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Abstract determining the response time, which are caused by
impurities and carrier—dipole interactions in the disordered

Carrier transport properties of a calamitic liquid photoconductors. These limit their practical applications.
crystalline photoconductor (Calamitic LCPC), 2-pheny-The considerable improvement of mobility has been
naphthalene derivatives were investigated by steady staéehieved up to I0cnf/Vs by utilizing less polar polymer
and transient photocurrent measurements. These materiatatrices for the molecularly doped polymers in order to
exhibited calamitic mesophases such as nematic (N)educe the carrier-dipole interactiorHowever, there still
smectic A (SmA), smectic B (SmB), and smectic E (SmE)yemains a serious problem of the field and temperature
phases, which depended on hydrocarbon chains attacheddependence.

a core moiety of 2-phenylnaphthalene. A large photocon- In order to relax the present limitation of the organic
ductive anisotropic ratio over 50 was observed under lighphotoconductors in device application, a new material
illumination due to molecular alignment. The transientexhibiting a high mobility independent of electric field and
photocurrents from time-of-flight measurements exhibitedemperature and few deep defect density has to be realized.
non-dispersive and ambipolar carrier transits in all thé=rom this viewpoint, we had paid our attention to the liquid
mesophases, whereas only small current decays weceystalline materials exhibiting fluidity and the self-
observed in polycrystalline phase. organized molecular alignment. This is because the liquid

The carrier transport in the smectic phases wasrystalline photoconductors meet the requirement of large-
electronic, while the ionic conduction was dominant in botharea uniformity due to their fluidity and at the same time
of isotropic and nematic phases. The mobility was increasegive a high potential of realizing the enhanced carrier
stepwise when the phase transition took place with &ansport due to their self-organized molecular alignment.
decrease in temperature. The mobility for smectic phases The first result came from Haarer's group at Bayreuth
was independent of temperature and applied electric field)niversity in 1993 they discovered the fast electronic
while those in isotropic and N phases depended ononduction on the order of 10cnf/Vs in the discotic
temperature positively. The highest mobility of?X@f/Vs  columnar phase of triphenylene derivatives. The second one
was obtained for both electrons and holes in SmE, whicfrom u$®®" we found that the calamitic, i.e., rod-like liquid
was four orders of magnitude faster than those of therystals also exhibit the fast electronic carrier transport
conventional disordered photoconductors. comparable to the discotic ones, whose electrical

These results indicate how effective the moleculaconduction had been thought to be ionic due to ionic
alignment is in order to upgrade the carrier transport in spitenpurities and/or their own ionized species since the first
of a smalln-conjugate core moiety of 2-phenylnaphthalene.report of Heilmeier. 2-Phenylbenzothiazole and 2-

phenylnaphthalene derivatives are typical examples, which
Introduction exhibit smectic phases and are more liquid-like compared
with the discotic ones.

Organic photoconductors have been utilized in In this report, we overview the electrical properties of
photoreceptors for xerographic copiers and laser printer2-phenylnaphthalene liquid crystals characterized by steady
and more recently in active components ofstate and transient photocurrent measurements.
electroluminescent devices. These applications require
large-area uniformity in thin films, so that the materials Experimental
practically used are amorphous and prepared either by
polymerization, vacuum evaporation, or molecular doping  2-phenyl naphthalene derivatives, 5-PNPO1, 8-PNP-
into polymer films, of photoconductive small molecules.O4, and 8-PNP-O12 were easily synthesized with Suzuki
The electrical properties of resulting amorphous filmscoupling reaction catalyzed by Pd(ERh between
however, are degraded significantly compared with theicorresponding 4-alkylphenylboric acids and 2-bromo-6-
own molecular crystals: the carrier mobilities are decreasealkoxynaphthalenes in dimethoxyethane in the presence of
down to 16~ 10°cn'/Vs and depend on both electric field aqueous NALO, solution and recrystallized from hexane
and temperature. In addition, traps play serious role fobefore use. The chemical structures are shown in Fig.1.
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logarithmic plot of transient photocurrent as a function of

and recorded by a digital oscilloscope (Model Pro92,
H2n+1Cy Nicolet Co.Ltd.). The transit time of photo-generated
carriers was determined from an inflection point in a double

