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1. Introduction

The photorefractive effect is one of the phenomena that can form hologram images in a
material. Currently, 3D displays are expected to be widely used as next generation displays.
However, current 3D displays are basically stereograms. Holographic displays that can
realize natural 3D images that can be seen by the naked eye are anticipated. The
photorefractive effect is a phenomenon wherein a change in the refractive index is induced
by a combined mechanism of photovoltaic and electro-optic effects. A transparent material
that exhibits both photovoltaic and electro-optic effects can potentially be used as a
photorefractive material. The interference of two laser beams in a photorefractive material
establishes a refractive index grating (Figure 1). When two laser beams interfere in an
organic photorefractive material, charge generation occurs at the bright positions of the
interference fringes. The generated charges diffuse or drift within the material. Since the
mobilities of positive and negative charges are different in most organic materials, a charge
separated state is formed. The charge with higher mobility diffuses over a longer distance
than the charge with lower mobility, so that while the low mobility charge stays in the
bright areas, the high mobility charge moves to the dark areas. The bright and dark
positions of the interference fringes are thus charged with opposite polarities, and an
internal electric field (space charge field) is generated in the area between the bright and
dark positions. The refractive index of this area between the bright and dark positions is
changed through the electro-optic effect. Thus, a refractive index grating (or hologram) is
formed. One material class that exhibits high photorefractivity is glassy photoconductive
polymers doped with high concentrations of D-n-A chromophores (in which donor and
acceptor groups are attached to a n-conjugate system). In order to obtain photorefractivity in
polymer materials, a high electric field of 10-50 V/um is usually applied to a polymer film.
This electric field is necessary to increase the charge generation efficiency.

The photorefractive effect has been reported in surface-stabilized ferroelectric liquid crystals
(SS-FLCs) doped with a photoconductive compound. Liquid crystals are classified into several
groups. The most well known are nematic liquid crystals and smectic liquid crystals (Figure 2).
Nematic liquid crystals are used in LC displays. On the other hand, smectic liquid crystals
are very viscous and hence are not utilized in any practical applications. Ferroelectric liquid
crystals (FLCs) belong to the class of smectic liquid crystals that have a layered structure. The
molecular structure of a typical FLC contains a chiral unit, a carbonyl group, a central core,
which is a rigid rod-like structure such as biphenyl, phenylpyrimidine, phenylbenzoate, and a
flexible alkyl chain (Figure 3).
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Fig. 1. Schematic illustration of the mechanism of the photorefractive effect. (a) Two laser
beams interfere in the photorefractive material; (b) charge generation occurs at the light
areas of the interference fringes; (c) electrons are trapped at the trap sites in the light areas,
holes migrate by diffusion or drift in the presence of an external electric field and generate
an internal electric field between the light and dark positions; (d) the refractive index of the
corresponding area is altered by the internal electric field generated.
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Fig. 2. Structures of the nematic and smectic phase.
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Fig. 3. Molecular structure of ferroelectric liquid crystals.

Thus, the dipole moment of a FLC molecule is perpendicular to the molecular long axis. FLCs
exhibit a chiral smectic C phase (SmC*) that possesses a helical structure. It should be
mentioned here that in order to observe ferroelectricity in these materials, the ferroelectric
liquid crystals must be formed into thin films. The thickness of the film must be within a few
micrometers. When an FLC is sandwiched between glass plates to form a film a few
micrometers thick, the helical structure of the smectic C phase uncoils and a surface-stabilized
state (SS-state) is formed in which spontaneous polarization (Ps) appears (Figure 4).

FLC molecule

.\ /)
NN

Electro-optic effect in FLCs

Fig. 4. Electro-optical switching in the surface-stabilized state of FLCs.

