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We used a time-of-flight method to study the charge carrier mobility properties of a
molecular-aligned discotic liquid crystal semiconductor based on Cu-phthalocyanine. The heated
isotropic-phase semiconductor material was sandwiched between transparent electrodes coated onto
glass substrates without conventional alignment layers. This was then cooled, and a discotic liquid
crystal semiconductor cell was obtained, which we used to make mobility measurements. The
material had a fixed molecular alignment due to the supercooling of the hexagonal columnar
mesophase. It was clarified that the carrier mobility for electrons was as high as it was for holes at
room temperature. The maximum value of negative charge mobility reachetk 268 cn?/V s,
although negative carrier mobility is often much lower than positive carrier mobility in other organic
semiconductors, including conventional Cu-phthalocyanine vacuum-deposited filn2008
American Institute of Physic$DOI: 10.1063/1.1805178

The molecular-ordered self-assembly mechanism of ligare noted for having excellent chemical stability with respect
uid crystal(LC) materials is a very attractive feature of or- to oxidization(which reduces electron mobilityphoton en-
ganic semiconductors for use in future plastic electronicsergy, and heating processes for practical semiconductor de-
since the charge carrier mobility of organic materials de-vice applications. To enhance the self-assembly properties of
pends heavily on the overlap of” electron orbitals in metal-phthalocyanine derivatives, the concept of steric ex-
aligned organic molecules. The hole mobility of some kindsclusion has recently been applied to the disk-shaped molecu-
of organic semiconductord (including a 7 electron- lar skeletond? and homeotropic alignment has been
conjugated molecular system of pentacehave recently achieved by casting a chloroform solution onto a glass
achieved values of the same order as the inorganic semicosubstraté! So far, although high mobility has been measured
ductor, amorphous silicon. Improvements in the vapor-phase powdered phthalocyanine derivatives by means of pulse-
deposition method for organic semiconducténst soluble radiolysis time-resolved microwave conductiv’ifyxhe ob-
in organic solventhave been extensively promotetiin or-  tained values cannot be divided into the contributions of the
der to obtain a highly ordered uniform molecular alignment,positive (hole) and negative&electror) carriers. The time-of-
because microscopic crystal defects and interface traps gefiight (TOF) techniqu 3 is useful for evaluating the mobili-
erated in the film-formation process can reduce carrier moties of both polarities individually, but a spatially uniform
bility. molecular-alignment DLC film with large thicknegseveral

On the other hand, there have been several reports imm orde) is essential to measure precisely the photocurrent
which LC semiconductors with molecular alignment self- decay time after light-illumination extinction.
assembly have been shown to exhibit excellent mobiligr In this letter, we clarify the positive and negative carrier
example, LC materials with a rod-shaped molecularmobility behavior of a Cu-phthalocyanine-based DLC semi-
structure’ in which 7~ electron conjugated rigid skeletons conductor with molecular self-assembly, based on TOF mea-
are aligned in one direction with a layered structure in thesurement using a super-cooled columnar-alignment DLC
smectic phase. Another category of LC semicondulties  film** sandwiched by transparent electrodes on glass sub-
tures large, two-dimensional, disk-shap@delectron conju-  strates.
gated molecular cores, which are stacked in close molecular Figure 1 shows the synthesized molecular structure
alignment in the columnar phase. High mobility is expectedof the  Cu-phthalocyanine  derivative of (22-
from these discotic LEDLC) semiconductors, and two main hydroxydodecyloxy-3-methoxy-9,10,16,17,23,24-hexalds
types of DLC materials have been investigated. These aré-didecyloxyphenoxyphthalocyaninato copp(etr)11 that was
triphenylene derivativdsand phthalocyanine derivatives. used in this experiment. In the molecular structure, 12 long
Both of these DLC materials become fluid when hegtedl  dodecyloxy chains developed a starburst-like configuration
soluble with respect to organic solventsecause they con- with 6 phenoxy groups. The long flexible peripheral chains
tain long alkyl chains, resulting in columnar alignment self-and the large rigid phthalocyanine core induce liquid crystal-
assembly without segregatigarystallizatior). line properties. Here, the existence of oxygen atoms between

However, the second DLC group, which has larger solidthe benzene ring and the phthalocyanine ring engender mo-
molecular core and larger molecular weight, exhibits highelecular steric exclusion in the columnar phase because the
viscosity and experiences more difficulty in achieving mo-two ring planes become significantly tilted to the phthalocya-
lecular alignment, although metal-phthalocyanine systemsine core. The molecular alignment structure and the phase
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FIG. 1. Molecular formula of the Cu-phthalocyanine-based DLC semicon-

ductor that was used for the experiment. R represepd&in this figure. o ) )
FIG. 3. Polarizing micrographs and molecular alignment models of the DLC

» ) ~ cell for different temperatures.
transition temperature sequence have been examined in de-

tail through x-ray diffraction measurements, differential )
scanning calorimetry, and polarizing microscope observasSubstrate surface plane. Subsequently, a semiconductor cell

tions. The DLC semiconductor exhibits four different hex- With molecular alignment could be fixed by supercooling of
agonal columnar mesophases between 74.6 and 173.3 °c i hexagonal mesophase because of its extremely high vis-

tetragonal columnar mesophase between 173.3 and 188.7 °goSity. Consequently, the DLC molecules could be stacked
and an isotropic phase above 188.7%C. and piled up approximately perpendicular to the substrate

