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Reconfigurable Surfaces Using Fringing Electric Fields from
Nanostructured Electrodes in Nematic Liquid Crystals

Rami Ghannam,* Yuanjie Xia, Dezhi Shen, F. Anibal Fernandez, Hadi Heidari,

and Vellasaimy A. L. Roy

Liquid crystals with a varying phase profile enable reconfigurable and to
intelligent devices to be designed, which are capable of manipulating incident
electromagnetic fields in display, telecommunications as well as wearable
applications. The active control of defects in these devices is becoming more
important, especially since the electrodes used to manipulate them are
shrinking to nanometer length scales. In this paper, a simple subwavelength,
1D, interdigitated metal electrode structure that can be reconfigured using
nematic liquid crystals aligned in the homeotropic, planar, and hybrid
methods are demonstrated. Accurate electro-optic modeling of the directors
and the defects are shown, which are induced by the fringing electric fields.
Applied voltages result in liquid crystal reorientation near the bottom surface,
such that defects are induced between the electrodes. The height of the
electrodes does not affect the lateral position of these defects. Rather, this can
be achieved by increasing the biasing voltage on the top electrode, which also
leads to greater splay-bend in the bulk of the material. These results therefore
aim to generalize the control of defects in complex anisotropic nematic liquid
crystals using simple interdigitated structures for a range of reconfigurable

intelligent surface applications.

1. Introduction

Liquid crystals (LCs) are a soft state of matter that exhibit flow
properties similar to liquids yet the molecules maintain weak po-
sitional and orientational ordering, which allows them to have
physical properties that are similar to solids.

The most common application of nematic liquid crystals
(NLCs) is in liquid crystal displays (LCDs). Such light mod-
ulation devices have evolved from regular displays found on
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wrist-watches  and  pocket-calculators
more  sophisticated  non-display
photonic devices!!! such as real-time
holograms,[?3] all-optical interconnects,*!
optical tweezers,®) and many others.[®
Most recently, they have been used to
control magnetic microbots,”! for terahertz
beam-steering applications!®! and for an
artificial iris application.”!%! In all such
light-modulation applications, liquid crys-
tals (LCs) were switched from an initial
state, which is determined by an alignment
process, to a final equilibrium-state. This
final state was based on an external electric
field, which causes the LCs to re-align
themselves."!l Such electric fields are
generated from an array of conducting
electrodes, which translate electrical infor-
mation into optical data through the LC
medium.!?]

The aim of this paper is therefore to
demonstrate and generalize findings re-
garding the use of fringing electric fields
from nanostructured electrodes for switching liquid crystals. In
particular, we focus on their application to reconfigure or redi-
rect electromagnetic waves in the visible spectrum. For exam-
ple, similar to the wearable contact lens application mentioned
by De Smet et al.'3l and Quientero et al.,l) they can be intelli-
gently switched to block wavelengths of light that cause epilepsy,
a condition known as photosenstive epilepsy (PSE).'"* In fact,
instead of using conventional colored eye glasses,>] we believe
that future contact lenses can be designed to prevent this condi-
tion, especially since flexible electronics have been successfully
integrated on soft contact lenses.!°!

In typical display applications where liquid crystal materials
have traditionally been used, electrodes were designed to avoid
the formation of defects or disclinations,”) since they cause
a degradation in image quality. However, thanks to advance-
ments in nanotechnology and micro-fabrication, the shrinking
size of these electrodes and the overall devices is bound to
induce defects that are caused by strong fringing electric fields.
These defects are therefore becoming more important in such
sub-wavelength devices. Consequently, we aim to show how
these defects are formed for different electrode designs and
what voltages are necessary to cause them. This is particularly
important if we need to understand how these surfaces can be
used for intelligent applications.