For display applications, the thickness of the film is usually 2 pm. In such thin films, FLC
molecules can align only in two directions. This state is called a surface-stabilized state (SS-
state). The alignment direction of the FLC molecules changes according to the direction of
the spontaneous polarization. The direction of the spontaneous polarization is governed by
the photoinduced internal electric field, giving rise to a refractive index grating with
properties dependent on the direction of polarization. Figure 5 shows a schematic
illustration of the mechanism of the photorefractive effect in FLCs. When laser beams
interfere in a mixture of an FLC and a photoconductive compound, charge separation occurs
between bright and dark positions and an internal electric field is produced. The internal
electric field alters the direction of spontaneous polarization in the area between the bright
and dark positions of the interference fringes, which induces a periodic change in the
orientation of the FLC molecules. This is different from the processes that occur in other
photorefractive materials in that the molecular dipole rather than the bulk polarization
responds to the internal electric field. Since the switching of FLC molecules is due to the
response of bulk polarization, the switching is extremely fast.
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Fig. 5. Schematic illustration of the mechanism of 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 at the bright areas of the interference fringes; (c)
electrons are trapped at the trap sites in the bright areas, holes migrate by diffusion or drift
in the presence of an external electric field to generate an internal electric field between the
bright and dark positions; (d) the orientation of the spontaneous polarization vector (i.e.,
orientation of mesogens in the FLCs) is altered by the internal electric field.
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Charge generation

2. Characteristics of the photorefractive effect

Since a change in the refractive index via the photorefractive effect occurs in the areas
between the bright and dark positions of the interference fringe, the phase of the resulting
index grating is shifted from the interference fringe. This is characteristic of the
photorefractive effect that the phase of the refractive index grating is n/2-shifted from the
interference fringe. When the material is photochemically active and is not photorefractive, a
photochemical reaction takes place at the bright areas, and a refractive index grating with
the same phase as that of the interference fringe is formed (Figure 6(a)).
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Fig. 6. (a) Photochromic grating, and (b) photorefractive grating.

The interfering laser beams are diffracted by this grating, however, the apparent transmitted
intensities of the laser beams do not change because the diffraction is symmetric. Beam 1 is
diffracted in the direction of beam 2 and beam 2 is diffracted in the direction of beam 1.
However, if the material is photorefractive, the phase of the refractive index grating is
shifted from that of the interference fringes, and this affects the propagation of the two
beams. Beam 1 is energetically coupled with beam 2 for the two laser beams. Consequently,
the apparent transmitted intensity of beam 1 increases and that of beam 2 decreases (Figure
6(b)). This phenomenon is termed asymmetric energy exchange in the two-beam coupling
experiment. The photorefractivity of a material is confirmed by the occurrence of this
asymmetric energy exchange.

3. Measurement of photorefractivity

The photorefractive effect is evaluated by a two-beam coupling method and also by a
four-wave mixing experiment. Figure 7 (a) shows a schematic illustration of the
experimental setup used for the two-beam coupling method. A p-polarized beam from a
laser is divided into two beams by a beam splitter, and the beams are interfered within the
sample film.
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Fig. 7. Schematic illustrations of the experimental set-up for the (a) two-beam coupling, and
(b) four-wave-mixing techniques.
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An electric field is applied to the sample using a high voltage supply unit. This external
electric field is applied in order to increase the efficiency of charge generation in the film.
The change in the transmitted beam intensity is monitored. If a material is photorefractive,
an asymmetric energy exchange is observed. The magnitude of photorefractivity is
evaluated using a parameter called the gain coefficient, which is calculated from the change
in the transmitted intensity of the laser beams induced through the two-beam coupling. In
order to calculate the two-beam coupling gain coefficient, it must be determined whether
the diffraction condition is in the Bragg regime or in the Raman-Nath regime. These
diffraction conditions are distinguished by a dimensionless parameter Q.

Q=2m\L/nA2 (1)

(Q>1 is defined as the Bragg regime of optical diffraction. In this regime, multiple scattering
is not permitted, and only one order of diffraction is produced. Conversely, Q<1 is defined
as the Raman-Nath regime of optical diffraction. In this regime, many orders of diffraction
can be observed. Usually, Q>10 is required to guarantee that the diffraction is entirely in the
Bragg regime. When the diffraction is in the Bragg diffraction regime, the two-beam
coupling gain coefficient I' (cm) is calculated according to the following equation:

1 gm
'=—In| ———
D n(1+m—gj @)

where D=L/cos(0) is the interaction path for the signal beam (L=sample thickness,
0 =propagation angle of the signal beam in the sample), g is the ratio of the intensities of the
signal beam behind the sample with and without a pump beam, and m is the ratio of the
beam intensities (pump/signal) in front of the sample.

