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Photo-Induced Space Charge Fields, Photo-Voltaic, Photorefractivity,
and Optical Wave Mixing in Nematic Liquid Crystals

1. C. KHOO", BRETT D. GUENTHER?, and S. SLUSSARENKQ"
*Department of Electrical Engineering, Pennsylvania State University,
University Park, PA 16802, USA; "Institute of Physics, Ukrainian Academy
of Sciences, Prospect Nauki 46, Kiev-22, 252650, Ukraine

We present a detailed discussion of the fundamental mechanisms for recently
observed nonlinear electro-optical wave mixing effects in nematic liquid
crystal films. Experimental results on photoconductivity, photorefractive-like
two beam coupling, beam amplification, self-diffraction, and storage
holographic grating formation in dye- and Fullerene C¢ and Cg; doped
nematic films are presented along with a review of two- and four- wave
mixing theories. Nematic liquid crystal films are shown to be potentially
useful for adaptive and optical storage applications.

Keywords: photorefractivity; photo-voltaic; wave mixing; beam amplifica-
tion; fullerene; nematic; adaptive optics; holographic grating; storage; light
valve

INTRODUCTION

Nematic liquid crystal films containing photo-excitable dopants exhibit
numerous interesting nonlinear optical phenomena. In particular, recent
studies!""® have shown that a linearly polarized laser could create a DC space
charge field, which in combination with a bias DC field, creates a director
axis reorientation. This process gives rise to a very large change in the
refractive index under very low optical power (i.e. an extraordinarily large
optical nonlinearity). Since the main underlying physical parameter for the
index modulation is the optically induced space charge fields, analogous to

(863419
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the well known photorefractive effect in ferrorelectric materialsm, this effect
observed in the nematic liquid crystal has been termed an orientational
photorefractive effect.'>*) The phenomena is now quite well documented, but
new and interesting and potentially useful features continue to emerge from
recent studies.

Consider the interaction geometries as shown in Figures la and 1b,

involving two coherent laser beams overlapping on the nematic films.
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FIGURE la Schematic depiction of coherent optical wave mixing in a
homeotropically aligned nematic liquid crystal film.
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FIGURE 1b Schematic depiction of coherent optical wave mixing in a
planar aligned nematic liquid crystal film.
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The space charge fields result from several mechanisms. The first such
mechanism is analogous to those found in typical photorefractive crystals''”,
in which the photo-induced ions are redistributed via diffusion, migration,
and/or the action of the applied DC field. The other two mechanisms!>* are
unique to nematic liquid crystals and are attributed to the dielectric and
conductivity anisotropies and the ability of the nematic liquid crystals to
flow.

In this paper, we give a review of these electro-optical processes, and
present recently obtained optical wave mixing results such as asymmetric
self-diffraction, aberration-free beam amplification, and high resolution
holographic grating formation. We also report the first observation of

optically produced DC voltage in a particular methyl red doped nematic
liquid crystal film.

SPACE CHARGE FIELDS AND REFRACTIVE INDEX CHANGES

As mentioned above, there are three principle sources of space charge fields.

For incident optical intensity of the form 7, =I,,[l+mcos(q-r)] the

photorefractive-like space charge field is given by!':

kaT 0-04

Ewm= 2¢

sin(g -F) (n

where kg = Boltzman constant, ¢ = illuminated state conductivity, o4 = dark
state conductivity,
D'-D
D'+ D

@)

where D* and D’ are the diffusion constants for the positively and negatively
charged ions, respectively. The constant m is the optical intensity modulation

factor.
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Notice that E,; is n/2 phase shifted from the incident optical intensity
function. Therefore, the director axis reorientation is also phase shifted with
respect to the optical intensity function. This phase shift is responsible for
the first reportedm observation of the two-beam coupling effect.

As first pointed out by Khoo,** two other sources of space charge fields
also contribute to this effect. They arise from the conductivity and dielectric
anisotopies present within the nematic liquid crystal film. The fields can be

shown to be!:

E -(oy - 01) cos9sin9E —Aer F o1 6 3

% = G, sin’8+ O.cos’@ ¢ o,  (For small 6) 3
-(& - €,)cos@sind -Ae

E, = E, ~ 0E, (F all 0 4

ae &sin’0 + €, cos’0 £, (For small 6) “)

where AG = O - o, is the conductivity anisotropy and Ae = g - €, the dc
dielectric anisotropy.

