has recently been

confirmed in the nematic and cholesteric phases of oligothio-

phene derivatives as well.25–27 J. Simon et al. focused on the

one-dimensional energy transfer in the columnar phases of

mesomorphic phthalocyanines.28 N. Boden et al. studied the

discotic columnar phases of AlCl3-doped hexaalkoxytriphen-

ylene,29 and D. Haarer et al. confirmed the transport of

electronic charge carriers in the columnar phases using the

time-of-flight (TOF) technique.30–32 M. Funahashi and J. Hanna

synthesized derivatives of 2-phenylbenzothiazole and 2-phen-

ylnaphthalene and confirmed the occurrence of electronic

conduction in their smectic phases.33,34 It should be noted that

the fast electronic charge carrier transport proceeds in liquid-

like smectic A or B hexatic phases unlike the columnar phases

having closed molecular stacking structures.

The remarkable development of organic electronics in this

decade has led to the application of liquid-crystalline semi-

conductors in various electronic devices such as electrolumi-

nescence devices,35–39 solar cells,40 and TFTs.15 From the

viewpoint of processability, the high solubility of liquid-

crystalline semiconductors in conventional organic solvents

makes them suitable for device fabrication via solution

processes. However, most of the previously reported discotic

and smectic liquid-crystalline semiconductors crystallize at

around room temperature, which limits their use in the

fabrication of homogeneous thin films. Moreover, controlling

the alignment of columns is difficult in the discotic columnar

phases. For application to FETs, the columns in these semi-

conductors must be aligned parallel to the substrate surface,

although a perpendicular alignment is preferred when using

these semiconductors in electroluminescence devices and solar

cells.17

THE BULK CARRIER TRANSPORT CHARACTER-
ISTICS IN THE LIQUID CRYSTAL PHASES AND
THEIR STRUCTURE

In the past, carrier transport in the nematic phases of liquid

crystals has been studied extensively by several researchers.

However, only ionic conduction, which was caused by ionic

impurities, was found to occur in these nematic phases. The

carrier mobility was found to be on the order of 10�6

cm2 V�1 s�1, which was the typical value observed for ionic

species in low-molecular-weight organic liquids.18–23 The low

viscosity of the nematic phase was found to favor ionic

conduction, and moreover, the small transfer integral which

was caused by the low molecular order, resulted in a decrease

in the rate of intermolecular electronic charge transfer.