A schematic illustration of the experimental setup used for the four-wave mixing
experiment is shown in Figure 7 (b). S-polarized writing beams are interfered in the sample
film and the diffraction of a p-polarized probe beam, counter-propagating to one of the
writing beams, is measured. The diffracted beam intensity is typically measured as a
function of time, applied (external) electric field, writing beam intensities, etc. The
diffraction efficiency is defined as the ratio of the intensity of the diffracted beam and the
intensity of the probe beam that is transmitted when no grating is present in the sample due
to the writing beams. In probing the grating, it is important that beam 3 does not affect the
grating or interact with the writing beams. This can be ensured by making the probe beam
much weaker than the writing beams, and by having the probe beam polarized orthogonal
to the writing beams.

4. Photorefractive effect of FLCs

4.1 Two-beam coupling experiments on FLCs

The photorefractive effect in an FLC was first reported by Wasielewsky et al. in 2000. Since
then, details of photorefractivity in FLC materials have been further investigated by Sasaki
et al. and Golemme et al. The photorefractive effect in a mixture of an FLC and a
photoconductive compound was measured in a two-beam coupling experiment using a 488
nm Ar* laser. The structures of the photoconductive compounds used are shown in Figure
8. A commercially available FLC, SCE8 (Clariant), was used. CDH was used as a
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photoconductive compound, and TNF was used as a sensitizer. The concentrations of CDH
and TNF were 2 wt% and 0.1 wt% respectively. The samples were injected into a 10-um-gap
glass cell equipped with 1 cm?2 ITO electrodes and a polyimide alignment layer (Figure 9).
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Fig. 8. Structures of the photoconductive compound CDH, ECz and the sensitizer TNF
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Fig. 9. Laser beam incidence condition and the structure of the LC cell.

Figure 10 shows a typical example of asymmetric energy exchange observed in the
FLC(SCES8)/CDH/TNF sample under an applied DC electric field of 0.1 V/pm. Interference
of the divided beams in 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 is completely symmetric, as can be seen in Figure 10. This indicates that the phase of
the refractive index grating is shifted from that of the interference fringes. The grating
formation was within the Bragg diffraction regime, and no higher order diffraction was
observed under the conditions used.

The temperature dependence of the gain coefficient of SCE8 doped with 2 wt% CDH and 0.1
wt% TNF is shown in Figure 11 (a). Asymmetric energy exchange was observed only at
temperatures below 46°C. The spontaneous polarization of the identical sample is plotted as
a function of temperature in Figure 11 (b).
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Fig. 10. Typical example of asymmetric energy exchange observed in an FLC (SCE8) mixed
with 2 wt% CDH and 0.1 wt% TNF. An electric field of +0.3 V/um was applied to the
sample.
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Fig. 11. Temperature dependence of (a) gain coefficient and (b) spontaneous polarization of
an FLC (SCE8) mixed with 2 wt% CDH and 0.1 wt% TNF. For two-beam coupling
experiments, an electric field of 0.1 V/um was applied to the sample.

Similarly, the spontaneous polarization vanished when the temperature was raised above
46°C. Thus, asymmetric energy exchange was observed only in the temperature range in
which the sample exhibits ferroelectric properties, in other words, the SmC* phase. Since the
molecular dipole moment of the FLCs is small and the dipole moment is aligned
perpendicular to the molecular axis, large changes in the orientation of the molecular axis
cannot be induced by an internal electric field in the SmA or N* phase of the FLCs.
However, in the SmC* phase, reorientation associated with spontaneous polarization occurs
due to the internal electric field. The spontaneous polarization also causes orientation of
FLC molecules in the corresponding area to change accordingly. A maximum resolution of
0.8 um was obtained in this sample.
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Ps at 25 Phase transition Response  Rotational Tilt
FLC °C temperaturea timetb  viscosityy,  angle
(nC/cm?) () (hs) (mPas)  (deg)
0157000 9 -SmC* 71 SmA 83 N* 86 1 70 60 24
015/100 33 -SmC* 72 SmA 83 N* 86 1 21 80 23
016/000 -4.3 -SmC* 72 SmA 85 N* 93 70 61 25
016/030 -5.9 -SmC* 72 SmA 85 N* 93 47 82 25
016/100 -10.5 -SmC* 72 SmA 85 N* 94 | 20 60 27
017/000 9.5 -SmC* 70 SmA 76 N* 87 1 93 47 26
017/100 47 -SmC* 73 SmA 77 N* 87 23 116 27
018/000 23 -SmC* 65 SmA 82 N* 88 1 59 68 22
018/100 40 -SmC* 67 SmA 82 N* 89 1 30 97 23
019/000 8.3 -SmC* 60 SmA 76 N* 82 262 37 19
019/100 39 -SmC* 64 SmA 78 N* 87 1 53 75 20
SCES8 -4.5 -SmC* 60 SmA 80 N* 104 I 50 76 20
M4851,/000 -4.0 -SmC* 64 SmA 69 N* 73 1 40 - 25
M4851/050 -14 -SmC* 65 SmA 70 N* 74 22 65 28