The DLC sample cell for the TOF measurement wasPlane, even when sandwiched by ITQ eIectrers. The closely
fabricated by the following method. As shown in Fig. 2, the Stacked phthalocyanine cores, which function as charge-
freshly synthesized powdered material was softened by heafoPPINg sites in the hexagonal mesophase, are useful for
ing at 120 °C. The DLC material was then sandwiched with®hhancing carrier mobility in the prepared cell. ,
rigid plastic spacer particles at the high temperature between | N€ transmittance spectrum of the prepared cell is shown
70-nm-thick transparent electrode film&TO; 1n,O4:SN) in F|g. 4a). The DLQ f|I.m strqngl){ absprbs uItraong'g light.
coated onto glass substrates. The thickri@ssf the DLC This wavelength of |nc_|dent light is s_wtable for exciting the
film between the substrates was controlled by thems- I_DLC and for generating photocarrle_rs. Therefore, pulsed
diameter spacer particles. The DLC film in the cell has arl!9ht (wavelength: 337 nm, pulse width: 5 )nfom an
active area of 7 mm diameter, as shown in the photograph iN2-gas laser was used as the incident light onto the DLC cell
Fig. 2. The cell contains no conventional alignment layerd" & TOF measurement systefOF-301 from Optel as
such as polyimide films. shown in the ml_ddle schematic diagram of F_lg. 4. The in-

The fabricated cell was heated at once to a temperaturgiced photocarriers were moved by the applied voltage be-
of 200 °C to exhibit the isotropic phase so that the tilted™een the ITO electrodes, and the decay timef the elec-
alignmen{3 of the DLC columnar axis by the shearing sub- tric current due to the photocarrl_ers quftm.g through the D.LC
strates in the sandwiching process could not occur. It wallm was determined after the light illumination was extin-
then cooled to room temperature. During the thermal pro-
cess, the phase transition was observed using a polarizing
microscope, as shown in the upper photomicrographs in Fig.
3. The isotropic phase of the DLC film in the fabricated cell
was transformed into the columnar phase. Namely, a tetrag-
onal columnar mesophase without any domdiosver left
model in Fig. 3 was observed first, and this mesophase was

g
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FIG. 2. Fabrication process of the DLC cell for TOF measurement and thdé-1G. 4. Transmission spectruga) of the fabricated cell, and photocurrent
appearance of the prepared DLC cell. decay properties for negati\) and positive(c) charge carriers.
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102k other organic semiconductors, including conventional
g 2 vacuum-deposited films of non-liquid-crystalline
E 8 2 . s Cu-phthalocyaniné” Although a vacuum-deposited film of a
510'3- non-liquid-crystalline fluorinated phthalocyanine derivative
2; 3 ® Negative has shown high electron mobilit§,it cannot function as a
= o Positive p-type semiconductor because of its low hole mobility. Oth-
10k . . . erwise, similar behavior between the negative and positive
80 90 10 110 120 carrier mobilities were found in smectic-phase LC semicon-
Applied voltage (V) ductors with the rod-shaped molecules of phenylnaphthalene

derivatives'’ We infer that the high negative/positive mobil-
ity of our DLC semiconductor is due to molecular fluidity
and self-alignment, since microscopic alignment defects are

suppressed, which would generate carrier traps, reducin
guished. In this experiment, by changing the polarity of the bp g P g

lied vol he el 4 hol , bilit electron mobility. Although it is thought that the high
applied voltage, the electron and hole carrier mobilities Cahegative/positive mobility is mainly due to the high purity of

.be evaluateg ;rédi\t/ri]duaﬂy. Here, g_lt.?e eIeCtriC filelctl) intenTity this material without chemical contaminant species generat-
ISt e(;<pr:33/s_?E » the charge mobility can simply be evaiu- ing carrier traps, similar mobility behavior has not been ob-
ated a ' tained in any high purity non-liquid-crystalline Cu-

sitielh;‘ L%Vgeggggrsgg ”ﬁg':o%rl?r?gﬁtl?o'rzltgﬁeéleslggtvrvotnhilr;gtirgl hthalocyanine films so far. Detailed relationships between
P iquid crystalline nature and negative/positive mobility must

drift after light distinction, respectively. Here, a bias voltagebe investigated in future works.

of 100 V/was applied to a 5.m-thick DLC cell. The decay- In conclusion, we measured the charge carrier mobility

starting times for the electrons and the holes are 1.21 . . .
% 1(Tﬁgand 1.05¢<10°® s, respectively. From these values, it In a Cu-phthalocyanine-based DLC semiconductor using the

was found that the DLC semiconductor has a high eIectrorTQF method. A DL.C semiconductor gell with molecular
charge mobility of 2.6 1072 cr/V' s and a hole mobility alignment was obtained by supercooling of the columnar

of 2.99x 1072 cn?/V s at room temperature. It was clarified phase, even when sandwiched by ITO electrodes. It was

that both the negative and positive carrier mobilities areclarified that the carrier mobility for both electrons and holes

high, with values that are of the same order. We fabricated€@ched the high value of Tocn?/V's at room temperature.
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FIG. 5. Mobility property of negative and positive charges for various ap-
plied voltages.
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