These space charge fields are proportional to the applied DC field, E..
For small displacement angles, the space charge fields are proportional to the
angle itself. Thus a small initial reorientation angle and a space charge field
with reinforce each other until they reach a steady state value. Once the
reorientation is established, the space charge field can be maintained by the
DC field alone, without the need for any optical fields. This behavior was

1351 of the dynamics of holographic grating

confirmed in our reported study
formation.

Since these space charge fields are functions of the reorientation angle 0,
its spatial phase shift with respect to the optical intensity function depends on
the originating mechanism for 6. If © originates from the photorefractive
effect, the phase shift will be /2. If the reorientation is due to some other
local effect, such as the optically induced director axis reorientation, then the

phase shift will be different.
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In summary, there are three mechanisms for (extraordinary wave)
refractive index changes associated with director axis reorientation in the
nematic film under the application of an optical field plus a DC bias field.

These mechanisms are outlined as follows:

(1) Charge generation — ions drift/diffusion — charge separation and
space charge field formation — director axis reorientation —
refractive index change.

(2) Charge generation — jonic conduction plus director axis
reorientation — space charge field formation through dielectric and
conductivity anisotropies — further director axis reorientation —
refractive index change.

(3) Charge generation — material flows — velocity gradient and shear
stresses — director axis reorientation — refractive index change.

DYE, C60, AND C61 DERIVATIVE DOPED NEMATIC FILMS

All three processes outlined above involve the basic mechanism of photo-
charge production. Since the incident photonic energy, hv, is less than the
ionization potentials of the dopant and the impurity molecules in the liquid
crystals, the photo-charge production is attributed to excited state
photochemical processes. In the case of R6G dye, or other laser dye
molecules, studies® have shown that the ions are generated by dissociation.
In Ceo molecules, the formation of charge transfer complexes'”! is the likely
cause of charge production. Some hitherto undetermined electro-chemical
processes may also play a role in the persistent holographic process, as
evidenced by the observed difference in the grating storage times for different
doped NLC films. In the R6G dye doped NLC samples, a written grating can
last for tens of minutes, while a grating written in a C¢o doped NLC sample

persists indefinitely.[>"
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We have investigated the photo—charge production of a variety of
dopants, including several laser dyes (R6G, methyl red, etc.), dichroic dye,
and Fullerenes (Ceo, C7, and derivatives). It was found that Cg and its
derivative, C¢;, are among the best dopants in terms of photo-charge

production. The results are shown in Tables 1 and 2.

TABLE 1. Photo-induced current in 100 pm thick homeotropically
aligned nematic films; (single beam) laser power = 100 mW; beam
diameter = 2 mm; DC voltage = 1 volt; A =514.5 nm

DOPANT D2 R6G C60 UNDOPED
Concentration by weight 05% 02% 0.05% NA
Taan(x10"® Amps) 3.5 2.9 6.0 0.5
Tittam.(x10® Amps) 4.2 13 13 0.5
Al (x10® Amps) 0.7 10 7 <0.1
o(cm™) 373 102 30 20
Al/o. (x10"" amp-cm) 1.9 99 230 <5

TABLE 2:  Photoinduced current in 25 um thick homeotropically
aligned nematic films, (single beam) laser power = 20 mW; beam
diameter = 2 mm; DC voltage = 1 volt; A = 514.5 nm

DOPANT C60 C61* C60+C70
Concentration by weight 0.05% 0.12% 1%
Laark (MA) 0.120 03 1
Lijjum. (MA) 0.145 0.315 1.05
Al (mA) 0.025 0.015 0.05
o (cm’) 4 1.2 4.8

Al/o. (mA-cm) 0.0063 0.0125 0.01
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OPTICAL WAVE MIXING EFFECTS

We have recently studied several new aspects of transient and storage optical
wave mixing processes in doped NLC films. As shown in Figures la and 1b,
the linearly polarized, mutually coherent pump and probe beams are
overlapped on the NLC films at a small wave mixing angle, o. The liquid
crystal typically used in our experiments is SCB (Pentyl Cyano Biphenyl)
with traces of Fullerene Cgp (0.05% by weight) dissolved in it. However,
pure undoped 5CB films were also tested. The sample thicknesses range
from 6 to 25 microns. The glass slides are coated with a transparent electrode
(ITO) so that a uniform electric DC and/or AC field could be applied to the
NLC film. The laser used in the experiments is a Argon-ion laser tuned to
either the 488.0 nm or the 514.5 nm wavelength. The pump/probe beam ratio
was adjusted by an attenuator placed in the path of the signal beam, while the
pump power was made variable through the use of a pair of polarizers. The

beam diameter at the sample is 3mm.