aC, crystal; SmC¥, chiral smectic C phase; SmA, smectic A phase; N* chiral nematic phase;
I, isotropic phase
bResponse time to a 10 V/pm electric field at 25 °C in a 2-um cell.

Table 1. Physical properties of the FLCs investigated

4.2 Comparison of photorefractive properties of FLCs

The photorefractive properties of a series of FLCs with different properties were
investigated. The properties of the FLCs are shown in Table 1. Unfortunately, the chemical
structures of these FLCs are not exhibited. All the FLCs listed in Table 1 exhibited finely
aligned SS-states when they were not mixed with photoconductive compounds (CDH and
TNF). Figure 12 shows typical examples of the textures observed in the 017/000, M4851 /050
and SCE8 FLCs.

As the CDH concentration increased, defects appeared in the texture. The M4851/050 and
SCE8 FLCs retained the SS-state with few defects for CDH concentrations below 2 wt%. All the
FLCs listed in Table 1, except for SCE8 and M4851/050, exhibited distorted SS-states, and light
scattering was very strong when mixed with CDH at concentrations higher than 0.5 wt%. The
SCE8 and M4851/050 FLCs displayed finely aligned SS-state domains in a 10 um-gap cell and
exhibited asymmetric energy exchange. FLCs that formed an SS-state with many defects did
not exhibit clear asymmetric energy exchange. In these distorted SS-states, the laser beams are
strongly scattered, precluding the formation of a refractive index grating.
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[ 017/000 { sces [
[without dopant |without dopant without dopant|

mass1050 || [ _sces
CDH 0.5wt% | CDH 0.5wt%

| M4851/050 | :
CDH 1.0wt% [ |

| ma851/050
CDH 2.0wt%

Fig. 12. Textures observed by POM observation of SS-states in FLCs.

4.3 Effect of the magnitude of the applied electric field

In polymeric photorefractive materials, the strength of the externally applied electric field is
a very important factor. The external electric field is necessary to increase the charge
separation efficiency sufficiently to induce a photorefractive effect. In other words,
photorefractivity of the polymer is obtained only with application of a few V/um electric
field.35 The thickness of the polymeric photorefractive material commonly reported is about
100 um, so the voltage necessary to induce the photorefractive effect is a few kV. On the
other hand, the photorefractive effect in FLCs can be induced by applying a very weak
external electric field. The maximum gain coefficient for the FLC (SCE8) sample was
obtained using an electric field strength of only 0.2-0.4 V/um. The thickness of the FLC
sample is typically 10 um, so that the voltage necessary to induce the photorefractive effect
is only a few V. The dependence of the gain coefficient of a mixture of FLC
(SCE8)/CDH/TNF on the strength of the electric field is shown in Figure 13. The gain
coefficient of SCE8 doped with 0.5-1 wt% CDH increased with the strength of the external
electric field. However, the gain coefficient of SCE8 doped with 2 wt% CDH decreased
when the external electric field exceeded 0.4 V/um. The same tendency was observed for
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M4851/050 as well. The formation of an orientational grating is enhanced when the external
electric field is increased from 0 to 0.2 V/um as a result of induced charge separation under
a higher external electric field. However, when the external electric field exceeded 0.2
V/um, a number of zig-zag defects appeared in the surface-stabilized state. These defects
cause light scattering and result in a decrease in the gain coefficient.
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Fig. 13. Electric field dependence of the gain coefficient of SCE8 and M4851 /050 mixed with
several concentrations of CDH and 0.1 wt% TNF in a 10 um-gap cell measured at 30 °C.