In contrast to the nematic phases, discotic columnar and

smectic phases have one- or two-dimensional molecular

condensation structures that enhance intermolecular electronic

charge transfer.41,42 Since the 1990s, transport of electronic

charge carriers has been studied in the discotic columnar

phases of hexaalkyltriphenylene,30,31 hexaalkylthiotriphenyl-

ene,32 hexaalkoxyhexabenzocoronene,43 and perylene tetracar-

boxylate derivatives.44 Transport of electronic charge carriers

has also been confirmed in calamitic systems such as the

smectic phases of 2-phenylbenzothiazole,33 2-phenylnaphtha-

lene,34 oligothiophene,45–47 and bisthienylbenzene deriva-

tives.48 The molecular structures of typical liquid-crystalline

semiconductors are shown in Figure 1. The carrier mobilities

were determined by the TOF technique,30–34,45–48 microwave

absorption measurements,43 and space-charge-limited current

meaurements.44 The drift mobility in these phases, which was

determined to be in the range of 10�4–10�1 cm2 V�1 s�1 by the

TOF technique, was found to be strongly affected by the

structure of the liquid crystal phase.49,50

The relationship between the carrier transport characteristics

and structures of the columnar phases of triphenylene deriv-

atives49 and those of the smectic phases of 2-phenylnaphtha-

lene and terthiophene derivatives was studied by the TOF

method.50

Three typical columnar phases present in triphenylene

derivatives are shown in Figure 2. In the disordered columnar

phase, the disk-like liquid-crystal molecules are randomly

arranged within the columns. In contrast, the plastic phase has

an ordered columnar structure, and each column rotates

cooperatively. The helical phase is characterized by a more

closely packed columnar structure and a stronger correlation

between the molecular orientations in the columns. The carrier

transport characteristics in these three phases in hexaalkoxy-

triphenylene and hexaalkylthiotriphenylene derivatives are

studied by the TOF technique, as shown in Figure 2.49 The

hole mobility in the columnar disordered phase is on the order

of 10�3 cm2 V�1 s�1;30,31 however, it increases to a value on the

order of 10�2 cm2 V�1 s�1 in the plastic phase, which has a
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more closely stacked structure than the disordered phase.51 The

hole mobility in the helical phase of hexahexylthiotriphenylene

in which a crystal-like long-range molecular order exists within

the columns,30–32 increases to 0.1 cm2 V�1 s�1; this is compa-

rable to the hole mobility in molecular crystals.

The same tendency was observed in the smectic phases of 2-

phenylnaphthalene and terthiophene derivatives, as shown in

Figure 3.50 2-(p-Octylphenyl)-6-alkoxynaphthalene derivatives

exhibit smectic phases in which the director lies parallel to the

layer normal, such as smectic A (SmA), smectic B (SmB), and

smectic E (SmE) phases. In contrast, 5,500-dialkyl-2,20:50,200-

terthiophene derivatives exhibit smectic phases in which the

director is tilted with respect to the layer normal, such as

smectic C (SmC), smectic F (SmF), and smectic G (SmG)

phases. Regardless of the tilt angle of the director and the

molecular structure, the carrier mobility is found to be on the

order of 10�4 cm2 V�1 s�1 both in the SmA and SmC phases, in

which there is no positional order within the smectic layers.

The carrier mobility increases to a value of the order of 10�3

cm2 V�1 s�1 in the SmB and SmF phases, with a hexatic bond

order.34,45 In the SmE and SmG phases, in which the molecules

are highly ordered within the smectic layers, the mobility is on

the order of 10�2 cm2 V�1 s�1.45,52 Carrier mobility is thus

confirmed to be strongly affected by the molecular ordering

within the smectic layers. The relation between the carrier

mobility and the mesophase structure is summarized in

Figure 3.

DEPENDENCE OF CARRIER MOBILITY IN MESO-
PHASES ON THE FIELD ELECTRIC STRENGTH
AND TEMPERATURE

One of the remarkable characteristics of carrier transport in

the smectic and columnar phases is the small dependence of the
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Figure 1. Molecular structures of typical liquid-crystalline semiconductors.
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Figure 2. Structures of columnar phases of triphenylene derivatives.
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carrier mobility on the temperature and electric field strength

above room temperature.30–34,45–47 This behavior is markedly

different from that of amorphous organic semiconductors, in

which the carrier mobility strongly depends on the electric field

strength and temperature.53,54 Figure 4 shows the carrier

mobility as a function of the temperature and electric field in

the smectic phases of 2-(40-octylphenyl)-6-dodecylphenylnaph-

thalene 1.34 In contrast to the isotropic phase, where ionic

conduction is dominant, the mobilities of the positive and

negative carriers are almost independent of the temperature and

electric field strength. Such field- and temperature-independent

mobilities are observed in the columnar phases of the hexa-

alkoxytriphenylene derivatives. The mobility of ionic carriers

is determined by the viscosity of the medium.21 The viscosity

of organic fluids decreases with an increase in the temperature,

resulting in positive temperature dependence of the ionic

mobility. In amorphous semiconductors, the carrier mobility

increases with the electric field strength and temperature.

Amorphous semiconductors are characterized by energetic and

structural disorders and the carrier transport involves a carrier

hopping process, which is activated by the heat and electric

fields.53,54 The temperature- and electric field-independent

nature of the carrier mobility in smectic and columnar phases

is similar to that of the carrier transport in molecular crystals, in

which band-like conduction is dominant because of the large

transfer integral and small disorders.55 In smectic and columnar

phases, the dense molecular packing within the layers and

columnar structures is expected to increase the transfer integral

and decrease the energetic and positional disorders, thus

enhancing intermolecular charge transfer.

