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A planar liquid crystal (LC) cell is developed in which two photo-alignment layers have been illuminated with respectively a

horizontal and a vertical diffraction pattern of interfering left- and right-handed circularly polarized light. In the bulk of th

www.rsc.org/

cell, a complex LC configuration is obtained with periodicity in two dimensions. Remarkably, the period of the structure is

larger than the period of the interference pattern, indicating that lowering of the symmetry allows a reduction in th¢

elastic energy. The liquid crystal configuration depends on the periodicity of the alignment but also on the thickness of the

cell. By applying a voltage over the electrodes, the power going into the different diffracted orders can be tuned. Fir..

element (FE) simulations based on Q-tensor theory are used to find the 3D equilibrium director distribution, which is us

to simulate the near-field transmission profile based on the Jones calculus. A 2D Fourier transform is performed for both

the x- and y-component of the transmitted wave to find the diffraction efficiency.

Introduction

Liquid crystals (LCs) are widely used in display applications and
their unique electro-optic properties also make them suitable
for the use in photonic components such as optical filters,
light modulators,
Multiple
techniques such as mechanical rubbing, ion beam etching and

switches, beam-steering devices, spatial

. . 1-8
lasers, and optical nonlinear components .

oblique deposition of inorganic material have been
investigated in the past to control the LC alignment near the
surface. Photo-alighment materials recently gained popularity
thanks to the flexibility to align liquid crystals in complex
configurations that cannot be obtained with common
alignment techniques. They offer interesting possibilities if
geometrical constraints make mechanical rubbing problematic
and if high-resolution LC configurations with micrometer or
12 With the help of

photo-alignment material, a good alighnment can be obtained

submicrometer resolution are envisioned

on curved surfaces, thin capillaries and multi-domain pixels. In
recent years, photo-alignment materials have been extensively
used to align LCs in optical polarization gratingslg"zo. The cell is
illuminated with an interference pattern of right- and left-
handed circularly polarized light (figure 2). This results in a
continuously rotating alignment on both substrates that can

be represented by a director field that is independent of the z-

coordinate: n(x,y,z) = sin (%) 1, + cos (%) 1, (figure 1).
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Note that the director is represented by a vector, but there is
no physical difference between n and -n. These liquid crysta
polarization gratings can be switched with modest drive
voltages and can have a high diffraction efficiencyle.
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Figure 1 1D (left) and 2D (right) LC polarization grating

In this work, we use the same interference pattern of right-
and left-handed circularly polarized light to illuminate both
photo-alignment coated substrates but, before the cell 15
assembled, one of the substrates is rotated over 90°. As :
result, the alignment direction on the bottom substrate varies
along the x-direction and on the top substrate it varies along
the y-direction (figure 1). This gives rise to a three-dimensiol
LC configuration in the bulk and a two-dimensional diffraction
pattern. The LC configuration depends on the periodicity -
and the thickness d of the cell. By applying a voltage over t..
liquid crystal layer, the diffraction pattern can be tuned. Other
techniques for the formation of three-dimensional LC vectot
holograms and twisted nematic LC gratings with interesti g
diffraction properties have been reported earlier by Sasaki

al.** and Choi et al.”
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In the following sections we discuss the experimental details of
the used setup and analyze the polarized microscope images
of the LC grating. Finite element simulations based on Q-
tensor theory are performed to find the 3D equilibrium
director distribution and this result is used to simulate the
near-field transmission profile based on the Jones calculus. The
simulated results for the transmission are compared to the
Finally the far-field
characteristics are analyzed as a function of the applied

experimental results. diffraction

voltage both experimentally, theoretically and by simulations.

Experimental setup

For the experiments, the nematic liquid crystal E7 is used. The
cell consists of two parallel glass substrates, each covered with
an indium tin oxide (ITO) electrode and a photo-alignment
layer. Both PAAD22 (Beamco) and sulfonic azo dye SD1 have
been used as alignment layer and give comparable results®.

