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Abstract: Highly efficient optical diffraction can be realized with the help of micrometer-thin liquid
crystal (LC) layers with a periodic modulation of the director orientation. Electrical tunability is
easily accessible due to the strong stimuli-responsiveness in the LC phase. By using well-designed
photoalignment patterns at the surfaces, we experimentally stabilize two dimensional periodic LC
configurations with switchable hexagonal diffraction patterns. The alignment direction follows a one-
dimensional periodic rotation at both substrates, but with a 60◦ or 120◦ rotation between both grating
vectors. The resulting LC configuration is studied with the help of polarizing optical microscopy
images and the diffraction properties are measured as a function of the voltage. The intricate bulk
director configuration is revealed with the help of finite element Q-tensor simulations. Twist conflicts
induced by the surface anchoring are resolved by introducing regions with an out-of-plane tilt in
the bulk. This avoids the need for singular disclinations in the structures and gives rise to voltage
induced tuning without hysteretic behavior.

Keywords: nematic liquid crystal; 2D periodic structures; hexagonal diffraction patterns; photoalignment;
out-of-plane reorientation; flat optical elements

1. Introduction

Thanks to the remarkable combination of fluidity and long-range ordering in the
liquid crystal (LC) phase, LC-related research has continued to attract attention over many
decades [1–4]. The long-range ordering of the anisotropic molecules in the LC phase
leads to macroscopic anisotropy, with directional dependence of the optical, electrical,
magnetic, mechanical, etc. properties. The fluidity, on the other hand, gives rise to strong
stimuli-responsiveness, resulting in easily accessible tunability with the help of electric
fields, heating, illumination, etc. During the last few decades, high-resolution photoalign-
ment techniques became available to pattern the anchoring of the LC at the confining
substrates [4–6]. This offers the possibility to steer the self-organization of complex 3D LC
configurations in the bulk and in this way engineer devices with desired functionality. In
many applications, the LC is used for its electro-optical functionality. The most well-known
example is the LC display (LCD), but nowadays LC is also being used to an increasing
extent in beam splitters, lenses, diffraction gratings, lasers, beam shaping elements, spa-
tial light modulators, etc. [4,7–17]. Photoalignment is an important enabling technology
to design these kinds of flat optical components, where efficient light manipulation is
obtained in micrometer-thin LC layers. Molecules in the photoalignment layer typically
tend to orient perpendicularly to the polarization direction of the illuminating light, and
a well-designed alignment pattern can be imposed by using structured illumination. To
do so, different illumination methods have been developed: interference illumination,
direct write illumination, plasmonic patterning, structured illumination with the help of
a spatial light modulator, etc. [18–22]. The cell can be assembled before or after doing
the illumination and in this way different alignment patterns can be imposed at the top
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and bottom substrate. This offers additional possibilities to design LC components with
complex director configurations and advanced optical functionalities.

We here impose a 1D periodically rotating alignment pattern at the top and bottom
substrate, with a deviating rotation direction at both substrates (Figure 1). The cells are
filled with nematic liquid crystal (NLC) with a positive dielectric anisotropy. The complex
alignment configurations at the interfaces give rise to intricate periodic director arrange-
ments in the bulk and electrically tunable 2D diffraction patterns. We investigate the effect
of different rotation anglesψ (60◦, 90◦, 120◦) between the top and bottom alignment pattern
on the bulk director configuration and on the diffraction characteristics, by comparing
experiments with numerical simulations.
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Figure 1. Alignment configuration at the bottom (z = 0) and top (z = d = 5.5 µm) substrate for ψ = 60◦

(a,b) ψ = 120◦ (c). One simulated unit cell is shown. Periodic boundary conditions are applied at the
edges with a fixed x- or y-coordinate. (b,c) Indication of regions with parallel (green) and anti-parallel
(yellow) director alignment at the top and bottom substrate when a vector representation of the
director is used. The unit cell for the bulk LC director configuration is shown in dashed lines, together
with the unit cell for the alignment pattern in full lines.

A similar alignment configuration has been investigated before, but only for crossed
assembly of both substrates (ψ = 90◦) [22–27] or anti-parallel assembly (ψ = 180◦) [28,29].
Somewhat different from the other alignment configurations,ψ = 180◦ gives rise to a 1D con-
figuration. Regarding the 2D configurations, Crawford et al. in 2005 and Provenzano et al.
in 2007 were the first to study the crossed alignment configuration (ψ = 90◦) experimentally
(in static conditions) [22,23]. Wang et al. used this alignment configuration in 2017 in
combination with sliding substrate assembly [24]. We were the first to investigate the
director configuration in detail for the crossed assembly of rotating planar alignment
patterns [25–27]. We demonstrated that surface-induced twist conflicts can be elegantly
resolved by introducing a region with vertical director orientation in the bulk, a possibility
that was overlooked before. Although the alignment pattern induces planar anchoring at
the substrates, the director becomes vertical in a region in the bulk to avoid the creation of
disclination lines and minimize the free energy. In order to do so, symmetry breaking takes
place, leading to a LC superstructure with a larger period (unit cell 2Λ × 2Λ) than defined
by the boundary conditions (unit cell Λ × Λ). In this article, we demonstrate that this con-
cept can be generalized to other (non-90◦) rotation angles between the alignment patterns
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at both substrates. The self-organization of disclination-free LC configurations with local
regions with vertical director orientation is demonstrated experimentally and with the help
of numerical simulations. The regions with close-to-vertical mid-plane director orientation
are approximately lines along a bisector between the axes of director variation on both
substrates. The voltage-induced tunability of the director configuration and the diffraction
characteristics are also discussed.