Self Diffraction in Homeotropically Aligned NLC Films
For the homeotropically aligned NLC sample, the film is tilted such that the
beam propagation direction makes an angle, B, with the director axis. The
occurrence of wave mixing effects and their dependence on the applied DC
voltages and incident beam directions are similar to those reported before.'>*!
In particular, visible amplification of the probe beam and the generation of
side diffractions are observable for an applied DC voltage greater than 1.5
volts.

Monitoring the self-diffraction under an equal pump/probe beam ratio
gives a vivid depiction of the energy flow between the pump and the probe

beams. In the NLC sample one beam grows at the expense of the other beam
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FIGURE 2a: Self-diffractions as a function of the total input power
(pump + probe) for an undoped nematic (SCB) film. DC voltage = 3V,
film thickness = 25 pum.
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FIGURE 2b: Self-diffractions as a function of the total input power for
an Cgo doped nematic (5CB) film. DC voltage = 3V, film thickness =
25um.
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due to the energy coupling between the two beams. As shown in Figures 2a
and 2b, for undoped and C¢o doped films, the beam energy transfer increases
dramatically with the input optical intensity. The input beams as well as the
diffracted orders begin to deviate from unity ratio. As expected, this
“divergence” is more pronounced in the Cg doped sample (c.f. Figure 2b).
For a given dopant, the wave mixing efficiency is highly dependent on
the grating spacing and the film thickness. From equation (1), we note that
the photorefractive space charge fields increase as the grating spacing is
reduced; also the DC field is proportionally enhanced if the sample thickness
is reduced, for a given applied DC voltage. This dependence is opposite to
the director axis reorientation process, which is diminished by larger elastic

torques for smaller grating spacing and/or film thickness.!"")

Accordingly,
there is an optimum grating spacing value for the diffraction efficiency. As
shown in reference [3], the grating spacing for optimal wave mixing effect is
on the order of twice the film thickness. This is again demonstrated in our
recent studies of self-diffraction in a 6 um think Cep-doped film (c.f.
figure 3). Note that the diffraction is maximal at a grating spacing of nearly
twice the film thickness.

An important finding from these studies of thin films is that very small
optical intensity is required to generate substantial self-diffraction. In Cgg or
Methyl-red doped samples, we have observed that diffraction of a few
percent can be generated with an input optical intensity of < 200 uW/cmz.

This sensitivity rivals those obtainable from liquid crystal light valves!'®'"]

and other photorefractive devices.!”
In Methyl-red doped homeotropic samples, we observe that self-
diffraction can be generated without the application of the DC-field, with an

input optical power of less than 1 mW/cm?.
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FIGURE 3: Dependence of the diffraction efficiency on the grating
spacing for a permanent grating formed in a C60 doped nematic film.
The film thickness=6 microns, Pie= 30 mW, A= 448 nm, beam dia.=
Icm, and Vg, =3V

With the application of a DC field, the wave mixing efficiency is enhanced
by more than an order of magnitude. Self-diffraction of a few percent can be
generated with an input optical power density of ~200 pW/cm®.
Furthermore, the response time of the self-diffraction can be shortened to 100
msec regime with the applied DC field. This unusual response of the methyl-
red doped sample is attributed to the photo-induced DC voltage, a photo-

voltaic effect, which will be discussed in more detail in a later section.

Self Diffraction in Planar Aligned NLC Films
For the planar aligned samples, the input beams in the self diffraction

experiment are symmetrically incident on the film, and an AC field is applied
to the sample to pretilt the director axis. Alternatively, one can also tilt the
sample physically to obtain effects similar to the homeotropically aligned

sample.
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FIGURE 4: Diffraction efficiency as a function of the AC and DC voltage for
a Cgo doped NLC (5CB) film. Power= 40 mW (for both the pump and
probe), A=514.5 nm, and sample thickness = 25 um.

Figure 4 shows the dependence of the first order self-diffraction, Es, on
the applied DC and AC fields for the geometry shown in Figure 1b. Below
the Freedericksz transition voltage, the director axis is parallel to the optical
electric field and there is no significant diffraction. As the voltage across the
sample is increased the diffraction power increases until it reaches a
maximum value, similar to the homeotropic case where maximal refractive
index modulation due to director axis reorientation occurs at f=45°, As the
AC voltage is further increased the diffraction power decreases because the
molecules are now strongly aligned with the AC field (i.e. perpendicular to
the cell boundary), thereby diminishing the photorefractive effect. Under
higher DC bias voltage, persistent gratings are formed in the short time it
takes to acquire data. This effect can be seen in Figure 4 (V4.=1.75 and
Vg4:=2.0). The data for this figure was acquired by starting at a high AC

voltage and working backwards to a zero AC voltage while the DC voltage is
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applied. The diffraction at an AC voltage of zero signifies the presence of a
persistent grating. These persistent gratings can be “switched” on or off by
applying a large AC field®. Persistent gratings will be discussed further in a
later sections.