Liquid crystals 2, 3, and 4, shown in Figure 5, exhibit the

mesophases over wide temperature range including room

temperature. In these compounds, carrier transport character-

istics in the low-temperature region are different from those in

the high-temperature region. In contrast to the carrier mobi-

lities in the high-temperature regions in columnar and smectic

phases, those in the low-temperature region are dependent on

the electric field strength and temperature. The hole transport

characteristics in the columnar phases of the triphenylene

dimer 2, as shown in Figure 5, are studied over a wide

temperature range.56,57 Above 0 �C, the hole mobility is almost

independent of the electric field and the temperature; in

contrast, below 0 �C, it increases with the electric field strength

and temperature. The dependence of the hole mobility on

electric field strength becomes more pronounced at low

temperatures.56,57 This behavior is described by the one-

dimensional Gaussian disorder model (GDM), which was

proposed for the carrier transport in amorphous organic

semiconductors.58 A similar behavior was observed in the

columnar phase of a hexabenzocoronene derivative.59

The carrier mobilities in the highly ordered smectic phases

of alkynylterthiophene derivatives 3 and 4 are measured over a

wide temperature range, i.e., between 100 �C and �100 �C, by

the TOF method. In particular, an ambipolar carrier transport is
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Figure 3. Relationship between the carrier mobility and the structure of the smectic phases.
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observed in the smectic phase of compound 4.46,60 Figure 6

shows the hole mobilities as a function of the electric field

strength and temperature. In the smectic phases, the hole and

electron mobilities are on the order of 10�2 cm2 V�1 s�1; above

the critical temperature, the mobilities become independent of

the electric field strength and temperature, but below the

critical temperature, they decrease with a decrease in the

electric field strength and temperature. This behavior has also

been described by the GDM. The energetic disorders in the

columnar and smectic phases are approximately 50meV; this

value is 50% of that observed in amorphous organic semi-

conductors.60 These results indicate that the energetic and

structural disorders in columnar and smectic phases are lower

than those in amorphous organic semiconductors. In the high-

temperature region, most of the carriers are excited into the

transport states, and the carrier mobility should be independent

of the temperature and electric field strength.

MOLECULAR STRUCTURE AND CARRIER MOBI-
LITY

Warman and Müllen studied the microscopic carrier

mobilities in the discotic columnar phases of various discotic

mesogenic compounds by pulse-radiolysis time-resolved mi-

crowave conductivity (PR-TRMC).43,61 Their results indicated

that the microscopic carrier mobility increased with the number

of the electrons in �-conjugated systems.62 Funahashi and

Hanna also confirmed a similar behavior in the macroscopic

hole mobilities, which were determined by the TOF technique,

in the smectic phases of alkynylterthiophene and alkynylqua-

terthiophene derivatives.47

They also showed the relationship between carrier mobility

and intermolecular distance within the smectic layers.42,50

During hopping transport, the carrier mobility � is determined

from the intermolecular distance r and the extension of

molecular orbitals �, as described in eq 1.63

� / exp
�r

2�

� �
ð1Þ

Figure 7 shows the relationship between � and r within the

smectic layers in the smectic phases of 2-phenylnaphthalene

and dialkylterthiophene derivatives. The plots of the 2-phenyl-

naphthalene and terthiophene derivatives are fitted to different

curves on the basis of eq 1. This result indicates that carrier

mobility is mainly determined by r and �. In the highly ordered

smectic phases, the closely packed molecular structures bring

about in a decrease in the intermolecular distance and an

increase in the transfer integral. In contrast to 2-phenylnaph-

thalene derivatives, dialkylterhitophene derivatives contain

sulfur atoms with large van der Waals radii; hence, because

of their extended molecular orbitals, the carrier mobility in

these compounds is significantly high. High carrier mobilities

exceeding 1� 10�1 cm2 V�1 s�1 are observed in the highly

ordered mesophase of 1,4-di(50-octyl-20-thienyl)benzene48 and
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in the smectic phase of alkynylquaterthiophene derivatives