The photo-alignment layer is spin-coated on the glass
substrates (3000rpm, 30s) and illuminated with an
interference pattern of right- and left-handed circularly

polarized UV light beams making an angle 8y, of 1.56° with
the substrate normal (figure 2). We use a continuous wave
single-mode UV laser emitting at 355nm (Coherent, Genesis CX
SLM, 100mW). The interference pattern has a periodicity
A = Ayy/2sin(8yy) of 6.5um and the director vector exhibits
a periodicity of 2*A=13pum as shown in Fig. 1. The power in
each beam is 30mW and the sample is illuminated during 90s.
The spot size is approximately 1cm?. Both glass substrates are
illuminated with the same interference pattern but they are
rotated over 90° compared to each other before the cell is
glued together (as in Fig. 1). The alignment is done by hand.
The glass plates are separated by spacers of 3um. To achieve
electrical tuning, a sinusoidal potential difference with a
frequency of 1kHz is applied over the ITO electrodes.

To analyze the diffraction, a continuous wave He-Ne laser (JSD
uniphase, 633nm, 4mW) is used and the diffraction efficiency
is detected with a power meter (Newport 2936C). The He-Ne
light source is linearly polarized and the polarization state is
controlled by a quarter waveplate (QWP). Microscope pictures
are taken with a polarizing optical microscope (Nikon Eclipse
E400 POL).
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Figure 2 illumination scheme for a 1D LC polarization grating (RHP and LHP UV = right-
and left-handed circularly polarized UV light).
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Polarization microscopy analysis

Polarizing optical microscopy can help to reveal the director
configuration in the bulk of the LC cell. Figure 3 shows
transmission microscope images for a cell between crosse .
polarizers without voltage applied. The boundary conditions
determined by photo-alighment are periodic with a unit cel’
with dimensions A by A. However, the unit cell of the ligu.c
crystal 2D structure has an area of 4*A? and two domains witt:
shifted gratings may be observed (figure 3 and 4). The fact that
the liquid crystal forms a superstructure with a
periodicity than the structure defined by the boundary
conditions, is reminiscent of a symmetry breaking that takes

lowel

place in order to avoid the formation of disclinations and tc
reduce the total free energy in the director configuration
Figure 3 illustrates the existence of two domains in which the
pattern in shifted horizontally over a distance A. Symmetry
breaking leads to equivalent structures with different
properties that can be used in bistable devices that can be
switched electrically or optically24.

The complex pattern contains a purple line with little variatior
in intensity along the diagonal. When the amplitude of the ac
voltage is increased the smooth color pattern changes
continuously until a dark state is obtained, indicating that the
equilibrium structure does not contain any disclination lines
(figure 5). With the director orientation at the two substrate:
determined by photo-alignment, it is not possible to achieve 2
continuous (disclination-free) director distribution in which als
directors lie in the horizontal xy-plane. As we do not observe
disclinations, we can conclude that the director configuration
will have components along the z-direction.

Figure 3 transmission profile of the LC cell between crossed polarizers (0V)

As can be seen in figure 4, the period along the anti-diagonal Is
V2 % A and not /1/\/2. Along the solid black lines on figure ¢
the top and bottom director are parallel, while on the dashed
black lines the top and bottom director are antiparalle..
Although there is no physical difference between nand -n, t -
symmetry breaking that takes place in order to avoid the
formation of disclinations makes these two configuration iv
the superstructure nonequivalent.

Based on the transmission microscope images, we can
estimate a director configuration in the bulk of the LC cell
Figure 4 shows the proposed mid-plane director orientation on
the right. This configuration is consistent with te
experimentally observed absence of disclination lines and can

explain the +/2 * A periodicity along the anti-diagonal. For

This journal is © The Royal Society of Chemistry 20xx
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positions with a parallel top and bottom director (solid lines)
the director configuration in the bulk is approximately
homogeneous. This yields a retardation of I' = (2rAn d)/A =

(2m % 0.22 * 3) /A[um] close to 2= for red light which explains
the dark blue diagonal in the picture. For the dotted lines in
the figure with an antiparallel top and bottom plane director
the mid-plane director is vertical. This gives rise to a
retardation close to mt for red and green light and a bright area
if the director is not parallel to the polarizer or analyzer.