2. Materials and Methods
2.1. Sample Preparation

To prepare the cells, two ITO-coated glass substrates are covered with a photoalign-
ment layer and illuminated with the help of an SLM based illumination setup. As a
photoalignment layer, we use Brilliant Yellow (BY, Sigma-Aldrich, St. Louis, MO, USA,
0.2 wt %) dissolved in dimethylformamide (Sigma-Aldrich). After cleaning, the substrates
are treated with an ozone-plasma and the photoalignment layer is spincoated (3000 rpm,
30 s). The substrates are subsequently dried on a hotplate for 5 min at 90 ◦C and the
photoalignment procedure is followed before the substrates are glued together. Spherical
spacers with 5.5 µm diameter are mixed in the glue (NOA 68) and only the glue edges are
illuminated by UV light for curing, while the rest of the cell is protected by aluminum foil.
After gluing the substrates together, the cell is filled with nematic LC E7 at 80 ◦C (above the
transition temperature) and cooled down to room temperature. For the photoalignment
procedure, a blue laser (Cobolt Twist, 200 mW, λ = 457 nm) is combined with a spatial light
modulator (Holoeye Pluto 2) with a resolution of 1920 by 1080 pixels and a pixel pitch of
8 µm. With the help of the necessary quarter-wave plates, the pattern that is displayed on
the SLM defines the (linearly polarized) polarization pattern projected on the substrate.
The setup itself is discussed in more detail in previous articles [16,20].

After illumination, the substrates are assembled so that there is a ψ rotation between
the 1D rotating alignment pattern at the top and bottom substrate. The azimuthal angle ϕ
w.r.t. the x-axis is varying at the substrates as

ϕ(r) = ϕ0 −K.r

Kt,b = π
Λ cos ψ2 1x ± π

Λ sin ψ2 1y
(1)

with Kt and Kb respectively being the grating vector at the top and bottom substrate.
The alignment period Λ was equal to 10 µm. To obtain alignment configurations with
differentψ in the same cell, the alignment patterns imposed by the SLM are rotated over the
appropriate angle for different illuminated areas. In our convention, the alignment patterns
are rotated over ±ψ/2 around the z-axis for the top and bottom substrate (Figure 1). The
bisectors between the rotated axes are along the x- and the y-axis. With these definitions,
we find linear regions parallel to the x-axis in which the top and bottom alignment are
parallel, indicated by yellow and green in Figure 1. The boundary conditions are periodic
in the y-direction with period Λy

Λy =
Λ

sin
(
ψ
2

) (2)

and in the x-direction with period Λx

Λx =
Λ

cos
(
ψ
2

) . (3)

2.2. FE Q-Tensor Simulations and Simulations of Optical Microscope Images

To simulate the 3D director configuration in the bulk of the cell, finite element
Q-tensor simulations are used [30,31]. The representation of the LC in terms of the
Q-tensor—combining information about the LC order and orientation—can simulate con-
figuration with and without singular disclinations. The simulation program is looking for
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a stationary solution that minimized the Landau De Gennes free energy, being the sum of
the elastic distortion energy, electric energy (when a voltage is applied), surface energy,
and thermotropic (or Landau) energy [32,33]. The energy contributions are expressed in
terms of the Q-tensor and its spatial derivatives and material parameter of the LC E7 are
taken into account (K11 = 11.1 pN, K22 = 6.5 pN, K33 = 17.1 pN, εperp = 5.2, εpara = 19). The
values of the bulk thermotropic coefficients A, B, and C (A =−174 N/m2, B = −2120 N/m2,
C = 1740 N/m2) are based on the experimentally measured values for 5CB at a reduced
temperature of −2 ◦C [34]. Smaller values for these constants are used to increase the
natural length scale of variations in the order parameter and to obtain faster numerical
convergence [35]. A tetrahedral mesh is used to describe the volume of the LC and a
voltage can be applied between the z = 0 and z = d coordinate (uniform electrodes at the
substrates). Periodic boundary conditions are used at the edges of the simulation domain
for constant x- or y-coordinate, and fixed anchoring is imposed at the substrates z = 0 and
z = d = 5.5 µm. Since we can only impose periodic boundary conditions for a rectangular
unit cell, with edges for a fixed x- and y-coordinate, we simulated a rectangular unit cell as
shown in Figure 1.

Based on the simulation results for the director configuration, optical simulations for
the microscopy images are performed with the help of the open source software Nemaktis
(https://github.com/warthan07/Nemaktis (accessed on 25 March 2022)). This software
implements part of the generalized beam propagation method for birefringent media
described by Poy et al. and can include the focusing optics of the microscopy and the
spectrum of the illuminant [36]. Simulations are done for 15 different wavelengths equally
distributed over the visible wavelength range and the spectrum of a CIE. An illuminant is
used to weight the different contributions and obtain a color image.