with extended �-conjugated systems.47

SOLUTION-PROCESSABLE LIQUID-CRYSTAL-
LINE SEMICONDUCTORS WITH HIGH CARRIER
MOBILITIES

As mentioned above, extension of the �-conjugated system

in liquid-crystalline semiconductors results in increased carrier

mobility. However, this extended conjugation decreases the

solubility of these semiconductor compounds in organic

solvents and increases the mesomorphic temperature range.

The linear or branched alkyl chains in the liquid-crystal

molecules increase their solubility in organic solvents and

lower the mesomorphic temperature range.

FETs Based on Disk-like Liquid-Crystal Molecules

Carrier transport in the columnar phases of hexabenzocor-

onene derivatives has been investigated by the PR-TRMC

method.46,61,62 It reveals quite high microscopic carrier mobi-

lity in the columnar phases of the compounds. However this

result indicates that the high carrier mobility would be realized

in the ideal columnar structure without defects and disorders.

The macroscopic drift mobility, which is associated with the

device performance, should be lower than the microscopic drift

mobility. For the fabrication of FETs, the macroscopic align-

ment of the columns should essentially be parallel to the

surface of the gate dielectric layers. Such a parallel alignment

of the columns cannot be achieved by conventional solution

processes such as spin-coating and casting. Monobe and

Shimizu succeeded in controlling the molecular alignment in

the columnar phases of hexaalkoxytripheneylene derivatives by

IR laser illumination.64–66 However, control of the molecular

alignment in columnar phases still remains a challenge.

Müllen et al. succeeded in uniaxially aligning the columnar

phases of hexaalkylhexabenzocoronene derivatives by fric-

tion-transfer67 and zone-casting68 methods, as shown in

Figure 8.
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By the friction transfer method, a uniaxially aligned teflon

thin film can be deposited on a substrate. The columnar liquid

crystal forms a homogeneous thin films in which the columns

are uniaxially aligned parallel to the Teflon film surface when

the solution of the liquid crystal is casted on the Teflon film.

Thin-film transistors based on the uniaxially aligned columnar

liquid crystals exhibited the hole mobility on the order of

10�4 cm2 V�1 s�1 and the on/off ratio of 104.67

In the zone-casting method, the continuously supplied

solution of the liquid crystal is spread on a moving substrate

using a nozzle. Under the optimized conditions, a stationary

concentration gradient causes directional crystallization.

The hole mobilities in transistors fabricated on uniaxially

aligned columnar liquid crystal films improved to 1� 10�2

cm2 V�1 s�1.68

FETs Based on Rod-like Liquid-Crystal Molecules

Control of molecular alignment in the smectic phases

consisting of rod-like molecules is relatively easier than that

in columnar phases consisting of disk-like molecules. A few

examples of smectic liquid-crystalline semiconductors used in

FETs are shown in Figure 9.

Garnier et al. fabricated FETs based on liquid-crystalline

dihexylquaterthiophene (5).69 They found that two-dimen-

sional arrangement of molecules at the interface between the

dielectric and semiconductor layers enhanced the perform-

ance of FETs based on organic polycrystalline semiconduc-

tors. Vacuum deposition and spin-coating methods could be

used to fabricate polycrystalline thin films of liquid-crystal-

line dihexylquaterthiophene, in which the molecules align

themselves perpendicular to the dielectric surface because of

their liquid crystallinity. The carrier mobilities in the devices

fabricated by the vacuum deposition and spin-coating

method were 0.03 and 0.01 cm2 V�1 s�1, respectively. These

values were higher than those observed in devices fabricated

from non-liquid-crystalline quaterthiophene without alkyl

chains.