4.4 Refractive index grating formation time

The formation of a refractive index grating involves charge separation and reorientation.
The index grating formation time is affected by these two processes, and both may be rate-
determining steps. The refractive index grating formation times in SCE8 and M4851/050
were determined based on the simplest single-carrier model of photorefractivity, wherein
the gain transient is exponential. The rising signal of the diffracted beam was fitted using a
single exponential function, shown in equation (3).

v(t) - 1= (v - D[I - exp(-t/7)]? 3)
Here, y(t) represents the transmitted beam intensity at time t divided by the initial intensity
(y(t) = I(t)/10) and 7 is the formation time. The grating formation time in SCE8/CDH/TNF is
plotted as a function of the strength of the external electric field in Figure 14 (a). The grating
formation time decreased with increasing electric field strength due to the increased
efficiency of charge generation. The formation time was shorter at higher temperatures,
corresponding to a decrease in the viscosity of the FLC with increasing temperature. The
formation time for SCE8 was found to be 20 ms at 30°C. As shown in Figure 14 (b), the
formation time for M4851/050 was found to be independent of the magnitude of the
external electric field, with a time of 80-90 ms for M4851/050 doped with 1 wt% CDH and
0.1 wt% TNF. This is slower than for SCE8, although the spontaneous polarization of
M4851/050 (-14 nC/cm?) is larger than that of SCE8 (-4.5 nC/cm?), and the response time
of the electro-optical switching (the flipping of spontaneous polarization) to an electric
field (10 V in a 2 um cell) is shorter for M4851/050. The slower formation of the
refractive index grating in M4851/050 is likely due to the poor homogeneity of the SS-
state and charge mobility.
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Fig. 14. Electric field dependence of the index grating formation time. (a) SCE8 mixed with 2
wt% CDH and 0.1 wt% TNF in the two-beam coupling experiment. @, measured at 30 °C
(T/ Tsmc-sma=0.95); B, measured at 36 °C (T/Tsmcx-sma=0.97). (b) M4851/050 mixed with 1
wt% CDH and 0.1 wt% TNF in a two-beam coupling experiment. @, measured at 42 °C

(T/ Tsmcr-sma=0.95); M, measured at 49 °C (T/Tsmc*-sma=0.97).

4.5 Formation mechanism of the internal electric field in FLCs

Since the photorefractive effect is induced by the photoinduced internal electric field, the
mechanism of the formation of the space-charge field in the FLC medium is important. The
two-beam coupling gain coefficients of mixtures of FLC (SCE8) and photoconductive
compounds under a DC field were investigated as a function of the concentration of TNF
(electron acceptor). The photoconductive compounds, CDH, ECz and TNF (Figure 8), were
used in this examination. When an electron donor with a large molecular size (CDH)
relative to the TNF was used as the photoconductive compound, the gain coefficient was
strongly affected by the concentration of TNF (Figure 15(a)). However, when ethylcarbazole
(ECz), whose molecular size is almost the same as that of TNF, was used, the gain coefficient
was less affected by the TNF concentration (Figure 15(b)).

40 T T T T 40 T T T T
p Y (a) CDH — (b)ECz
‘TE 35r TE 351 - 05wWt% | T
8 30+ 3 30 ¢ -+ 0.3wt% S
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..Lg 25} ; 25| i
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O 15F . 4 o 151 :
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Fig. 15. Dependence of the TNF concentration on the gain coefficients of an FLC doped with
photoconductive dopants. (a) SCE8 doped with 2 wt% CDH, (b) SCE8 doped with 2 wt%
ECz. An electric field of + 0.5 V/pm, 100 Hz was applied.
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As shown in Figure 16, the difference in the change in absorbance at 488 nm upon addition
of TNF was not significant when comparing CDH and ECz. Therefore, the results shown in
Figure 15 cannot be explained based on this difference.