3. Experimental Results
3.1. Microscopy Images

Experimentally measured polarizing optical microscopy (POM) images are shown in
Figures 2 and 3 for gratings with a different rotation angle between the top and bottom
substrate. Results without applied voltage are shown in Figure 2 (for ψ = 60◦, 90◦, 120◦)
while measurements for different applied voltages are shown in Figure 3 (for ψ = 60◦

and 120◦). The frequency of the applied electric field is 1 kHz. The simulated unit cell is
indicated in the microscopy images. In all cases, a disclination-free director configuration
is observed in the bulk of the cell. The structure smoothly varies when a voltage is applied
and no hysteresis behavior occurs.
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Figure 2. Experimental polarization optical microscopy images for gratings with ψ = 60◦, 90◦, 120◦,
from left to right (a–c). The polarizer and analyzer are crossed and oriented along the x- and y-axes
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unit cell for the bulk director configuration is indicated in yellow.
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Figure 3. Experimental polarization optical microscopy images for gratings with ψ = 60◦ (a)
ψ = 120◦ (b). The applied voltage is increasing from left (0 V) to right (7 Vpp). The polarizer and
analyzer are crossed and oriented along the x- and y-axes respectively. The simulated unit cell, with
dimension 2Λx × 2Λy, is shown in a white dotted rectangle (for 0 V and 7 Vpp) and the bulk unit cell
is shown in a white diamond (for 3 Vpp).

The microscopy images immediately show that similarities exist between the align-
ment configurations with different rotation angles ψ. Although the dimensions of the unit
cell are stretched for different alignment configurations, horizontal bands of darker and
brighter appearance can be clearly recognized in all images (Figure 2). The spacing along
the y-direction becomes smaller for increasing ψ. The dark bands correspond to the regions
with (anti-)parallel alignment at the top and bottom substrate as indicated in Figure 1.
Within the simulated area with 2Λx × 2Λy dimension, four brighter and four darker hori-
zontal bands appear. Without applied voltage, a clear distinction can be seen between two
types of dark bands, occurring alternatingly. One of them is wider and consists of dark
and slightly more bright regions next to each other (along x) with little variation. The other
type is shifted along the y-direction over a distance Λy/2 and contains a thin dark line. The
different bright horizontal bands (shifted along the y-direction over a distance Λy/2) are
less easily distinguished at 0 V. For slightly increased voltages the distinction becomes more
clear and the unit cell can be better recognized (Figure 3). The exact optical appearance and
the observed colors depend on the alignment configuration and cell thickness.

At sufficiently high voltages (>6 Vpp), the symmetry in the POM images increases and a
grid of bright points is observed (Figure 3). The director is oriented close-to-vertically in the
bulk and appreciable deviations from the vertical direction are only present close to the pho-
toaligned interfaces. Between crossed polarizers, no light is transmitted when the azimuthal
anchoring at the top and bottom substrate is in perpendicular directions. Bright areas in the
POM images correspond to regions where the director at the top and bottom substrate is
parallel and under an angle (of ~45◦) with respect to the crossed polarizers. For the tested
alignment configuration, the lines with parallel top and bottom alignment are running
parallel to the x-axis, with a spacing along the y-direction equal to Λy/2 = Λ/(2 sin(ψ/2)).
The spacing between bright points along the x-axis is Λx/2 = Λ/(2 cos(ψ/2)). For ψ = 90◦,
as studied before [25], the structure becomes centro-symmetric at high voltages with a
periodic pattern along the x- and y-axis with a Λ/√2 periodicity in both directions).

3.2. Diffraction Measurements

The intricate 2D alignment configuration, composed of 1D periodically rotating align-
ment patterns at both substrates, gives rise to interesting diffraction behavior. The working
principle can be understood in terms of the geometric phase or so called Pancharatnam–
Berry phase of light [37,38]. Very efficient geometric phase gratings, working in transmis-
sion or reflection, have been demonstrated before [11–14]. The focus is often on 1D gratings
or lens configurations, but here we investigate 2D gratings with different symmetry. The
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voltage-dependent diffraction characteristic was measured for an alignment configuration
with ψ = 60◦ and 120◦ and important features are explained. These particular rotation an-
gles between the alignment patterns at the top and bottom substrate give rise to diffraction
patterns with hexagonal symmetry.