OCmH2m+l

time. With this transit time, carrier mobility was calculated

n=8, m=12: 8-PNP-012 i

n=8. m=4. 8-PNP-O4 from the equation,

n=5, m=1: 5-PNP-O1 u=d?Vr 1)
Figure 1. Chemical structure of phenynaphthalene photo-Wherep is a carrier mobility, d a sample thickness, V an
conductive liquid crystals. applied voltage, antd a transit time.

o , , Results and Discussions
Phase characterization was carried out by observation

of micrographic textures under polarization microscopy and  The phenynaphthalene derivatives exhibited light
a miscibility test between these phenyl naphthalengpsorption peak around at 300nm and their penetration
derivatives and a standard material such as 4-hexyl-4iepth was estimated to be less thamor 337 nm of N
heptyloxybiphenyl. The phase transition characteristics argser, Therefore, in all the transient photocurrent
summarized in Table 1. measurements, one carrier condition was established for a
carrier transit. Typical transient photocurrents for positive

Tab_Ie 1 Phase Characteristics of 2-Phenylnaphthalene 5,4 negative  carriers in different phases for
Derivatives _ _ phenynaphthalene derivatives are shown in Fig. 2 (a) and
Materials Phase transition characteristics (b), respectively.
5-PNP-O1 K -121°C-N-128C-Iso
(n=5, m=1. (a) 1000
8-PNP-0O4 K-50°C-SmE-123C-SmA-128C-Iso
(n=8, m=4) .
8-PNP-012 K-79°C-SmB-103°*C-SmA-120°C-Iso —~ 100}
(n=8, m=12) g
The n and m indicate a number of carbons in the chemical structure shown\g
in Fig.1, respectively. 2 10
)
[8) 3
Liquid crystal cells were prepared from two ITO-coated £ Is0(i30C, 8-PNP-
glass plates or Al-evaporated glass plates spaced with silicag | nazse sENe
particles. In TOF measurements for positive carriers, the Al- SmA(116C, 8-PNP-
evaporated electrodes were used, and the ITO electrodes for SmB(90C, 8-PNP-
negative carriers. This is because of minimizing the SmE(110C, 8-PNP-
interface effects of electrodes on carrier trapping of photo- 01
0.1 1 10 100 1000

generated carriers. The liquid crystalline materials were
capillary-filled into the cells. The liquid crystalline materials Time (ps)
were easily aligned homogeneously, whose molecular axis(b) 1000
is parallel to the substrate surface. The resulting
homogenous alignment consisted of fan-like textures of
10~40um in diameter and were stable against electric fields
applied. For the homeotropic cells, in which the molecular
axis aligned perpendicular to the substrate surface, wa
prepared by chemical modification of the pre-formed,SiO
surface (<600A) on ITO electrodes with triethoxydecyl
silane.

For steady-state photocurrent measurements, Xe lamps ‘
(500W) equipped with a band pass filter (UV33DS, Toshiba @ 1f

—~

by

ocurrent (a

1s0(130°C, 8-PNP-012)
N(12%°C, 5-PNP-O1)
SMA(116C, 8:PNP-012)

Glass Co.Ltd) was used for UV illumination (300 ~ 380 SmB(OU°C, 8-PNP-O12)

nm). The light intensity was 2.5 mW/énThe liquid crystal © SmEQ0C, 8PNP-O4)

cell was mounted on the hot stage in which the temperature 0.1 :

was controlled by PID thermocontroller within an accuracy 0.1 1 10 100

of 0.1 K. The photocurrent was recorded with a source Time (us)

measurement unit. _ Figure 2. Typical transient photocurrents in different phases of
_ For transient photocurrent measurements, conventionghenynaphthalene derivatives for positive carriers (a) and for
time-of -flight set-up was used with a, fser (37nm, 40 eqative carriers (b).