The use of metallic interdigitated (IDT) electrodes in home-
tropically aligned LCs were first reported in ref. [18]. These were
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used for measuring flexoelectricity in NLCs. However, initial
observations of disclinations due to IDT electrodes in homeotrop-
ically aligned NLCs were first reported by ref. [19]. Lindquist et al.
described the presence of “defect walls” between the electrodes
when the cell was placed between crossed polarisers. Certainly,
light can be extinguished in this region, but that is not solely due
to the presence of a defect. We therefore aim to show how the
electrode topological pattern, the alighment method and the ap-
plied voltage influence defect nucleation and optical behaviour in
these devices using experimentally verified simulations. In some
telecommunications and display applications, inducing defects
in liquid crystal materials is desirable to ensure that a sharp phase
profile is obtained. For example, this might be particularly impor-
tant to obtain a high diffraction efficiency.[?"]

The remainder of the paper is organised as follows: first, we
will provide a review of recent developments in using IDT elec-
trodes for the manipulation of NLCs. Next, we will describe our
methodology in simulating our LC devices. Subsequently, we will
present our findings in reconfiguring NLCs from three different
initial states using both optical and LC director profile data.

1.1. State of the Art

In this section, we describe recent advances in controlling LCs
using IDT electrodes. In fact, simple and periodic IDT electrodes
have often been used for beam steering applications. These pe-
riodic diffraction grating structures have gained interest due to
their flexibility in controlling light propagation in comparison to
prisms.2!] They are generally regarded as one of the most im-
portant devices in the development of several fields of science.!*!
Therefore, LCs have been used for this purpose, since they can
be tuned and reconfigured using external stimuli such as an elec-
tric field. For example, a tunable diffraction grating was demon-
strated by Habibpourmoghadam et al.[?2l Moreover, a homeotrop-
ically aligned NLC cell with IDT electrodes was demonstrated
by Choi et al. to switch between opaque and transparent states
for window and display applications.?>-?] Furthermore, to im-
prove the switching speed of homeotropic LC devices while main-
taining a high phase retardation (A¢), Simdyankin et al. argued
that decreasing electrode spacings in IDTs was a better solu-
tion instead of reducing cell thickness, since it maintains a high
phase retardation.*®] Moreover, the diffraction efficiency of fring-
ing electric fields from IDTs has recently been reported by Chen
et al. for a planar aligned LC cell.l’”] Their findings in ref. [27]
show how the rubbing direction influences the switching speed
of a planar aligned transparent cell with IDT electrode width
w= 2.8 pm, electrode gap I =6 pm, and cell gap d = 3.4 pm.
Their findings also show a variation in diffraction angle due to a
change in the applied voltage. Further, planar aligned LC cell with
IDT electrodes was demonstrated in ref. [28]. The reader is also
referred to ref. [21] for a thorough review of LCs used in diffrac-
tion gratings.

In all these previous investigations, the occurrence of defects
due to both the electrode profile and the electric field were
not fully reported. However, these defects will influence the
switching properties of the cell. Understanding and being able
to predict the occurrence of these defects could help in design-
ing better diffraction gratings, such as sharp phase profiles for
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blazed grating applications. In fact, the surface profile of micro-
patterned electrodes have shown to align NLCs in the literature
using simulation and experimental data.[2*3% Therefore, we aim
to show the effect of topographic gratings and LC switching.
Moreover, we aim to show the resulting optical patterns that
arise from these NLC orientations.

1.2. Background and Theory

The orientation of NLCs can be altered by an external electric
field. In fact, liquid crystal displays (LCDs) rely on this routine
interaction between LCs and the external electric field. Further-
more, due to the anisotropic shape of their molecules, LCs have
different dielectric properties that can be expressed in terms of
arank-2 dielectric permittivity tensor, e. Moreover, LC alignment
can be described in terms of an ensemble average direction of
orientation, known as the ‘director’, n(x). Here, the Landau de
Gennes (LdG) Q-tensor theory was used to determine this align-
ment, which depends on both orientational order, S(x), and a pre-
ferred direction of orientation, n(x).>!) To obtain n(x), the total
free energy density of the LC material must be minimized. This
energy is expressed in terms of the Q-tensor shown in Equation
(1), where I is an identity matrix:

Q=Sn®n)— %S.I (1)