Shimizu et al. fabricated FETs based on vacuum-deposited

thin films of bis(2-alkylthienyl)naphthalene derivatives 6.70

The hole mobility in these FETs reached 0.1 cm2 V�1 s�1,

which was comparable to that in FETs based on vacuum-

deposited polycrystalline thin films. In this study, thin films of

the liquid crystalline compounds were in the crystal state, and

the devices were operated in the crystalline state.

Van Breemen et al. fabricated uniaxially aligned crystalline

thin films having a large area from a liquid-crystalline

semiconductor, 5,500-bis(5-hexyl-2-thienylethynyl)-2,20:50,200-

terthiophene 7,71 by the spin-coating method. This compound

crystallizes at room temperature; however, the molecular order

gradually increases when it is cooled from the isotropic phase

to the crystal phase. This is because various smectic phases

appear successively between the isotropic and crystal phases.72

In the smectic phases, the liquid-crystal molecules are aligned

uniaxially, and this alignment is maintained in the crystalline

state. FETs fabricated using such uniaxially aligned crystalline

thin films exhibit good hole mobilities up to 2� 10�2

cm2 V�1 s�1. Iino and Hanna also used the spin-coating

method to fabricate well-aligned crystalline thin films of

mesomorphic dialkylquaterthiophene and perylenetetracarbox-

ylic acid diimide derivatives 8 at their mesomorphic temper-

atures.73

In the above approaches, liquid crystallinity is a method to

align the semiconductor molecules and the crystallized thin

films are utilized for the device operation. However, in these

films, defect formation resulting from volume shrinkage during

the transition from the liquid crystal phase to the crystal phase

is observed. Liquid-crystalline thin films can be easily

fabricated by spin-coating from the materials that exhibit the

liquid-crystalline phase at room temperature. Such liquid-

crystalline thin films are expected to have a low defect density

because of the thermal movement of molecules. On the other

hand, the highly ordered smectic phases of rod-like molecules

are waxy and have sufficiently mechanical strength for the

fabrication of FETs.
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Figure 9. Liquid-crystalline semiconductors used for fabricating FETs.
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Funahashi et al. synthesized 5-alkyl-500-(4-alkylphenyl)-

2,20:50,200-terthiophene derivatives, which exhibit a highly

ordered smectic phase over a wide temperature range, includ-

ing room temperature.74 TOF measurements revealed fast

ambipolar carrier transport in the bulk smectic phase of 5-

propyl-500-(4-pentylphenyl)-2,20:50,200-terthiophene 9 around

room temperature. The electron and hole mobilities were 0.2

and 0.07 cm2 V�1 s�1, respectively.

Compound 9 is soluble in various organic solvents, and

homogeneous liquid-crystalline thin films with thicknesses of

several tens of nanometers can be deposited by spin-coating a

chlorobenzene solution of 9. Figure 10 shows the micrographic

texture and surface morphology of a liquid-crystalline thin film

observed under a polarized light microscope and an atomic

force microscope (AFM), respectively. Optical texture obser-

vations under a polarized light microscope reveal the formation

of very large domains with sizes of several hundreds of

micrometers. In conventional FETs, the channel length is

around several tens of micrometers, which is sufficiently

smaller than the domain size. This fact suggests that carriers

can be transported smoothly without being affected by the

domain boundaries.

X-Ray diffraction (XRD) analysis of the liquid-crystalline

film obtained from 9 reveals the existence of a layered structure

and the long-range order in the position of the molecules within

the layers. As shown in Figure 11, diffraction peaks appear in

the low-angle (2� < 5 deg.) and high-angle (15 deg. < 2� <

25 deg.) regions, while no peaks are observed between the two

regions, indicating that this thin film has a two-dimensional

mesomorphic structure.75 The liquid-crystalline molecules in

the thin films are aligned perpendicular to the substrate surface.

FETs were fabricated by vacuum-deposition of Au source

and drain electrodes through a shadow mask onto the liquid-

crystalline thin films spun on Si/SiO2 substrates. The typical

length and width of the channel were 20–50 mm and 5mm,

respectively. Figure 12 shows the output and transfer charac-

teristics of the FET based on the liquid-crystalline film. In this

FET, p-type operation was observed, and the hole mobility and

on/off ratio were 2� 10�2 cm2 V�1 s�1 and 106, respectively.