J/pulse, pulse width: 600ps). The signals were pre-amplified
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1. Isotropic Phase molecular flipping motion around the molecular axis. The

All the materials, 5-PNP-O1, 8-PNP-04, and 8-PNP-domains in SmA phase were maintained but more defective,
012, exhibited ambipolar non-dispersive transientwhen the phase transition takes place from SmA to SmE.
photocurrents at a range of ?2PDto 130C in isotropic  This was obvious in the observation of these phase by
phase. The carrier transport did not depend on appligablarization microscopy. As shown Fig.3, nice non-
electric field, but did on temperature positively. The carriedispersive carrier transits for both electrons and holes,
mobilities were determined to be on the order of 10 however, were observed at shorter time range of aufew
cm’/Vs, which is a typical value for the ionic conduction in seconds, compared with those in previous SmB phase.
liquids. The Arrhenius plot for the mobilities gave 0.3 e V
as an activation energy in good agreement with a typical
value for the ionic transport in liquids. We did two
additional tests to determine the conduction mechanism
which will be reported elsewhere: one was to check the -
effect of dilution with hydrocarbon on the mobility, which =
causes a smaller viscosity compared with pure materials; thez 15
other was to check the effect of electronic impurity on the
carrier transport. Thus, the carrier transport in this phase
was concluded to be ionic.
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Only 5-PNP-O1 exhibited N phase in 2-pheny
naphthalene derivatives synthesized so far. The carrier
transport was non-dispersive and ambipolar. The carrier
mobilities showed no significant difference from the
isotropic phase and were on the same order dEaVs.

Time (us)
Figure 3. Typical transient photocurrents obtained for positive

carriers (a) and for negative carriers (b) in SmE phase of 8-PNP-

The calamitic liquid crystals had been regarded to be .
kind of liquid insulator and their carrier transport also to be(el))? ?;i;gg\'/;;e cell thickness was 1. for () and 1G:m for

ionic due to ionic impurities for a long time. In fact, there
are many reports on the ionic conduction in nematic liquid
crystal§®. However, there remains a question whether the
intrinsic carrier transport is ionic because the most of liquid
crystals were azomethyne type of nematic liquid crystals
that are very unstable in the ambient atmosphere. On
contrary, the 5-PNP-O1 is a very stable compound, so that
we can exclude the impurity effect on the carrier transport
in this material. Thus, we concluded that the carrier
transport in N phase of 5-PNP-O1 is ionic on the same basis
as in the isotropic phase discussed in the previous section. 50
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3. Smectic A and B Phases 0 : :

In SmA phases of 8-PNP-O4 and 8-PNP-O12, non- 0 5 10 15 20
dispersive and ambipolar transient photocurrents were Time (us)
obtained as in isotropic and N phases as shown in Fig.2. The
mobilities were on the order of 1@nf/Vs that was one
order of magnitude faster than those in isotropic and N4
phases, which did not depend on neither temperature naf
electric field. Even faster carrier transport was observed ing 1° £ETES

e
oie
e
i
de
de

SmB phase of 8-PNP-O12, whose mobilities were on thex SmA Phasq
order of 10 cnf/Vs. 5 sotropic
In these phases, the electronic conduction wasE ;= SmE Phase Phase
confirmed by testing Walden’s rule with the present high £ 2z
mobility of 10°~10° cn/Vs and large viscosity of these O _ e

phases. That is, it gave the answer that ionized species can
not move in a viscous media of the smectic phase with such o % 100 120 140
a high mobility over 10cnf/Vs. Temperature ( °C)

10°

4. Smectic E Phas& . - - .
. . 4. Mobilit f 8-PNP-O4 in diff t ph funct
8-PNP-0O4 exhibited a more highly ordered phase o ;gtg:r?peratgrél 1680 In difierent phases as a function

SmE, where the molecules sit a rectangular lattice with a
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The ambipolar mobility was on the order of*I®r/Vs
independent of electric fields, but depended slightly on the
temperature. This is not the case in SmA and SmB phases.
The activation energy was estimated to be about 0.1 eV.

5. Crystal Phase 2.

In crystal phases of all the materials, 5-PNP-O1, 8-
PNP-04, and 8-PNP-0O12, only small photocurrent decay3.
were observed irrespective of carrier signs, which indicate
the extinction of photo-generated carriers during the transit.
It is plausible that deep defects were formed at the grain.
boundaries and the bulk in the crystal phases. For example,
the domains in SmE phase were degraded into smail
micrograins when the phase transition took place from SmE.
to crystal phase. This is a clear contrast to the phase
transition between smectic phases such as from SmA t
SmB and from SmA to SmE, which is probably due to the
structural flexibility, i.e., “soft” structure, in mesophase 8.
responsible for a structural relaxation of accumulated
distortion at the phase transition. This is another aspect of
liquid crystalline materials in terms of structural defect
formations.

Conclusion

The carrier transport properties in smectic liquid

10.
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