Experimentally observed diffraction patterns for different applied voltages are shown
in Figure 4 for ψ = 60◦ (a,b) and ψ = 120◦ (c). The incident light from a helium-neon
laser (λ = 633 nm) was circularly polarized in (a) and linearly polarized along the y-axis
in (b) and (c). A polarizer was used to improve the degree of linear polarization and an
additional quarter-wave plate was inserted for the experiments in Figure 4a. A circular
area with a diameter of approximately 1 mm was illuminated and the incident beam power
was 1120 µW. The light was captured on a screen behind the LC cell (in transmission) and
images of the screen were taken with a smartphone camera. The cell was mounted so
that the incident light beam first hits the top substrate and leaves the cell through the
bottom substrate. For these geometric phase gratings, the diffraction pattern is asymmetric
(with respect to inversion of kx and ky) for circularly polarized incident light. For incident
light with the opposite circular polarization the same results are obtained but rotated over
180 degrees. For a plane monochromatic wave incident on a purely periodic structure, the
projection of the wave vector on the xy-plane for each diffracted beam is given by

kxy(i, j) = i 2Kt + j 2Kb (4)

with Kb and Kt being the vectors indicating the rotation of the photoalignment at the
bottom and top substrate as defined in Equation (1). The indices i and j indicate the order
of diffraction. Diffraction order (−1, 0) corresponds with diffraction in the −1st order asso-
ciated with the top substrate, while (0, −1) corresponds to −1st order diffraction associated
with the bottom substrate (Figure 4d). Because the period of the bulk configuration is larger
than the period at the substrate, indices with halve integers are also found in the diffraction
pattern (Figure 4).
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Figure 4. Experimental diffraction images at different voltages for a grating with ψ = 60◦ (a,b) and
ψ = 120◦ (c). The incident light was circularly polarized in (a) and linearly polarized in (b,c). A
schematic representation of the diffraction orders for ψ = 60◦ is shown in (d). The measured power in
four different diffraction orders is shown in figure (e) for ψ = 60◦ and circularly polarized incident
light (corresponding to experiment (a)).
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The symmetry of the alignment configuration can clearly be recognized in the diffrac-
tion patterns (Figure 4). The distribution of light into the different orders is rather complex
and non-monotonous behavior is observed as a function of the voltage since the cell is
relatively thick (∆nd/λ = 0.2 × 5.5 µm/0.633 µm >> 1/2). For the experiments shown in
Figure 4a, the experimentally measured power into the most important diffraction orders
is summarized in Figure 4e. The diffraction order that is strongest at 0 V is diffracted
towards the negative ky-axis. This order (denoted (−1/2, 1/2) in Figure 4d) first decreases
for increasing voltages, but shows an additional maximum around 4 Vpp before going to
zero at high voltages. The zero-order transmission is small at low voltages but becomes
dominant at high voltages.

4. Simulation Results

To understand how the LC director is oriented in the bulk of the layer, numerical simulations
are performed. The simulated area is a rectangle with dimension 2Λx ∗ 2Λy = 8× Λ2/sinψ
(Figures 1 and 2). This is two times larger than the unit cell of the bulk LC configuration
(Figure 2), since our simulation tool can only impose periodic boundary conditions in
a rectangular volume with bounding plates parallel to the coordinate planes. In the
rectangular unit cell with basis 2Λx and height 2Λy periodic boundary conditions apply
(Figure 1).

In Figures 5 and 6, the simulation results are summarized for different applied voltages
for ψ = 60◦ and ψ = 120◦ respectively. The details of the director configuration depend on
the parameters Λ, d, and ψ, but some general observations can be made. When observing
the mid-plane cross-section (Figures 5a and 6a) it is clear that alternating regions with high
and low tilt angle appear along the y-axis with period Λy. In the simulated area, two line-
like regions appear with close-to-vertical mid-plane director orientation at 0 V for y = Λy/2
and y = 3Λy/2. This corresponds to positions in the alignment configuration where the
director at the top and bottom substrate is anti-parallel as shown in Figure 1. In between,
for y ≈ 0 or y ≈ Λy, the alignment at the top and bottom substrate is parallel (Figure 1)
and the director in the bulk remains roughly parallel to the substrates (Figures 5 and 6),
with the same azimuthal angle as defined at the substrates. Some deviation from the
planar alignment in the bulk is observed in these regions, with modulation of the tilt-
angle along the x-direction (Figures 5d and 6d). This phenomenon was also observed
before in cells with ψ = 90◦ and the deviations from the planar orientation are in this
case related to the Λ/d ratio. Decreasing Λ/d leads to increasing deviations from the
horizontal mid-plane alignment and an increased asymmetry in the unit cell [25–27]. The
fact that these line-regions at y ≈ 0 or y ≈ Λy appear rather dark in the POM images at 0 V
(Figures 2, 5b, and 6b) is linked to the retardation in the LC layer. By also looking at the
results for other voltages, the regions with azimuthal orientation along one of the polarizers
(dark) or under ~45◦ angle w.r.t. the polarizers (bright) can be better recognized.
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Figure 5. Simulated director configurations (a,c,d) and transmission images (b) for ψ = 60◦. The
mid-plane (z = d/2 = 2.75 µm) director configuration is shown in (a) for different applied voltages
(root mean square values). Cross-sections for constant x- and y-coordinate are shown in (c,d) at 0 V.
The color of the director indicates the tilt angle with respect to the xy-plane. The alignment period Λ
is 10 µm.
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5. Discussion

In general, very good agreement is observed between experimental POM images
(Figures 2 and 3) and simulated microscope images (Figures 5b and 6b). This agreement
proves that the complex bulk director configuration is well-understood. Minor changes
between both can be related to small changes in the exact cell thickness, illumination
conditions, imperfections in the SLM photoalignment illumination, and focusing effects
in the microscope. Moreover, strong anchoring is assumed in the simulations while finite
anchoring strength will slightly influence the optical properties.