ARTICLE

x=2A

x=0

Figure 4 transmission profile with top (red) and bottom (black) director distribution
(left); transmission profile with mid-plane (blue) director distribution (right). One unit
cell for the director configuration is shown in the figures, the unit cell for the boundary
conditions is shown in a dotted line.

The observed transmission between crossed polarizers for
three different voltages is shown in figure 5. For sufficiently
high voltages (=3Vp), the structure becomes centro-symmetric
with a periodic pattern along both the diagonal and the anti-
diagonal. The periodicity in this case is A2 in both directions.
For high voltages we expect the director to be along the z-axis
in the middle of the LC, whereas there is still planar alignment
near the substrates. If the directors at the top and bottom
substrates are oriented perpendicularly, the transmission is
low and a dark spot is visible (figure 6). This can be explained
by the fact that the retardation of the LC layers near the top
and near the bottom substrates have opposite sign and
compensate each other. Positions with a parallel director
orientation at top and bottom substrates also give rise to dark
areas if the orientation is also parallel with the polarizer or the
analyzer. For high voltages, the transmission becomes very low
since the LC is then almost completely vertically aligned and
the retardation is close to zero.

1,5Vp 2Vp 3Vp

Figure 5 transmission profile between crossed polarizers for 1.5Vp, 2Vp and 3Vp.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6 transmission profile between crossed polarizers for 4Vp.

FE simulations
Theory

The spatial distribution of the nematic director in a volume is
found by minimizing the Landau-de Gennes free-energy
functional®?®. The liquid crystal is described by an orc
tensor (Q-tensor) and the given alignment conditions at the
top and bottom interfaces are included using strong anchori..
conditions. The unit cell considered in the simulations has
dimension 2A in both the x- and y-direction so the simulatec
3D domain has a volume of 2A*2A*d with d the thickness ot
the cell. The Landau-de Gennes total free energy in the L(C
domain (2, in contact with a surface I is

frotar = fﬂ(fB +fo —fe)dd+ fpfs ar

where fz is the thermotropic bulk energy density, fp is the
elastic distortion energy density, fr is the electrostatic energy
density and fs is the surface energy density.

Since strong anchoring is assumed, the surface anchoring term
can be neglected and the LC orientation is fixed at the
boundary. The pretilt is set equal to zero and the azimuth

. A
angle varies as @(x) = (E — x) * % on the bottom substrate

and ¢(y) = (% - y) *% on the top substrate.

The thermotropic energy density is given by
fa =5tr(Q%) +2tr(Q®) + £ tr(Q?)?

in which we use A=-2%0.87%103N/m?, B=-2.12~
10*N/m? and C =1.74%+10*N/m?> for the bulk
thermotropic coefficients. These values of A, B and C are twc
orders of magnitude smaller than the experimentallv
measured values for 5CB?. Using 100 times lower values 1.,
these constants increases the natural length scale of variatic -
in the order parameter and results in a faster numerical
convergence of the problem, as reported previously in the<
literature®®*°. As we do not expect large order parame’ =
variations, due to the fact that no disclinations are present,
this is a good approximation.

The distortion energy and electrostatic energy density
contributions are respectively:

1 1 1
fD = ELl Qaﬁ,y Qaﬁ,y + ELZ Qaﬁ,ﬁ Qay,y + 5L6Qaﬁ qu,a qu,ﬁ
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fe =5 €0(Ea€apEp)

where L;, L, and Lg are constants that can be related to the
splay, twist and bend elastic constants K;;, K, and K33, €46 is
the permittivity tensor and E is the electric field. The algorithm
seeks for the Q-tensor field that renders the energy functional
stationary and the electrostatic field is determined from the
variational form of Laplace’s equation31. The elastic and
dielectric properties of the liquid crystal E7 are used in the
simulation (K;;=11.1pN, K,,=6.5pN, K33;=17.1pN, €:=5.2 and
€/,=19.0).