Assuming an elastically isotropic NLC medium, the total free
energy density can be described as the sum of the elastic (F,),
thermotropic (Fy,) and electrostatic energy (F.,) density func-
tions. The sum of these energy density terms constitutes the
bulk free energy density of the liquid crystal, F, = F, + Fy, +
F,.. Now, applying an electric field to a NLC causes a small
amount of charge separation within the molecules, which cre-
ates a weak dipole moment. Such dipoles try to arrange them-
selves in the direction of the field, which causes the directors to
align either parallel or perpendicular to the electric field, depend-
ing on the dielectric anisotropy of the material, Ae = ¢, —¢,,
where ¢, and ¢, are the dielectric permittivity values in the
parallel and perpendicular directions to the director’s optical
axis.3233)

Hence for a displacement field, D, that is induced by an electric
field, E, the resulting electrostatic energy free density of the NLC
is:

F,

s = —%eo(eE).E=—%eoeVU.VU (2)
where U is the electric potential and E = -V U.

Assuming an elastically isotropic NLC medium, the total free
energy of the nematic liquid crystal can be stated as follows:

F:/<§VQ2+6(Q)—%606VU.VU>dv (3)

where K is the elastic constant and ¢(Q) is the thermotropic en-
ergy of the liquid crystal, which can be expanded into the follow-
ing form:
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Figure 1. Schematic diagram of the LC device. Both the electrode width (w) and inter-electrode spacing (/) were varied while the thickness of cell gap was
kept constant (3.5 pm). a) Cross-sectional view of the device. Three different alignment techniques have been investigated, which were homeotropic,
planar, and hybrid. b) 3D schematic view of the device.
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Table 1. Material parameters of the NLCs.[36-40]. o 2B, 3 C. 4
0(Q) = Atr(Q) + (@) + 51rQ 0
Parameter BLO48 5CB
Clearing t ture, T*[°C 100 35 .
earing temperature, T°["C] where tr(.) represents the trace of the tensor. Moreover, it was as-
Order parameter (25°) - 065 sumed that A is a temperature dependent coefficient, A = a(T —
Order parameter at ATy, - 0.27 T*) = aAT with a > 0, whereas B and C are temperature inde-
€ 52 6.7 pendent Landau coefficients. For our simulations, these coeffi-
Ae 16.9 13 cients were setto A = —6.5 X 10°Nm=2, B = —16 x 10° Nm ™ and
Ny (4 = 532nm) 1573 15442 C=39%x10°Nm™2.
An(4 = 532nm) 0.226 0.1918 The static director configuration can thus be obtained by mini-
Splay elastic constant, K, [pN] 155 6.4 mizing the total NLC free energy using the calculus of variations.
Twist elastic constant, Ky, [N] 12 3 The' ].Eul.er—Lagrange minimization procedure helps obt:fun the
. equilibrium state of the director profile at a constant electric field.
Bend elastic constant, K;3[pN] 28 10 Th X bel the Euler-L . for th
e expressions below are the Euler-Lagrange equations for the
Viscosity, y;[PaS] 0.047 0.0777 .. P 1 s e & §eeq
liquid crystal bulk free energy, with i,j € x, y.
Order Parameter Director Profiles
Director Profile
1.5um | Top Electrode
!
| ]
0 Defect nucleation i
0 05 1 15 2um
1.2pm
Order Parameter n 060
m 1057
I 054
k 051 l
j 0.48
i 1045
h :042
) e ; o2
e :033
d 030
c :027
_Ae=112 b 024
o - e q a 021
0 0.6 12 18 21um
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Figure 2. Profiles obtained when +1.5V were applied to a 10 pm thick device with w == 0.5 pm. a) Top image illustrates a section of the director
profile, while the bottom image shows the i% defects emerging between the electrodes. The order parameter reduces to almost % its bulk value in
the core of the i% defects. b) Both the order parameter (on the left) and the director profiles (right) are shown at different time steps in the region
between the electrodes. First, a wall defect appears between the electrodes, which separates two regions of different director profiles. This disclination
then transforms into two defects of strength ¢ = +1.
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Figure 3. Director profile for homeotropic alignment with V = £5V. All dimensions are in micrometers. a) No bias applied to top electrode. Defects
occur between the electrodes near x = 0.5 pm and x = 1.5 pm. They are almost 0.5 pm above the electrode surface. This is always the case, regardless of
electrode height. In (b) the heights of the electrodes were reduced to 0.1 pm, which did not change the lateral position of the defects, nor did an increase
in the electrode height. c) Electrodes are h = 2.5 um. Here, more lateral switching occurs between switching, but the position of the defects with respect
to the electrode surface is unchanged. d) Bias (5V) applied to the top electrode, which results in the defects to move laterally.
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2. Methodology