For the studied alignment configurations, local out-of-plane reorientation of the di-
rector can resolve the twist-conflicts induced by the substrates. In order to do so, the unit
cell for the bulk director configuration needs to be enlarged with respect to the alignment
configuration at the substrates. The unit cell for the alignment configuration has area
1
2 ×Λx ×Λy (Figure 1) while the unit cell of the bulk structure has a parallelogram shape
with area 2×Λx ×Λy. Neighboring horizontal lines spaced over Λy/2 in the y-direction,
with equal top and bottom alignment, correspond with another bulk director orientation.
This can be intuitively visualized by representing the alignment pattern with the help of a
vector, having a head and tail (Figure 1). Although the alignment pattern itself imposes pla-
nar anchoring without pretilt, out-of-plane reorientation is present in the bulk. Therefore,
regions with parallel or anti-parallel surface orientation of the vector are non-equivalent.
In the bulk, these two-line regions (e.g., at y = 0 and y = Λy/2) behave differently, with an
alteration of line regions with approximately parallel director and line regions with close-
to-homeotropic orientation in the mid-plane. These observations are similar to what we
observed before in cells with crossed assembly (ψ = 90◦) of the alignment patterns [25–27].
Although the details of the director configurations are obviously different, the general
concept behind the structural formation in the bulk can be generalized. Local out-of-plane
director orientation in the bulk can resolve twist conflicts at the aligning substrates for all
tested rotation angles ψ.

The fact that symmetry breaking takes place to form the bulk LC configuration is
inherently linked to the existence of multiple equivalent solutions within the unit cell. In
an experimental device, different shifted domains can exist. A disclination line is present
between two shifted domains, as can be seen in Figure 7. These borders between the
domains break the periodicity and lead to some background of light between the integer
(or half integer) diffraction orders. In general, the fact that the boundary conditions can
lead to multiple equivalent bulk structures offers potential for multi-stable devices that can
be switched electrically or optically with low power consumption [28,39,40].
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ψ = 60◦ in this example.

It is worth noting that for a similar alignment configuration with ψ = 90◦, Wang et al.
reported the formation of a web of twist-disclination lines in the bulk when using sliding
substrate assembly [24]. To avoid the need for these kinds of singular disclinations in the
structure, regions with a close-to-vertical mid-plane director orientation are necessary. In
our experiments with fixed substrates (with d = 5.5 µm and Λ = 10 µm) we did not observe
a web of disclination lines for any of the studied alignment configurations (ψ = 60◦, 90◦,



Materials 2022, 15, 2453 10 of 12

120◦). A defect-free director configuration, with regions with vertical director orientation,
is naturally favored after going through a voltage cycle (shortly applying a high voltage).
In our experiments, this disclination-free configuration was stable for months and this
structure was also formed immediately after cooling from the isotropic phase without
applied voltage. This is different from the results reported by Honma et al. in a cell with
large alignment period Λ = 80 µm and rotation angle ψ = 180◦ (1D configuration). In
this case, bistable switching between different configurations (with and without singular
disclinations) was observed [28].

The patterned structures with ψ = 60◦ or 120◦ give rise to hexagonal diffraction
patterns with easy electrical tunability. The application of a small voltage between the
uniform electrodes at the top and bottom substrate can redistribute power into different
orders. Numerical simulations are necessary to predict the diffraction efficiency and its
voltage dependence (see [25] for ψ = 90◦), but the general concepts can be understood from
a theoretical basis as outlined below.

The behavior of 1D gratings with the same periodically rotating alignment pattern
at the top and bottom substrates, is theoretically well-described. For 1D LC polarization
gratings working in transmission, the diffraction efficiency can be estimated theoretically
based on the paraxial approximation for an infinite grating with 2πλd/

(
n0 Λ2 )

� 1 [41,42].
For circularly polarized input light, a very high (theoretically 100%) efficiency into the first
diffraction order is obtained when the half-wave condition is satisfied ∆nd

λ = 1/2. Left-
and right-handed circularly polarized light is diffracted in opposite directions (positive
and negative diffraction order) and linearly polarized light is equally diffracted in both
directions. The polarization state is conserved in the zeroth order while the handedness of
the incident circular polarization is inversed for diffraction into the first order. This also
holds when the half-wave condition is not satisfied.

At sufficiently high voltages, the 2D gratings studied here can be seen as a combination
of two rotated 1D gratings that are decoupled by a layer of z-oriented LC in the bulk. The
region with vertical director orientation in the middle of the cell (at high voltages) can
approximately describe the behavior based on the two gratings associated with the top
and bottom substrate respectively. Therefore at high voltages, the theoretical description
presented above (for 1D gratings) can be used to understand the diffraction in the first
diffraction orders (±1, 0) and (0, ±1), associated with the top and bottom substrate, and
in the zero order (0, 0). The amount of light that is diffracted into the different orders
depends on the voltage via the retardation. For vanishing retardation (at high voltages)
light is concentrated in the zero order, with a polarization that is conserved. For circularly
polarized incident light, light diffracted in the first diffraction orders is circularly polarized
with a handedness that is inverted. These diffraction spots, associated with first order
diffraction at the top and bottom grating respectively, are observed in position (−1, 0) and
(0, −1) respectively. As can be seen in Figure 4a, a small amount of light is also diffracted
towards (0, +1). This side effect might be related to small changes in the light polarization
upon propagation through the LC layer, before reaching the grating associated with the
bottom substrate. Diffraction into the (−1, +1) order, as can be seen in Figure 4 (at higher
voltages), results from a combined effect from the grating at the top and bottom substrate:
since the handedness is inversed by the diffraction towards the −1st order associated with
the top substrate, the light can be diffracted a second time towards the +1st order associated
with the bottom substrate. Thanks to this combined effect, the light diffracted into the
(−1, +1) order has again the same polarization as the incident light. This diffraction spot is
oriented along the ky-axis (Figure 4).