As in the case of FETs obtained from organic polycrystalline

films, treatment of the surface of the dielectric layer with a

silane coupling reagent resulted in improvement of the device

performance. When octyltrichlorosilane was used for the

treatment, the field-effect hole mobility and on/off ratio

increased to 4� 10�2 cm2 V�1 s�1 and 107, respectively.75

One of the remarkable characteristics of liquid crystals

is their softness. Liquid-crystalline semiconductors are expect-

ed to be superior to molecular crystals in terms of their

flexibility. Someya et al. carried out commendable research

on flexible transistor arrays based on vacuum-deposited

polycrystalline films of pentacene.76,77 However, the liquid

crystalline semiconductors can offer more flexible electronics

devices.
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Figure 10. (a) Polarized light microscopic image of a thin film of 9 produced by the spin-coating method (b) AFM images of the thin film surface. The two images
on the top are as-deposited thin film. The two images at the bottom show the thermally annealed thin film.
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A dielectric layer was formed by spin-coating an aqueous

solution of polyvinyl alcohol (PVA) on a Au-deposited

polyimide film, as shown in Figure 13a. A chlorobenzene

solution of 9 was spun on the PVA dielectric layer. The Au

source and drain electrodes were vacuum-deposited on the

liquid-crystalline layer. The FETs fabricated on the polyimide

films exhibited good carrier mobilities of 2� 10�2 cm2 V�1 s�1

and on/off ratios of 104. The characteristics did not change

even when the devices were subjected to strain up to 3%. The

performance of the FETs based on polycrystalline films of

pentacene degraded when the strain exceeded 2%. This result

indicates that liquid-crystalline semiconductors are favorable

for flexible devices.78

Liquid-Crystalline Polymer Systems

Carrier transport has been investigated in side-chain liquid-

crystal polymers;24 however, none of these polymers can be

used to fabricate FETs since their carrier mobilities are not

sufficiently high. The Merck research group produced semi-

conductor thin films by photopolymerization of mesomorphic

oligothiophene derivatives bearing reactive functional groups,

as shown in Figure 14. The thin films were used to fabricate

FETs whose hole mobilities were 5� 10�3 cm2 V�1 s�1.79 It

should be difficult to maintain the molecular ordered state

during the photopolymerization process.

The liquid crystallinity of conjugated polymers such as

poly(3-alkylthiophene) has already been reported by Yoshino
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Figure 12. (a) Output characteristics of the FET of 9 on the octyltrichloro-
silane-treated SiO2 surface. (b) Transfer characteristics of the
FETs built on the SiO2 surface treated by octyltrichlorosilane.
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et al.80 McCulloch et al. realized high-performance FET

devices using liquid-crystalline poly(thienylthiophene) deriva-

tives, as shown in Figure 12.81 They deposited thin films of

the liquid-crystalline conjugated polymer by the spin-coating

method. Then, they carried out thermal annealing of the thin

films in the liquid-crystalline phase to promote crystallization

of the thin films and obtained high-quality semiconductor thin

films with large grain sizes and high crystallinity. The hole

mobilities of the devices thus fabricated exceeded 6� 10�1

cm2 V�1 s�1.

CONCLUSION AND FUTURE PROSPECTS

Liquid-crystalline semiconductors can be used to produce

electronics devices by the solution process. FETs based on such

semiconductors deliver good performances, with carrier mobi-

lities of the order on 10�2 cm2 V�1 s�1 and the on/off ratio

around 107. The performance of the devices is one of the best

among those fabricated by the solution process. Moreover, the

flexibility of the liquid-crystalline semiconductors is superior

to that of organic crystalline semiconductors. Owing to their

good carrier transport characteristics and high flexibility,

liquid-crystalline semiconductors have potential for the fab-

rication of new electronic devices having unique functions.
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