Direct minimization of the Landau-de Gennes energy, without
a reasonably close initial guess for the Q-tensor is
computationally intensive. Based on the experimentally
observed microscope pictures and the conclusions drawn in
section 3 we could make a good initial guess for the director
profile.

For the 3D FE simulation of the Q-tensor model, a tetrahedral
volume mesh is used. To calculate the optical transmission
through the structure, the result for the Q-tensor is
interpolated on a regular grid. This makes it possible to use
the Jones matrix formalism for the transmission after
calculating of the azimuth and inclination from the Q-tensor. In
order to obtain a rough comparison with the microscopy
images, we combine the simulated transmission patterns for
blue (A=450nm), green (A=550nm) and red (A=650nm) light
into a color image.

Simulations

The director configuration is strongly influenced by the ratio
between the periodicity A and the thickness d of the cell. For
thin cells with a large AAM ratio, a structure with planar
directors will be favored while for thick cells with a small Ad
ratio the director configuration will be close to vertical in the
bulk. When the AA ratio is decreasing, we expect the cell
configuration to change from mainly planar directors with
twist disclination lines to a mixed configuration with both
horizontally and vertically aligned regions in the middle as
shown in figure 4 and 7. The tilt in the quasi-planar regions
keeps increasing for decreasing A/ ratios until the director
orientation is almost completely vertical in the bulk (figure 8
and 9). Applying a voltage to the cell,
director orientation in the bulk of the
(figure 7-9).

also makes vertical
cell more favorable

Journal Name

The investigated cells have a A ratio equal to 6.5pm3pum and
the equilibrium configuration agrees with the intermediate
state with both vertical and quasi horizontal regions in the
middle (figure 7-9). The simulated director configuratior
agrees well with the one theoretically predicted based on the
microscope images (figure 4). The simulations show that the
minimal tilt in the middle of the cell is not equal to 0° but
around 8°. When a voltage is applied to the cell, the degree o*
vertical alignment in the bulk increases as can be seen in
figures 7 to 9. The simulations confirm the directo
configuration presented in the previous section.

For the cases with and without applied voltage, the simulatec
transmission profiles (figure 10) are in good agreement with
the experimentally observed profiles (figure 4 and 5). The
periodicity, the bright and dark areas and even the color
information is reproduced to a good degree. This confirms the
validity of the solution for the director configuration.

e v e oo
Yy
N .-0 N

Figure 8 simulated director profile for a cell with 2A*2A*d=13pm*13um*3um (left)
and 2A*2A*d=3.25um*3.25um*9um (right). The applied voltage is OV on the right anc
0V, 1.5V and 4V on the left from top to bottom. A cross section of the director profile
for y=0is shown.
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Figure 7 simulated mid-plane (z=1.5um) director profile for OV, 1.5V and 4V for a cell
with 2A*2A*d=13pm*13um*3um.

4| J. Name., 2012, 00, 1-3
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Figure 9 simulated director profile for a cell with 2A*2A*d=13um*13um*3um (left) o=~
2A*2A*d=3.25um*3.25um*9um (right). The applied voltage is OV on the right and Uv,
1.5V and 4V on the left from top to bottom. A cross section of the director profile f
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y=NA/2 is shown.
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Figure 10 simulated transmission patterns for a cell with 2A*2A*d=13um*13um*3um.
The applied voltages are 0V, 1V, 1.5V, 2V, 3V and 4V.

Diffraction Patterns

Theory and simulation

For 1D LC polarization gratings the diffraction efficiency of the

different modes can be estimated theoreticaIIyB’16 based on

the paraxial approximation for an
2mAd/(ng A2) < 1. The

diffraction efficiency n,, of the m™-order is
ng = cos? (—”Alnd)

