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Influence of Photoconductivity
on the Photorefractive Effect of Ferroelectric
Liquid Crystal Mixtures

A. KATSURAG]I, E. INOUE, AND T. SASAKT*

Department of Chemistry, Faculty of Science, Tokyo University of Science,
Tokyo, Japan

The influence of photoconductivity on the photorefractive effect of ferroelectric liquid
crystals (FLCs) was investigated. Mixtures of phenylpyrimidine derivatives, a chiral
dopant, and a viscosity reducer were used as host FLC materials and two types of
photoconductive compounds and an electron acceptor compound were added. The
photorefractive effect was evaluated using two-beam coupling experiments. It was found
that the magnitude of the gain coefficient was affected by the difference between the
mobility of the photoconductive compound and that of the electron acceptor.

Keywords Charge separation; ferroelectric liquid crystals; mobility; photoconductiv-
ity; photorefractive effect

1. Introduction

The photorefractive effect is a phenomenon in which the refractive index of a material is
periodically modulated on the basis of photogenerated charge redistribution. When two
laser beams interfere in a photorefractive material, a refractive index grating is formed.
The phase of a refractive index grating resulting from the photorefractive effect does not
coincide with that of the interference fringe. In the case that the phase of the refractive
index grating is shifted from the interference fringe, two interfering beams result in an
asymmetric energy exchange, in that the transmitted intensity of one beam increases,
while that of the other beam decreases [1,2]. The refractive index grating formed through
the photorefractive effect is a dynamic hologram. The photorefractive effect is expected
to realize various optical devices, including real-time holographic display [1,3-7]. The
photorefractive effect of ferroelectric liquid crystals (FLCs) has been reported [8—13].
FLCs exhibit a chiral smectic C phase (SmC*) that possesses a helical structure [14].
When the FLC is sandwiched between glass plates to provide a film a few micrometers
thick, the helical structure is uncoiled and a surface-stabilized state (SS-state) is formed in
which spontaneous polarization appears. An FLC doped with a photoconductive compound
exhibits a photorefractive effect. The interference of two laser beams in an FLC doped with
a photoconductive compound induces the generation of positive and negative charges at the
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light positions of the interference fringe, and the resultant charges drift or diffuse within
the material. A charge-separated state is formed in the material due to the difference in
the mobilities of the positive and negative charges. The bright and dark positions of the
interference fringe are charged with opposite polarities, and thus an internal electric field
(space charge field) is generated in the area between the bright and the dark positions.
The resultant internal electric field changes the direction of the spontaneous polarization
at the corresponding area. Thus, a refractive index grating based on the periodical change
in the directors of the FLC molecules is formed (Fig. 1). It has been previously reported
that the photorefractive effect of FLCs has a fast response time of 18 ms with application
of a low voltage of 0.1-0.2 V/um [9-14]. However, it is not yet well understood how the
structure and the physical properties of FLCs affect the photorefractive effect.

In this study, FLC mixtures with different photoconductive properties were prepared
and the influence of the photoconductivity on the photorefractive effect was investigated.
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Figure 1. Schematic illustration of the mechanism for the photorefractive effect in FLCs: (a) two
laser beams interfere in the surface-stabilized state of the FLC/photoconductive compound mixture,
(b) charge generation occurs in the bright areas of the interference fringes, (c) the photogenerated
charges are separated by diffusion in the presence of an external field and an internal electric field is
generated between the bright and dark positions due to the difference in the mobilities of the positive
and negative charges, and (d) the orientation of the spontaneous polarization vector (i.e., orientation
of mesogens) is altered by the internal electric field.
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2. Experimental