A finite element program was used to obtain the director profiles
and the order parameter of the NLC material.>***] A schematic
diagram showing a cross sectional area of the liquid crystal device
is shown in Figure 1. As previously mentioned, 2D simulations

Adv. Theory Simul. 2021, 2100058 2100058 (4 of 9)

based on the Landau-de Gennes (LdG) Q-tensor theory were used
during our investigations. The LC material parameters for 5CB
and BL048 liquid crystal mixtures are shown in Table 1. Although
the elastic constants and viscosity coefficients depend on the tem-
perature, here they are held constant for ease of comparison.

3. Results and Discussions

The 2D-director profiles are shown to illustrate the way in which
the directors are distorted due to the fringing electric fields. In
addition, the S-parameter profiles using the LdG simulations are
depicted to accurately identify the position of the defects and to
highlight the regions of high direct or distortion, both of which
ought to cause a decrease in the order parameter.

© 2021 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Director profile for planar alignment when V = +5V is applied to the IDT electrodes. All dimensions are in micrometers. a) No bias applied to
top electrode. A twist in the directors at the top of the electrodes near x = 1 pm. b) This twist remains when the bias voltage is increased to 5V. However,

there is additional splay-twist in the bulk of the cell.

3.1. Homeotropic Alignment

From the simulations, we notice that applying a +5V results in
a defect pair of strength +1 to emerge between the electrodes.
The simulations in Figure 2 show the formation of these defects.
These defects were first observed by Lindquist et al., where 4 pm
finger width electrodes were separated via an 8 pm pitch. They
reported thick black lines or “defect walls” in the region between
the electrodes. As the electrode voltage was increased, the width
of the defect wall narrowed and remained stationary. However,
this is not the sole reason for the thick black lines to appear be-
tween the electrodes, since this is highly dependent on the phase
retardation in the cell.

According to our detailed simulations, first, a wall disclination
emerges, as shown in Figure 2a, which then transform into two
point disclinations of strength ++ and —+. This process is called
“pincement”, which was first noticed by Y. Bouligand.[3!/ These
two singularities or “defects” emerge between the electrodes (a

Adv. Theory Simul. 2021, 2100058 2100058 (5 of 9)

hyperbolic disclination in the bulk of the LC and a parabolic
disclination near the surface) as a result of the symmetric volt-
age pattern. Moreover, increasing the magnitude of the voltage
causes the position to these defects to penetrate either upward
(—2 defect) or downward (++ defect). On the left side of Figure 2a
is the order parameter, which melts to a value approaching zero.
The simulations therefore show the nucleation of a J_r% defect-
pair between the electrodes when a symmetric voltage pattern is
applied. The final director profile and order parameter are shown
in Figure 2b.

Varying the electrode height from 0.1 to 2.5 pm does not
change the lateral position of the defects, as can be seen from
Figure 3a. The defect is still located ~0.5 pm above the top sur-
face of the electrode. Moreover, increasing the biasing voltage
to 5V at the top electrode leads to a lateral movement of the
top —1/2 disclination, as shown in Figure 3b. In this case, the
disclinations move toward the electrodes at x = 1 pm. It is note-
worthy to mention that these steady state director profiles are

© 2021 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Director profile for hybrid alignment when V = +5V. All dimensions are in micrometers. Similar profiles are obtained to the homeotropic case.

a) No bias applied to top electrode, b) bias of 5V applied.

obtained regardless of whether the biasing voltage is applied
at the start of the simulations, or after the voltages have been
applied.