0.2 : b 0.2 T
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Fig. 16. Absorption spectra of mixtures of FLC (SCE8) and CDH in a 10 pm-gap cell. The
concentrations of the photoconductive compounds were fixed at 2 wt% and the TNF
concentration was varied from 0 to 0.5 wt%. The reflection at the cell surface and light
scattering in the LC are not subtracted.

These findings suggest that ionic conduction plays a major role in the formation of the
space-charge field. The mobility of the CDH cation is smaller than that of the TNF anion,
and this difference in mobility is thought to be the origin of the charge separation. In this
case, the magnitude of the internal electric field is dominated by the concentration of the
ionic species. On the other hand, the difference in the mobilities of ECz and TNF is small,
and thus, less effective charge separation is induced, indicating that the internal electric field
is independent of the concentration of ionic species.

4.6 Photorefractive effect in FLC mixtures containing photoconductive chiral
compounds

4.6.1 Photoconductive chiral dopants

The photorefractive effect in FLCs was investigated using commercially available FLC
mixtures until 2010 (the compositions of these FLC materials are not shown here).
Compared to nematic LCs, the FLCs are more crystal than liquid, and the preparation of fine
FLC films requires sophisticated techniques. Obtaining a uniformly aligned, defect-free,
surface-stabilized FLC (SS-FLC) using a single FLC compound is very difficult, and mixtures
of several LC compounds are usually used to obtain fine SS-FLC films. The FLC mixtures
are composed of the base LC (SmC phase of the forming LC), which is also a mixture of
several LC compounds and a chiral compound. The chiral compound introduces a helical
structure into the LC phase through supramolecular interactions. In order to utilize an FLC
as a photorefractive material, photoconductive compounds must be added to the FLC.
However, the introduction of such non-LC compounds into the FLC deteriorates the
formation of a uniformly aligned SS-state. Thus, adequate design of the photoconductive
compounds is crucial. Sasaki et al. have synthesized chiral compounds that also show
photoconductivity (photoconductive chiral dopants); these chiral compounds were
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synthesized and mixed with the base LC compounds. The structures of the photoconductive
chiral dopants and base LCs are shown in Figure 17. A photorefractive FLC material is
obtained by just mixing a photoconductive chiral dopant with the base LC.
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Fig. 17. Structures of the smectic LCs (8PP8 and 8PP10), photoconductive chiral dopants (3T-
2MB, 3T-20C, 3T-OXO and 3T-CF3) and the sensitizer TNF used in this work.

4.6.2 Ferroelectricity and photoconductivity of the FLC mixture

The base LC, which is a 1:1 mixture of 8PP8 and 8PP10, was mixed with the
photoconductive chiral dopant and the electron acceptor, which is TNF in this case. The
concentration of TNF was set to 0.1 wt%. The phase diagrams of the base LC, TNF, and
chiral dopants are shown in Figure 18.

80

@©
(=]

‘N* " Iso | 3T-2MB ‘N* " Iso ' 3T-OXO
70 ettt - 70p st tpt——s
Oe0f SmA O 60t SmA
o 50] NHNN\' o 50} M\.\‘
= 240
© B © r
g * i SmC*
30} SmC Qao0f
E20- E20-
2 2
| oo v oo o o [ & "+ v v v 2o
10 Cry 10 Cry
%2 4 6 & 10 12 2 2 6 & 10 12
Concentration (Wt%) Concentration (wWt%)
80 — 80 —_—
N* Iso 3T-20C N Iso 3T-CF3
708 B 70:" ::3ij=.=—o—o—.—o—o—c 1
Ogol Osol
Peo SmA $ 60 SmA
o 501 N ® 50
3 =2
‘@40- wA40r
330k SmC B30} SmC*
E20- Ezo-
e @20)
10 .-C.r;._—.—._H—H‘—. 10F Lé.r_y—._.—‘——b—o—t—o—.
2 4 6 & 10 12 %2 4 6 8 10 12
Concentration (Wt%) Concentration (wt%)