Samples

The structures of the compounds used in this study are shown in Fig. 2. Three different liquid
crystals (LCs) that possess the phenylpyrimidine structure were mixed to obtain a base LC
that exhibits the SmC phase over a wide temperature range. In order to impart ferroelectricity
to the base LC, the chiral dopant 8BP-Iso was mixed with the base LC. Cyclo10 was added
to the mixture as a viscosity reducer. Hereafter, the mixture of phenylpyrimidine LC, 8BP-
Iso (2 wt%), and Cyclo10 (2 wt%) is referred to as base FLC. The base FLC was mixed
with two types of photoconductive compounds and the electron acceptor trinitrofluorenone
(TNF) was also added (Table 1). The prepared samples were injected into a sandwich glass
cell equipped with 1-cm? indium tin oxide (ITO) electrodes and a polyimide alignment layer
(LX-1400, Hitachi Chemicals Co.). The gap of the cell was 2 or 10 um, as determined by
a glass spacer. In order to obtain a uniformly aligned LC phase, the prepared samples were
heated to the isotropic phase temperature and then cooled down to room temperature at a
rate of 0.5°C/min.
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Figure 2. Structures of the compounds used in this study: (a) liquid crystals with phenylpyrimidine
(PP) moiety (8.10PP, 8.12PP, and 9.7PP), (b) chiral dopant (§BP-Iso0), (c) viscosity reducer (Cyclo10),
(d) photoconductive compounds (CMH and ECz), and (e) electron acceptor (TNF).
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Table 1. Composition of the photorefractive FLCs examined in this study

Base 8BP-Iso Cyclo10 CMH ECz TNF
LC?* (wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
94 2 2 2 — 0.1
94 2 2 2 — 0.2
94 2 2 2 — 0.3
94 2 2 2 — 0.4
94 2 2 — 2 0.1
94 2 2 — 2 0.2
94 2 2 — 2 0.3
94 2 2 — 2 0.4

*Mixture of 8.10PP, 8.12PP, and 9.7PP (1:1:1) (PP, phenylpyrimidine).

Measurements

The phase-transition temperatures of the samples were measured using differential scan-
ning calorimetry (DSC; DSC822 Mettler), and a polarizing optical microscope (POM;
BX-50, Olympus, with FP-80 and FP-82 hot stage, Mettler) was used to observe the
textures. Absorption spectra were measured using UV-Visible (UV-Vis) spectrometer (U-
2800, Hitachi). The magnitude of the spontaneous polarization was measured using the
triangular-waveform voltage method (10V,,, 100 Hz). The switching time T'g99 Was
measured using the POM, an oscilloscope, and a function generator with application of a
10V,,., square-waveform voltage. The photoconductivity was measured using an Ar™ laser
and an ultra-high resistance meter (R8340A, Advantest). The photorefractivity was mea-
sured by a two-beam coupling (2BC) experiment, which was performed using a p-polarized
Ar* laser (165LGS-S, Laser Graphics, 488 nm, continuous wave, 2.5 mW, 1-mm diameter);
the experimental setup is shown in Fig. 3. The outer and inner incident beam angles to the
glass plane were 40° and 60°, respectively. The interval of the interference fringe (A) was
calculated to be 1.70 um according to the following equation:

A

TR v

where A is the wavelength, n is the refractive index of the sample (n = 1.65), and 6 is the angle
between the incident laser beams. The photorefractive effects were measured with direct
current (DC) voltage applied to the sample to promote the charge separation efficiency.

Incident beams (488 nm)

ITO Jlass
Polyimide

FLC mixture (} Spacer
]

i \Interference fringe
Transmitted beams

Electric field (positive)

Figure 3. Schematic illustration of the beam incidence condition in the two-beam coupling experi-
ment.
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3. Results and Discussion

3.1 Influence of the TNF Concentration on Photoconductivity

The influence of the photoconductive compounds and the TNF concentration on the pho-
torefractive effect of the FLCs was investigated. The phase-transition temperatures of the
FLC mixtures are shown in Fig. 4 as a function of the TNF concentration. The SmC* phase
was observed over a wide temperature range, including the ambient temperature in both the
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Figure 4. Phase diagrams of the FLC mixtures doped with TNF. The FLC mixture is a mixture of
the base LC (94 wt%), 8BP-Iso (2 wt%), Cyclo10 (2 wt%), and the photoconductive compound (a)
CMH (2 wt%) or (b) ECz (2 wt%). Inset photographs show the textures observed under the POM.
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Figure 5. Dependence of the response time in the electro-optical switching of the FLC mixtures on
the TNF concentration, which was varied from 0.1 wt% to 0.4 wt%. The FLC mixture was a mixture
of the base LC (94 wt%), 8BP-Iso (2 wt%), Cyclo10 (2 wt%), and the photoconductive compound
CMH (2 wt%) or ECz (2 wt%).