The other diffraction spot (−1/2, +1/2) that appears along the ky-axis, is especially
important at lower voltages. The (−1/2, +1/2) diffraction order is dominant at 0 V and
results from the Λy periodicity along the y-axis that is present at 0 V (Figures 2 and 3).
As can be observed in the POM images in Figure 3, a structure with period Λy along the
y-axis is formed at 0 V while the observed period at high voltages is Λy/2. This intuitively
explains the presence of a strong diffraction order (−1/2, +1/2) along the ky-axis at low
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voltages. To quantitatively describe the distribution of light into the different orders,
detailed numerical simulations are necessary.

6. Conclusions

The diffraction characteristics and the observed microscopy images can be well under-
stood with the help of numerical simulations for the director configuration. The formation
of a 2D LC superstructure without disclinations is driven by energy minimization. Twist
conflicts in the confining substrates are resolved with the help of out-of-plane director
reorientation in the bulk of the layer and this concept is generally applicable for different
rotation angles ψ between the alignment patterns at both substrates. Alternating line
regions with (anti-)parallel top and bottom alignment lead to bulk regions with respectively
close-to-vertical and roughly planar director orientation. Rotation angles ψ = 60◦ and 120◦

give rise to hexagonal diffraction patterns that can be reversibly switched with the help of
small electric fields.

Author Contributions: Conceptualization, I.N. and K.N.; Methodology, I.N. and B.B.; Software, I.N.;
Validation, I.N. and K.N.; Formal analysis, I.N.; Investigation, I.N.; Data curation, I.N.; Writing—
original draft preparation, I.N.; Writing—review and editing, K.N., and B.B.; Visualization, I.N.;
Supervision, K.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Flemish fund for scientific research (FWO Vlaanderen),
(grant no. FWOOPR2021008601).

Data Availability Statement: Data may be provided by the authors upon request.

Acknowledgments: The authors want to acknowledge R. Declercq, J. Dewyspelaere, B. De Bruyn,
and S. Goegebeur for their work on this topic during their bachelor project in 2021.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Woltman, S.J.; Jay, G.D.; Crawford, G.P. Liquid-crystal materials find a new order in biomedical applications. Nat. Mater. 2007, 6,

929–938. [CrossRef] [PubMed]
2. Miniewicz, A.; Gniewek, A.; Parka, J. Liquid Crystals for photonic applications. Opt. Mater. 2003, 21, 605–610. [CrossRef]
3. Lagerwall, J.P.F.; Scalia, G. A new era for liquid crystal research: Applications of liquid crystals in soft matter nano-, bio- and

microtechnology. Curr. Appl. Phys. 2012, 12, 1387–1412. [CrossRef]
4. Schadt, M. Liquid crystal displays, LC-materials and LPP photo-alignment. Mol. Cryst. Liq. Cryst. 2017, 647, 253–268. [CrossRef]
5. Yaroshchuk, O.; Reznikov, Y. Photoalignment of liquid crystals: Basics and current trends. J. Mater. Chem. 2012, 22, 286. [CrossRef]
6. Chigrinov, V. Photoaligning and Photopatterning—A New Challenge in Liquid Crystal Photonics. Crystals 2013, 3, 149–162.

[CrossRef]
7. Nys, I. Patterned surface alignment to create complex three-dimensional nematic and chiral nematic liquid crystal structures. Liq.

Cryst. Today 2020, 29, 65–83. [CrossRef]
8. Jiang, M.; Yu, H.; Feng, X.; Guo, Y.; Chaganava, I.; Turiv, T.; Lavrentovich, O.D.; Wei, Q.-H. Liquid Crystal Pancharatnam—Berry

Micro-Optical Elements for Laser Beam Shaping. Adv. Opt. Mater. 2018, 6, 1800961. [CrossRef]
9. Chen, P.; Lu, Y.Q.; Hu, W. Beam shaping via photopatterned liquid crystals. Liq. Cryst. 2016, 43, 2051–2061. [CrossRef]
10. Larocque, H.; Gagnon-Bischoff, J.; Bouchard, F.; Fickler, R.; Upham, J.; Boyd, R.W.; Karimi, E. Arbitrary optical wavefront shaping

via spin- to-orbit coupling. J. Optics 2016, 18, 124002. [CrossRef]
11. Xiang, X.; Kim, J.; Escuti, M.J. Bragg polarization gratings for wide angular bandwidth and high efficiency at steep deflection

angles. Sci. Rep. 2018, 8, 10–15. [CrossRef] [PubMed]
12. Chen, P.; Wei, B.Y.; Hu, W.; Lu, Y.Q. Liquid-Crystal-Mediated Geometric Phase: From Transmissive to Broadband Reflective