Ny1 = %* [1 F 53]sin? (

infinite grating with

theoretical prediction for the

@)

n:And)
i

Nm = 0forallm > 2

with A the wavelength of the incident light and S5 = S3/S, the
normalized Stokes parameter corresponding to the ellipticity
of the incident Iight16. The polarization state is conserved for
diffraction in the 0" order and the handedness of circular
polarization is inversed for diffraction in the 1" order. 4n can
be approximately simulated as a function of the voltage by
considering the electrostatic switching of a planar nematic LC
cell. For the diffraction grating studied in this article, it is no
longer possible to the efficiency
theoretically. For sufficiently high voltages (>1V), we are

calculate diffraction
however able to use the results for a one dimensional LC
polarization grating. Besides other elements, for these voltages
the diffraction
originating from the one-dimensional gratings in the x- and y-
directions. The director in the upper part of the cell stays

pattern contains two diffraction spots

unchanged for a constant y-coordinate while the director in
the lower part of the cell stays unchanged for a constant x-
coordinate. For this reason the cell acts as a combination of a
diffraction grating along the x-direction and one along the y-
direction. The behavior of these 1D gratings as a function of
the voltage can be estimated theoretically based on equation
(1). The combined effect of the upper and lower part of the

This journal is © The Royal Society of Chemistry 20xx
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cell gives rise to an overall periodicity along the anti-diagonal
and a diffraction spot in this direction (figure 11).

A more elaborate theoretical study of the 2D diffraction
grating for lower voltages is not considered in this article
Instead the diffraction pattern is numerically calculated basead
on the simulated director profile. By performing the Jones:
calculus as described in the previous section, the phase ard
polarization state of the wave is known after propagating
through the liquid crystal layer. To calculate the diffraction
pattern, the wave is decomposed into two waves witl
orthogonal linear polarizations (along the x- and y-axis) and
the diffraction is found by using a 2D Fourier transform fo.
both near field components. Both the polarization state anc
the diffraction intensity in the different orders can be found by
combining the two diffraction patterns.

Experiments

In the diffraction experiment, right handed circularly polarized
light from a He-Ne laser (633nm) is used. For left hande.
circularly polarized light, the same results are obtained w’ -
the diffraction spots mirrored through the origin. The incident
power is 200uW. The total transmission in the measur
diffraction orders depends on the applied voltage but i
typically around 80%. This means that around 20% of the light
is scattered, absorbed or reflected by the LC cell.

Diffraction intensity (pW)

Vrms (V)

Figure 11 left: measured diffraction intensity as a function of the voltage for the % %
mode, 0 1 mode, 1 0 mode and 0 mode. Right: the pattern appearing on a screen, seer
from the laser, for an applied voltage of 2V.

When no voltage is applied, only a few percent of the light i
transmitted in the zero order, and almost 60% of the incide*-
light is diffracted into the % % order (figure 11). Despite th¢
complicated director configuration, the diffraction efficiency is
still relatively high thanks to the high quality of the structure
Since the director pattern shows a V2*A periodicity along t'--
anti-diagonal the light is most strongly diffracted in the % %
order situated along the anti-diagonal (figure 11). By increasi. .,
the voltage, the diffraction into the % % order decreases while
the transmission in the zero order increases. Above ti
threshold voltage (=0.9V), both the director configuration a.

the diffraction pattern start to change abruptly. For high
voltages (>3V) the director configuration slowly becomes
vertical in the bulk and the diffraction in the zero ord-r
converges to the maximum. The threshold voltage is on t e
same order of magnitude as the theoretically calculated and

J. Name., 2013, 00, 1-3 | 5
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experimentally observed threshold voltage for 1D LC

polarization gratingslg.
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figure 12 theoretical prediction for the diffraction into the first order (black) and
experimentally measured diffraction in the 0 1 and 1 0 orders (red and green) as a
function of the voltage.

Besides diffraction in the % % and zero order modes, a
considerable amount of light is diffracted in the 0 1 and 1 0
modes for intermediate voltages (0.9V<V<3V). This diffraction
is similar to the one observed for 1D LC polarization gratings
with the same periodic alignment layer on both substrates
(only in the x- or only in the y-direction). For high voltages, the
problem is actually decoupled into two problems where the
top and bottom alignment layer act independently. As
explained earlier, at high voltages the director in the upper
part of the cell stays unchanged for a constant y-coordinate
while the director in the lower part of the cell stays unchanged
for a constant x-coordinate.