CMH (2 wt%) and the ECz (2 wt%) samples. Both of these samples retained the SS-state
with few defects. The dependence of the electro-optical switching response time of the
samples on the TNF concentration is shown in Fig. 5. The samples showed response times
of 300-600 us. The electro-optical response became slower as the concentration of TNF
was increased. The absorption spectra of the samples with various TNF concentrations
are shown in Fig. 6. As the concentration of TNF was increased, the absorption at 488
nm (wavelength of the Ar™ laser) was increased due to the formation of a charge-transfer
complex between the carbazole moiety of the photoconductive compound and TNF. The
mixtures of FLC, photoconductive compound, and TNF exhibited spontaneous polariza-
tions smaller than 1 nC/cm?. The dependence of the applied electric field on the photocurrent
and dark current of the sample with 2 wt% CMH/0.4 wt% TNF and that of the sample with
2 wt% ECz/0.4 wt% TNF are shown in Fig. 7. There was almost no difference between
the photocurrents of the CMH and ECz samples. On the other hand, the dark current of the
CMH sample was lower than that of the ECz sample. It was considered that the carriers
responsible for the dark current are not only the photoconductive dopants but also other
ionic species that could not be removed in the purification process.

3.2 Influence of the TNF Concentration on the Photorefractive Effect

The photorefractivity of the samples was measured by a 2BC experiment. Figure 8 shows
a typical example of the asymmetric energy exchange observed in the mixture of base
FLC, CMH, and TNF under an applied DC electric field of 0.1 V/um. Interference of the
divided beams by the sample resulted in increased transmittance of one beam and decreased
transmittance of the other. The change in the transmitted intensities of the two beams was
completely symmetric, as can be seen in Fig. 8. This result suggests that the phase of
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Figure 6. Absorption spectra of the photoconductive compound and TNF in the FLC mixture
measured in a 10-um gap LC cell. The concentration of TNF was 0.1 wt% to 0.4 wt%. The FLC
mixture was a mixture of the base LC (94 wt%), 8BP-Iso (2 wt%), Cyclo10 (2 wt%), and the
photoconductive compound (a) CMH (2 wt%) or (b) ECz (2 wt%).

the refractive index grating is shifted compared with that of the interference fringe [1-3].
The diffraction condition is characterized by the nondimensional parameter Q, which was
calculated according to the following equation:

2D
T onA?’ @
where D is the interaction path length.

When Q > 1, the diffraction is in the Bragg regime, and when Q < 1, the diffraction is
in the Raman—Nath regime. A Q value greater than 10 is usually required to guarantee that
diffraction occurs entirely in the Bragg regime. The Q value for our experiment was calcu-
lated to lie in the range of 6-8. Therefore, the diffraction observed in this study occurred
predominantly, but not entirely, in the Bragg regime but had a small Raman—Nath com-
ponent. The magnitude of the photorefractive effect was estimated by the gain coefficient,
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Figure 7. Dependence of the photocurrent and dark current of the mixtures of photoconductive
compounds, TNF and FLC, measured in a 10-um gap LC cell as a function of the external electric
field. The concentration of the photoconductive compound (a) CMH or (b) ECz was 2 wt%, and that
of TNF was 0.4 wt%. An electric field of 0.1 V/um was applied. A 488-nm Ar™ laser was used as
the irradiation source. The power of the laser was 10 mW/cm?.

which was calculated as follows:

1 ( gm )
F'=—In|———), 3)
D l+m—g
where m is the ratio of the beam intensities (pump/signal) in front of the sample, and g
is the ratio of the signal beam intensities (with pump/without pump) behind the sample.
The dependence of the gain coefficient on the applied electric field for the CMH/TNF and
ECz/TNF samples is shown in Fig. 9. As the concentration of TNF in the CMH sample
was increased, the magnitude of the gain coefficient increased. It was considered that the
strength of the internal electric field increased with the TNF concentration. In contrast,
the gain coefficient of the ECz sample was independent of the TNF concentration; the
strength of the internal electric field in the ECz sample was not dependent on the TNF
concentration. As shown in Fig. 6, the difference in the change in absorbance at 488 nm
upon addition of TNF was not significant when comparing the CMH and ECz samples.
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Figure 8. Typical example of asymmetric energy exchange observed in the mixture of base FLC,
CMH, and TNFE. An electric field of 0.1 V/um was applied. The sample angle o was 50°, and the
intersection angle ¢ was 20°. The shutter was opened at = 1 s and closed at t = 4 s.