Planar Optics. Adv. Mater. 2019, 32, 1903665. [CrossRef]
13. Kobashi, J.; Yoshida, H.; Ozaki, M. Planar optics with patterned chiral liquid crystals. Nat. Photonics 2016, 10, 389–392. [CrossRef]
14. Nys, I.; Stebryte, M.; Ussembayev, Y.Y.; Beeckman, J.; Neyts, K. Tilted chiral liquid crystal gratings for efficient large-angle

diffraction. Adv. Opt. Mater. 2019, 7, 1901364. [CrossRef]
15. Hess, A.J.; Poy, G.; Tai, J.S.B.; Žumer, S.; Smalyukh, I.I. Control of light by topological solitons in soft chiral birefringent media.

Phys. Rev. X 2020, 10, 031042. [CrossRef]
16. Nys, I.; Berteloot, B.; Poy, G. Surface stabilized topological solitons in nematic liquid crystals. Crystals 2020, 10, 840. [CrossRef]

http://doi.org/10.1038/nmat2010
http://www.ncbi.nlm.nih.gov/pubmed/18026108
http://doi.org/10.1016/S0925-3467(02)00209-4
http://doi.org/10.1016/j.cap.2012.03.019
http://doi.org/10.1080/15421406.2017.1289604
http://doi.org/10.1039/C1JM13485J
http://doi.org/10.3390/cryst3010149
http://doi.org/10.1080/1358314X.2020.1886780
http://doi.org/10.1002/adom.201800961
http://doi.org/10.1080/02678292.2016.1191685
http://doi.org/10.1088/2040-8978/18/12/124002
http://doi.org/10.1038/s41598-018-25535-0
http://www.ncbi.nlm.nih.gov/pubmed/29740091
http://doi.org/10.1002/adma.201903665
http://doi.org/10.1038/nphoton.2016.66
http://doi.org/10.1002/adom.201901364
http://doi.org/10.1103/PhysRevX.10.031042
http://doi.org/10.3390/cryst10090840


Materials 2022, 15, 2453 12 of 12

17. Nys, I.; Beeckman, J.; Neyts, K. Fringe-field-induced out-of-plane reorientation in vertically aligned nematic spatial light
modulators and its effect on light diffraction. Liq. Cryst. 2021, 48, 1516–1524. [CrossRef]

18. Guo, Y.; Jian, M.; Peng, C.; Sun, K.; Yaroshchuk, O.; Lavrentovich, O.; Wei, Q.-H. High-Resolution and High-Throughput
Plasmonic Photopatterning of Complex Molecular Orientations in Liquid Crystals. Adv. Mater. 2016, 28, 2353–2358. [CrossRef]

19. Miskiewicz, M.N.; Escuti, M.J. Direct-writing of complex liquid crystal patterns. Opt. Express 2014, 22, 12691. [CrossRef]
20. Berteloot, B.; Nys, I.; Poy, G.; Beeckman, J.; Neyts, K. Ring-shaped liquid crystal structures through patterned planar photo-

alignment. Soft Matter 2020, 16, 4999–5008. [CrossRef] [PubMed]
21. De Sio, L.; Roberts, D.E.; Liao, Z.; Nersisyan, S.; Uskova, O.; Wickboldt, L.; Tabiryan, N.; Steeves, D.M.; Kimball, B.R. Digital

polarization holography advancing geometrical phase optics. Opt. Express 2016, 24, 18297–18306. [CrossRef]
22. Crawford, G.P.; Eakin, J.N.; Radcliffe, M.D.; Callan-Jones, A.; Pelcovits, R.A. Liquid-crystal diffraction gratings using polarization

holography alignment techniques. J. Appl. Phys. 2005, 98, 123102. [CrossRef]
23. Provenzano, C.; Pagliusi, P.; Cipparrone, G. Electrically tunable two-dimensional liquid crystals gratings induced by polarization

holography. Opt. Express 2007, 15, 5872–5878. [CrossRef] [PubMed]
24. Wang, M.; Li, Y.; Yokoyama, H. Artificial web of disclination lines in nematic liquid crystals. Nat. Commun. 2017, 8, 389–392.

[CrossRef] [PubMed]
25. Nys, I.; Beeckman, J.; Neyts, K. Switchable 3D liquid crystal grating generated by periodic photo-alignment on both substrates.

Soft Matter 2015, 11, 7802–7808. [CrossRef]
26. Nys, I.; Nersesyan, V.; Beeckman, J.; Neyts, K. Complex liquid crystal superstructures induced by periodic photo-alignment at top

and bottom substrate. Soft Matter 2018, 14, 6892–6902. [CrossRef]
27. Nersesyan, V.; Nys, I.; Van Acker, F.; Wang, C.-T.; Beeckman, J.; Neyts, K. Observation of symmetry breaking in photoalignment-

induced periodic 3D LC structures. J. Mol. Liq. 2020, 306, 112864. [CrossRef]
28. Honma, M.; Toyoshima, W.; Nose, T. Bistable liquid crystal device fabricated via microscale liquid crystal alignment. J. Appl. Phys.