Fig. 18. Phase diagrams of mixtures of the base LC and chiral compounds. The concentration
of TNF was set to 0.1 wt%.
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The terthiophene chiral dopant used in this study had high miscibility with the phenyl
pyrimidine-type smectic LC. The chiral smectic C (SmC¥*) phase appeared in all mixtures of
the base LC and chiral dopants used in this study. With increasing concentration of the
chiral dopants, the temperature range of the SmC* phase and the chiral nematic (N*) phase
was reduced, whereas that of the smectic A (SmA) phase was enhanced. The miscibility of
the 3T-CF3 with the base LC was the lowest among the four chiral dopants used in this
study. The dipole moment of the trifluoromethyl-substituted group is large, so that the 3T-
CF3 molecules tended to aggregate. The magnitude of spontaneous polarization (Ps) of the
FLC mixtures (mixtures of the base LC with photoconductive dopants and TNF) was
measured by the triangular waveform voltage method. A Ps flip signal observed in the
triangular wave method measurement and the magnitude of the Ps as a function of the
concentration of a chiral dopant are shown in Figure 19.

0, T T T
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Fig. 19. Spontaneous polarization observed in mixtures of the base LC and 3T-20C. (a) A
typical example of the observed signal in the triangular waveform method. (b) Magnitude of
the spontaneous polarization plotted as a function of the concentration of 3T-20C.

The magnitude of the Ps of the mixtures of the base LC with chiral dopants was in the range
of a few nC/cm2. The mixtures of the base LC with 3T-2MB and 3T-OXO exhibited Ps values
smaller than 1 nC/cm?, which is the measurement limit of our equipment. The spontaneous
polarization increased with the 3T-20C concentration, and a Ps value of 4.8 nC/cm? was
obtained at a 10 wt% concentration. The UV-vis absorption spectra of the photoconductive
chiral dopants in chloroform solutions are shown in Figure 20. All the samples exhibited
absorption maxima at 394 nm. Absorption at 488 nm (wavelength of the laser used in this
study) was small.

The small absorption at the laser wavelength is advantageous for minimizing optical loss.
The photocurrents in mixtures of the base LC, photoconductive chiral dopant and TNF
were measured. As shown in Figure 21, the samples were good insulators in the dark.
When the samples were irradiated with 488 nm laser light, photocurrents were clearly
observed. The magnitudes of the photocurrents were slightly different in the four
samples. The only difference in the molecular structures of these compounds is the chiral
substituent. Thus, this variation in the photocurrent cannot be attributed to the difference
in the molecular structure. It is possible that the miscibility of the photoconductive chiral
compounds in the LC and the homogeneity of the LC phase affected the magnitude of the
photocurrent.
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Fig. 21. Magnitudes of light-current and dark-current of mixtures of the base LC,

photoconductive chiral compound and TNF measured in a 10-pum-gap LC cell as a function
of the external electric field. An electric field of 0.1 V/pum was applied. A 488 nm Ar* laser

(10 mW/cm?, 1 mm diameter) was used as the irradiation source.
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4.6.3 Two-beam coupling experiment on photoconductive FLC mixtures

The difference in the gain coefficients in mixtures of the base LC, photoconductive chiral
dopant (3T-2MB, 3T-20C, 3T-OXO, or 3T-CF3), and TNF was investigated. All the samples
formed a finely aligned SS-state in 10-um-gap cells with a LX-1400 polyimide alignment
layer and clearly exhibited photorefractivity in the ferroelectric phase. Asymmetric energy
exchange was observed only in the temperature range in which the sample exhibited
ferroelectric properties (SmC* phase). The gain coefficients of the samples are plotted as a
function of the magnitude of the external electric field in Figure 22. As the concentration of
the photoconductive chiral dopant increased, so did the gain coefficient. This may be due to
increased charge mobility in the FLC medium and an increase in the magnitude of Ps. All
the samples exhibited relatively large photorefractivity. A gain coefficient higher than 100
cm! was obtained in the 3T-20C (6 wt%) sample with the application of an electric field of
only 0.2 V/um. A gain coefficient higher than 100 cm- was also obtained in the 3T-2MB
sample at an applied electric field of 0.5 V/pum. In order to obtain photorefractivity in
polymer materials, the application of a high electric field in the range of 10-50 V/um to the
polymer film is typically required. The small electric field necessary for activating the
photorefractive effect in FLCs is thus a great advantage for photorefractive devices. The
grating formation time in the mixtures of the base LC, photoconductive chiral dopant and
TNF is plotted as a function of the strength of the external electric field in Figure 23.
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Fig. 22. Electric field dependence of the gain coefficients of the mixtures of the base LC,
photoconductive chiral compounds, and TNF. (a) 3T-2MB; (b) 3T-20C; (c) 3T-OXO; (d) 3T-
CF3.