3.2. Planar Alignment

In this case, the LC is aligned parallel to the horizontal x-
direction. When a +5V is applied to the bottom IDT electrodes,
the orientation of the LCs are most prominent above the elec-
trodes resulting in a bend-twist deformation immediately above
them. Moreover, no defects appear in this case, as shown from the
director profiles in Figure 4a. Clearly, the LCs are still predomi-
nantly aligned horizontally with no biasing voltage. The magni-
tude of this perturbation depends on the spacing between the
electrodes and the magnitude of the electric field. Larger elec-
trode spacings give rise to electric fields extending further in the

Adv. Theory Simul. 2021, 2100058 2100058 (6 of 9)

bulk of the cell. However, the magnitude of this field needs to be
increased to ensure that the molecules are switched (i.e. greater
than the threshold voltage).

Applying a biasing voltage to the top electrode results in a
slight loss of the twisted layer above the electrodes, as shown in
Figure 4b. Similar to the homeotropic alignment case, the LC in
the bulk are now aligned vertically.

3.3. Hybrid Alignment

With the hybrid alignment, the LC is aligned differently on the
top and bottom layers of the cell. There are two possible options
available as shown in Figure 5. Choosing homeotropic alignment
on the top electrode and in-plane alignment on the bottom elec-
trode results in switching in the region between the electrodes.
We also obtain similar director profiles to the homeotropically

© 2021 The Authors. Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 6. a) Average phase retardation, A¢ for A = 532nm. Both the homeotropic and hybrid alignment cases show similar results, although greater
phase retardation can be achieved with homeotropic alignment. Maximum retardation is achieved with planar alignment due to the difference between
the initial and final switching states. b) Optical interference through cell in the homeotropic (left), planar (center) and hybrid (right) alignment cases.
Maximum transmission can be observed in the region above the central electrode at x = 1 um for all three cases.
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aligned cells. In both cases, there is a 90° twist instead of a 90°
splay-bend. In contrast, homeotropic alighment on the bottom
surface and planar alignment on the top leads to similar switch-
ing to the planar alignment case. Therefore, LCs are aligned in
the direction in plane to the y-direction of the electrodes. Similar
to the homeotropic case, two disclination pairs appear between
the electrodes. Applying a biasing voltage to the top electrode
again leads to the top disclination pairs to move laterally closer
towards the electrodes.

3.4. Optics

Figure 6 shows the phase and optical profiles through the cells
with different alignments when the biasing voltage on the top
electrode is set to zero. Examining the optical phase for nor-
mally incident light of wavelength A = 532nm shows a hybrid
square and sinusoidal profile, with maximum phase retarda-
tion reaching z/2 in the regions between the electrodes for the
homeotropic and hybrid alignment cases. However, maximum
phase retardation is achieved with the planar alignment case and
this occurs in the region directly above the electrodes. Since these
are LCOS devices, which are reflective, light makes a double pass
through the cell. In fact, we notice a great deal of destructive
interference in the region directly above the electrodes in the
homeotropic and hybrid alignment cases. However, in all three
cases we notice maximum transmission is obtained in the region
above the electrodes.

4. Conclusions

We have shown that fringing electric fields generated from elec-
trodes on the bottom substrate of an NLC device change the ori-
entation of the liquid crystal directors. This change in the director
orientation results in a distortion of the elastic energy of the NLC
material. In addition, the distortion of the elastic energy has been
shown to be dependent on the electrodes dimensions. We have
shown that director distortion is mainly concentrated in the re-
gion between the electrodes. In fact, the induced electric fields
have negligible influence on the directors directly above the elec-
trodes. For the homeotropic and hybrid alignment cases, the sym-
metric voltage pattern only causes director distortion in the re-
gion between the electrodes, with little influence in the region
directly above the electrodes.

We have shown the nucleation of defects in complex
anisotropic nematic liquid crystals using nanoscale electrodes.
Controlling these defects is increasingly important for the de-
velopment of intelligent and reconfigurable devices, which are
touted to be a key component in the sixth generation (6G)
telecommunications network. Hence, applications of such de-
vices must use the large optical discontinuities that are generated
above the electrodes. It was already mentioned in that a large
phase retardation can be obtained from planar alignment NLC
device. Moreover, increasing the spacing between the electrodes
again causes the position of this defect to advance further in the y-
direction. Further work is required to investigate how the diffrac-
tion efficiency is influenced by the presence of these defects.
This could be investigated to design better and sharper gratings
profiles.
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