2016, 120, 143105. [CrossRef]
29. Honma, M.; Nose, T. Twisted nematic liquid crystal polarization grating with the handedness conservation of a circularly

polarized state. Opt. Express 2012, 20, 18449–18458. [CrossRef] [PubMed]
30. James, R.; Willman, E.; Fernández, F.A.; Day, S.E. Finite-Element Modeling of Liquid-Crystal Hydrodynamics with a Variable

Degree of Order. IEEE Trans. Electron Devices 2006, 53, 1575–1582. [CrossRef]
31. James, R.; Willman, E.; Ghannam, R.; Beeckman, J.; Fernández, F.A. Hydrodynamics of fringing-field induced defects in nematic

liquid crystals. J. Appl. Phys. 2021, 130, 134701. [CrossRef]
32. De Gennes, P.G.; Prost, J. The Physics of Liquid Crystals, 2nd ed.; Oxford University Press: Oxford, UK, 1993; pp. 76–78.
33. Landau, L.D.; Lifshitz, E.M.; Pitaevskii, L.P. Statistical Physics, 3rd ed.; Pergamon Press: Oxford, UK, 1980; pp. 440–442.
34. Coles, H.J. Laser and Electric Field Induced Birefringence Studies on the Cyanobiphenyl Homologues. Mol. Cryst. Liq. Crys. 1978,

49, 67. [CrossRef]
35. Parry-Jones, L.A.; Elston, S.J. Flexoelectric switching in a zenithally bistable nematic device. J. Appl. Phys. 2005, 97, 093515.

[CrossRef]
36. Poy, G.; Zumer, S. Physics-based multistep beam propagation in inhomogeneous birefringent media. Opt. Express 2020, 28,

24327–24341. [CrossRef] [PubMed]
37. Pancharatnam, S. Generalized theory of interference, and its applications. Proc. Indian Acad. Sci. A 1956, 44, 247–262. [CrossRef]
38. Berry, M.V. The adiabatic phase and Pancharatnam’s phase for polarized light. J. Mod. Opt. 1987, 34, 1401–1407. [CrossRef]
39. Varanytsia, A.; Posnjak, G.; Mur, U.; Joshi, V.; Darrah, K.; Musevic, I.; Copar, S.; Shien, L.C. Topology-commanded optical

properties of bistable electric- field-induced torons in cholesteric bubble domains. Scien. Rep. 2017, 7, 16149. [CrossRef]
40. Kim, J.H.; Huh, J.W.; Oh, S.W.; Ji, S.M.; Jo, Y.S.; Yu, B.H.; Yoon, T.H. Bistable switching between homeotropic and focal-conic

states in an ion-doped chiral nematic liquid crystal cell. Opt. Express 2017, 25, 29180–29188. [CrossRef]
41. Tervo, J.; Turunen, J. Paraxial-domain diffractive elements with 100% efficiency based on polarization gratings. Opt. Lett. 2000, 25,

785–786. [CrossRef]
42. Escuti, M.J.; Jones, W.M. Polarization-Independent Switching with High Contrast from A Liquid Crystal Polarization Grating.

SID Symp. Digest. 2006, 37, 1443–1446. [CrossRef]

http://doi.org/10.1080/02678292.2021.1881831
http://doi.org/10.1002/adma.201506002
http://doi.org/10.1364/OE.22.012691
http://doi.org/10.1039/D0SM00308E
http://www.ncbi.nlm.nih.gov/pubmed/32436547
http://doi.org/10.1364/OE.24.018297
http://doi.org/10.1063/1.2146075
http://doi.org/10.1364/OE.15.005872
http://www.ncbi.nlm.nih.gov/pubmed/19532846
http://doi.org/10.1038/s41467-017-00548-x
http://www.ncbi.nlm.nih.gov/pubmed/28855515
http://doi.org/10.1039/C5SM01294E
http://doi.org/10.1039/C8SM01145A
http://doi.org/10.1016/j.molliq.2020.112864
http://doi.org/10.1063/1.4964746
http://doi.org/10.1364/OE.20.018449
http://www.ncbi.nlm.nih.gov/pubmed/23038396
http://doi.org/10.1109/TED.2006.876039
http://doi.org/10.1063/5.0062532
http://doi.org/10.1080/00268947808070330
http://doi.org/10.1063/1.1885184
http://doi.org/10.1364/OE.400984
http://www.ncbi.nlm.nih.gov/pubmed/32752413
http://doi.org/10.1007/BF03046050
http://doi.org/10.1080/09500348714551321
http://doi.org/10.1038/s41598-017-16241-4
http://doi.org/10.1364/OE.25.029180
http://doi.org/10.1364/OL.25.000785
http://doi.org/10.1889/1.2433259

	Introduction 
	Materials and Methods 
	Sample Preparation 
	FE Q-Tensor Simulations and Simulations of Optical Microscope Images 

	Experimental Results 
	Microscopy Images 
	Diffraction Measurements 

	Simulation Results 
	Discussion 
	Conclusions 
	References