Therefore, the results shown in Fig. 9 cannot be explained based on this difference. The
results indicate that the mechanism for the formation of the internal electric field in the
FLC material is based on ionic conduction. The molecular lengths of CMH, ECz, and
TNF were estimated to be 15.4, 9.3, and 9.9 A, respectively (Fig. 10). The difference in
the molecular length between CMH and TNF is larger than that between ECz and TNFE.
Therefore, it is considered that the difference in the mobilities of CMH and TNF in the FLC
medium is larger than that between ECz and TNF. The difference in the mobilities of the
positive and negative charges results in charge separation. Low-mobility species remain in
the bright areas of the interference fringe and high-mobility species move to the dark area.
Thus, the large difference in the mobilities of the positive and negative charges results in a
large internal electric field. The large difference in the mobility between CMH cation and
TNF anion resulted in larger diffraction efficiency than that in the ECz/TNF samples. The
mechanism for the photorefractive effect of FLCs is based on the change in the direction
of the spontaneous polarization; therefore, a large internal electric field leads to a large
photorefractive effect.

The difference between the photocurrent and the dark current is slightly larger in the
CMH sample than in the ECz sample as shown in Fig. 6 even though the mobility of the ECz
cation is, as discussed previously, found to be larger than that of CMH. While the difference
in the mobility of the charge carriers contributes to the photorefractive gain, the difference in
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Figure 9. Dependence of the gain coefficient as a function of the external electric field for (a) CMH

and (b) ECz photoconductive compounds. The concentration of TNF was varied from 0.1 wt% to 0.4
wt%.
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Figure 10. The molecular lengths of the photoconductive compounds estimated by MOPAC calcu-
lation.
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the number of the carriers contributes to the magnitude of the photocurrent. The results in
Fig. 6 indicate that the number of the carriers produced under photoirradiation is larger in
the CMH sample. The difference in the absorption at 488 nm between the CMH sample
and the ECz sample is small and cannot explain the difference in the gain coefficients
shown in Fig. 9; however, the difference in the absorption explains the difference in
the number of the carriers produced under photoirradiation. Thus, it can be considered
that the small difference in the photoconductivity between the CMH sample and the ECz
sample is explained by the small difference in the absorption at 488 nm, and the large differ-
ence in the photorefractive property between the CMH sample and the ECz sample cannot
be explained by the absorption however be explained by the difference in the mobility of
the photogenerated ionic species.

In this study, the formation time of the refractive index grating was also investigated.
The intensity of the amplified transmitted laser beam in the 2BC experiment was fitted by
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Figure 11. Refractive index grating formation time as a function of the external electric field for (a)
CMH and (b) ECz photoconductive compounds. The concentration of TNF was varied from 0.1 wt%
to 0.4 wt%.
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r(t)y=r [1 —exp{;” . 4)

The dependence of the formation time on the applied electric field in the CMH/TNF and
ECz/TNF samples is shown in Fig. 11. The response time of the CMH/TNF sample was
almost independent of the applied electric field. A response time of 50 ms was obtained
with application of an external electric field at 0.1 V/um. On the other hand, as the
applied electric field was increased, the formation of the index grating in the ECz/TNF
sample became faster; a formation time of 30 ms under 0.1 V/um was obtained for the
ECz/TNF sample. The formation time of the ECz/TNF sample was faster than that of the
CMH/TNF sample because the mobility of ECz is larger than that of CMH. However,
although the concentration of TNF in the CMH/TNF and ECz/TNF samples was increased,
the formation time did not vary. It was considered that the formation time was not affected
by the concentration of TNF because the formation time of the charge distribution is
dependent on the mobility of the charge but not on the amount of the charge. The results
shown in Figs 8 and 9 clearly indicate that the mechanism of the photorefractive effect in
FLCs mixed with photoconductive compounds is based on ionic conduction.

the following equation:

4. Conclusion

The influence of the photoconductive compounds and the concentration of the electron
acceptor TNF on the photorefractive effect in FLCs was investigated. The gain coefficient
of the CMH/TNF sample was larger than that of the ECz/TNF sample, and it was found
that the 2BC gain coefficient was dependent on the difference between the mobility of the
photoconductive compound and that of TNF.
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