The combined effect of the upper and lower part gives rise to
an overall periodicity along the anti-diagonal and causes the %
% diffraction spot. The periodicity along the x-direction and y-
direction is equal to A while the periodicity along the anti-
diagonal is V2*A, which agrees with the relative position of
the 1 0, 0 1 and % % diffraction spots. In figure 12, the
diffraction intensity in spots 1 0 and 0 1 as a function of the
voltage is compared to the theoretical prediction for a cell of
2.8um thickness (equation 1). The results are normalized such
that the behavior as a function of the voltage can be easily
compared. A good agreement between theory and the
experiment is observed.

Since only the behavior of the 1 0 and 0 1 diffraction modes
can be compared with the theory, we performed a fast Fourier
transform to simulate the complete diffraction pattern based
on the results from the Jones calculus. This analysis was
repeated for different voltages and the results are compared
with the experiment in figures 13 and 14. The diffraction in the
¥% ¥% and 0 0 mode is analyzed in figure 13 while the 01, 1 0
and some less strong diffraction orders are given in figure 14.
The experimental red while the
simulations are shown in black. In general, a good agreement

results are shown in

between the experiments and the simulations is observed. The
alignment is not perfect in practice and the diffraction pattern
depends strongly on the thickness of the cell. Small changes
between the simulations and the experiment can be related to
this.

6 | J. Name., 2012, 00, 1-3
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Our simulations show that the polarization state is conserved
for the 0™ order diffraction and changed from right- to left-
handed polarization for the 0 1 and 1 O diffraction orders at
high voltages. This confirms that the 2D grating at high voltage
can be considered as a combination of two 1D gratingsls.

When the incident laser beam makes a (small) angle with the
substrate normal, the diffraction patterns are similar to the
results presented previously. This is not unexpected, because
the cell thickness is much smaller than the grating period.

Transmission (%)

0 r » = = e - a
Vrms (V)

figure 13 experimental measurements (red) and simulations (black) for the diffraction
in the 0 mode and % % mode.

20

-
wn

Transmission (%)
=
o

Vrms (V)

Figure 14 experimental measurements (red- and simulations (black) for the diffraction
inthe10,01,11and-%% mode.

Conclusions

We have demonstrated that it is possible to form a periodic
liquid crystal grating by separat:
illuminating the photo-alignment layers on two substrates with

two-dimensional

one-dimensional UV interference patterns. Remarkably, tiic
liquid crystal director pattern that is formed between the
alignment layers has a lower periodicity (the period is twe
times larger) than the interference pattern of the alignme..
layers. The resulting liquid crystal lattice has a topology
without disclinations and is rather complicated. By carefui
analysis of microscopy images and diffraction patterns and '
comparing them with numerical simulation results, we & -

This journal is © The Royal Society of Chemistry 20xx
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confident that we have a good knowledge of the resulting 3D
director distribution.

In order to demonstrate the validity of the director orientation
we used a period of 6.5um for the interference pattern.
Smaller periods, leading to larger diffraction angles can equally
be used. By increasing the angle 8y, of the UV laser beams,
the period of the grating A can be reduced and the resulting
angles of diffraction can be increased considerably. To obtain
the same complex 3D director pattern, the cell thickness d
should be scaled down linearly with the period A, however this
will reduce the fraction of light that is diffracted in the non-
zero order. Decreasing the A/d ratio on the other hand will
lead to a weak diffraction grating with a close to vertical
director orientation in the bulk.

This work demonstrates that a complex, 3D liquid crystal
pattern can be formed in the bulk by defining a well-designed
director orientation on two planar substrates. We have
presented only one possibility, but photo-alignment patterns
may prove to be a versatile procedure to realize a myriad of 3D
liquid crystal structures. The fact that symmetry breaking leads
to structures with a larger period indicates that the boundary
conditions may lead to inherently equivalent stable states that
could be selected by the application of small inhomogeneous
electric fields. This opens up promising applications for ultra-
low power devices. The presented work offers interesting
perspectives for beam-steering devices and laser applications.
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