The grating formation time decreased with increasing electric field strength due to the
increased efficiency of charge generation. The shortest formation time was obtained to be 5-
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8 ms at 1 V/um external electric field for all the chiral compounds. The 3T-CF3 sample
exhibited the fastest response, because of the larger polarity of 3T-CF3.
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Fig. 23. Electric field dependence of the index grating formation times of mixtures of the
base LC, photoconductive chiral compounds, and TNF measured at 30 °C. (a) 3T-2MB; (b)
3T-20C; (c) 3T-OXO; (d) 3T-CF3.
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4.6.4 Mechanism of the photoconductivity in FLC mixtures
The effect of the electron acceptor (TNNF) on the gain coefficient was investigated. As shown
in Figure 24, when the concentration of the 3T-20C was 1 wt%, the magnitude of the gain
coefficient increased with the concentration of the TNF.
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Fig. 24. Dependence of the gain coefficients of the mixture of the base LC, photoconductive
chiral compound and TNF on the magnitude of the external electric field. (a) Base LC doped
with 1 wt% 3T-20C; (b) base LC doped with 4 wt% 3T-20C.

www.intechopen.com

100 T T T T
< |b) 3T-20C 4wt%
\g_/ 80 E
i
+= 60f TNF .
@ ® 0.4 Wt%
(8]
£ 40F 4 A03wt% ]
I m0.2 W%
g 20} € 0.1 wt% 4
‘©
© 0

0 02 04 06 08 1 1.2

Electric field (V/um)



Photorefractive Ferroelectric Liquid Crystals 505

It was considered that the mechanism of the formation of the space-charge field in this case
is based on ionic conduction. As discussed in our previous paper, the formation of the
space-charge field is based on the difference in the mobilities of the cation and anion
generated at the light positions of the interference fringes. A cation of 3T-20C and an anion
of TNF were generated at the interference fringes through photoinduced electron transfer.
Both ions drift under the application of an external electric field. The molecular length of 3T-
20C is larger than that of TNF, and thus, the mobility of the 3T-20C cation is smaller than
that of the TNF anion. This difference in mobility is the origin of the charge separation. In
this case, the magnitude of the internal electric field is dominated by the concentration of the
ionic species. On the other hand, when the concentration of 3T-20C was 4 wt%, the
magnitude of the gain coefficient was independent of the concentration of TNF. Thus, the
mechanisms of the formation of the space-charge field are different in the 1 wt% samples
and the 4 wt% samples. It was considered that when the concentration of 3T-20C is high,
conduction based on a hopping mechanism occurs. In this case, TNF acts as just the electron
acceptor that introduces electron holes into the 3T-20C molecules.

5. Conclusion

The reorientational photorefractive effect based on the response of bulk polarization was
observed in dye-doped FLC samples. Photorefractivity was observed only in the
ferroelectric phase of these samples, and the refractive index formation time was found to be
shorter than that of nematic LCs. The response time was in the order of ms and is dominated
by the formation of the internal electric field. These results indicate that the mechanism
responsible for refractive index grating formation in FLCs is different from that for non-
ferroelectric materials, and is clearly related to the ferroelectric properties of the material.
The photorefractivity of FLCs was strongly affected by the properties of the FLCs
themselves. Besides properties such as spontaneous polarization, viscosity, and phase
transition temperature, the homogeneity of the SS-state was also found to be a major factor.
The gain coefficient, refractive index grating formation time (response time) and stability of
the two-beam coupling signal were all affected strongly by the homogeneity of the SS-state.
Therefore, a highly homogeneous SS-state is necessary to create a photorefractive device.
The techniques employed recently in the development of fine LC display panels will be
utilized in the future in the fabrication of the photorefractive devices.
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