Although the use of an AC field (above the Freedericksz field transition)
in the case of planar sample appears somewhat cumbersome, it nevertheless
allows the observation of the photorefractive effect in a normal incidence
geometry (i.e. B=0). This feature is important for potential light valve like

applications of this photorefractive nematic liquid crystal.

Beam Amplification Theory and Experiments

The process of energy transfer between the two input beams is complicated
by the presence of side diffraction beams (i.e. E3, Ey, etc.). Such multiwave
mixing processes have been quantitatively analyzed by Khoo and

(61231 in their study of purely optically induced director axis

others
reorientation in NLC films. Following their multiwave mixing theory
modified accordingly for a phase-shifted index grating,, the equation for the
three optical electric fields E; involved (i.e. pump=E,, probe=E; and

diffraction on the pump side=Ej3) are given by:

% = ~g[(E\E;)E, +(E,E; )E, + other _wavemixing_terms| 5)
% = §[(E.E)E, +(E,E; )E,e™ + other_wavemixing _terms| ©)
D _ g[(E,E7)E, +(E,E;)E,e™ + other_wavemixing _terms]  (6)

dz
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In these equations, g, is the real coupling constant, whose sign depends on the
direction of the applied DC field.*! The factor Ak = |2kI -k, —k3| is the

wave vector mismatch with k; being the magnitude ‘of the i optical wave
vector along the z direction. At large pump/probe beam ratio (i.e. very weak
probe beam) the diffracted beam Ej; is relatively much weaker than E;, and
higher order diffractions (Ey4, Es, etc) are negligibly small. This justifies the
consideration of only three interacting waves.

The two terms on the right hand side of these equations describe the
wave mixing contribution from the gratings formed among the two incident

beams E;, E; and the first order diffracted beam E3 on the pump side. Note

that E,EE, is independent of the phase (and therefore any phase aberration)

of the pump beam since it is proportional to E;E,. On the other hand, the

iAkyz

latter term E,E;E,e will impart phase aberration on the amplified probe

beam, since it is proportional to E,E,. To achieve aberration-free

amplification, this term should be suppressed, either by using a very weak

probe, or using a thick film so that the wave mixing process is in the Bragg

regime( Ad >> AZK ), where d = sample thickness and Ag is the grating

spacing. This is indeed demonstrated in experiments using a weak probe
beam, and reported in reference [6].

The wave mixing beam amplification process has transient and storage
features. If the exposure time is short (a few seconds), the effect is transient.
Figure 5 shows the probe gain (2 seconds after the application of the externai
DC field) as a function of the DC voltage appearing across a 25 micron thick
Ceo doped homeotropically aligned nematic film. The pump/probe beam
ratio used was 239.

In experiments with a 10 micron sample, a probe gain value of ~18 was

obtained.®™ Here gain was defined as the ratio of the transmitted probe with
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external fields on to the transmitted probe power without fields. This gain
corresponds to an exponential gain constant of 2890 cm™'. Such large gain is
attributed to the use of more photo-conductive dopants such as Ceg rather
than relying on the photo-conductive properties of unknown impurities in
commercially “pure” liquid crystals used in previous wave mixing

2 where the gain achieved was much smaller. The high gain

experiments
can also be explained by the large DC field strengths present in thin samples.
Since the space charge fields are proportional to DC field strength thin
samples should have a more pronounced photorefractive effect than thicker

ones.

Amplification After 2 seconds
-~

18 20 22 24 28 28 3.0 3.2 34

DC Voltage (V)

FIGURE 5: Transient probe beam amplification for short exposure time
(2 seconds) at a wavelength of 488nm, a = 1 degree, B ~ 22.5 degrees,
pump beam power = 98 mW.

Grating Storage Capability
If the applied DC field and the incident beams are left on for a sufficiently

long time (~ 1 minute), the amplified probe and the pump beam will create a



Downloaded by [University of Haifa Library] at 20:17 20 August 2012

PHOTO-INDUCED SPACE CHARGE FIELDS... [8771/433

permanent grating on the sample. Starting with a very weak probe beam
(pump/probe beam ratio > 200), the steady state situation consist of a highly
amplified beam, several orders of diffraction, and a permanent grating that
can be turned on/off by an externally applied AC field.”!

Our previous investigation”! and theories have shown that the storage
grating efficiency is dependent on the grating spacing as well as the sample
thickness, similar to the transient case. Figure 6 shows a recently obtained
dependence of the stored grating diffraction efficiency on the grating constant
for an 6 pum thick undoped SCB NLC film. Notice that the diffraction
efficiency peaks at a grating wavelength of about two times the film
thickness. These results are in agreement with the theory and experimental

results reported previously.m
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FIGURE 6: Dependence of the diffraction efficiency on the grating
wavelength for permanent gratings formed in an undoped nematic film.
The film thickness was 6 microns, Ppe=4 mW, A = 448 nm, and
Vac=2V.
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This study in thinner films shows that fairly high resolution gratings
(>100 lines/mm) can be written in the undoped nematic film with low optical
power density. In C60 doped or Methyl red dye doped nematic films, we
have shown that similar gratings can be generated with much lower optical
power density (200 p.W/cmz) for a 10 second exposure time (i.e. writing

energy density of 2 mJ/cm?).

Photo-Voltaic Effect in Methyl-Red Doped Nematic Films
As discussed in a previous section, the methyl-red doped homeotropically

aligned nematic films present several unusual electro-optical effects not
found in other doped (e.g. C60) samples, undoped samples, or in planar
aligned methyl-red doped nematic films. In particular, we have observed the
generation of a voltage across the cell boundary when the sample is
illuminated by a low power linearly polarized argon-ion laser beam (we have
observed similar effects with all the principle lines from the argon-ion laser).
Figure 7 shows an example of the recorded DC voltage versus time across a 6
micron thick, homeotropically aligned, methyl-red doped, 5CB film, as
measured from the input relative to the exit window. A sample illuminated
with a 488 nm laser at an intensity of 1 mW/cm?, elicited a peak voltage of
about 6 mV. The polarity of the observed voltage was reversed if the
incident direction of the light was reversed.

Such photo-voltaic effects have been observed in other liquid crystalline

systems. In particular, S. Sato!'¥

reported observation of photo-induced
voltage pulses in methyl-red doped MBBA films sandwiched between SnO;
coated Pyrex glass plates, and also in S5CB nematic films. The actual
mechanism(s) responsible for the photo-voltaic effects observed in our
samples remain to be ascertained, but they may be similarly attributed to the

photo-charge generation in the methyl-red doped nematic film, and
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subsequent diffusion and redistribution of the ions with different mobilities.
Exchanges of ions between the HTAB coated ITO electrodes and the doped

nematic film could also be involved.

Figure 7:  Oscilloscope trace of the DC voltage detected across a 6
micron thick homeotropically aligned 5CB film. Optical intensity used
1mW/cm?;wavelength = 488 nm.

This new contribution to the optically induced DC fields within the
nematic film may explain the unusually large wave mixing effect in these
methyl-red doped films as noted in an earlier section. Figure 8 shows the
self-diffraction efficiency versus the total input pump beam intensity with a
small DC bias voltage of 0.2 volts along the direction of the photo-induced
voltage. Using higher bias voltage, or applying the bias voltage in the reverse
direction tends to diminish the effect, so 0.2 V appears to be the optimal bias
voltage to use. Notice that even at sub mW/cm’ optical intensity, one could
still observe substantial diffraction. At a writing beam intensity of 2
mW/cm?, the writing time (to achieve 50% of maximum) is found to be 150

ms. The writing time can be reduced with high intensity writing beams.
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Figure 8: Self-diffraction efficiency as a function of input pump
intensity in Methyl-red doped 5CB cell. Thickness: 6 pum; P=0;

homeotropic alignment; grating constant = 12 um; applied DC volt. =
0.2 volts.

CONCLUSION

In conclusion, we have presented an account of several nonlinear electro-
optical wave mixing effects in nematic liquid crystals. It has been
demonstrated that in thin samples under relatively low DC voltages,
observable wave mixing effects such as self-diffraction can be created with
very low input optical intensities (~10? UW/cm?). Furthermore, the response
times of these effects can be shortened to the millisecond regime. This
sensitivity rivals those exhibited by conventional liquid crystal light valves.
Phase aberration free amplification of a signal beam by a noisy pump beam

has also been demonstrated. In addition, we have shown that permanent
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gratings, down to a grating spacing of a few microns (>200 lines/mm), can be
generated in these films. These newly observed effects are potentially useful
for developing a new class of light valves or spatial light modulators,
beam/image amplifiers, and/or other adaptive optics and coherent wave

mixing devices.
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