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Ultra Fast Switching of DFLC Based
Dynamic Metasurfaces

P. A. Sakhare and Jayasri Dontabhaktuni *

Department of Physics, Ecole Centrale School of Engineering, Mahindra University, Hyderabad, India

Dielectric metasurfaces give rise to very interesting optical and photonic properties such as
Huygens lens, absolute transmission and absorption, directional scattering, etc. Liquid
crystal based dynamic metasurfaces are being increasingly explored due to their excellent
tunability of polarization, phase and amplitude modulations, enabling applications in spatial
light modulators (SLM’s), holography, AR and VR and flat optics. We investigate the effect
of geometry of dielectric microstructures on electromagnetic response and switching of
Dual frequency liquid crystal based metasurfaces in the mid-IR range of frequencies.
Scattering response, near-field profiles and far-field radiation show significant dependence
on the alignment and geometry of the microstructures. At selected frequencies switching
between different polarization directions and variable phase modulations are observed
simultaneously. Response times calculated theoretically show switching times of the order
of milliseconds paving way for ultrafast multifunctional active metasurfaces.

Keywords: ultrafast switching, DFLC, dynamic metasurfaces, spatial light modulators, beam steering

1 INTRODUCTION

Metasurfaces are artificial materials comprising of periodic or non-periodic arrangement of
constituent sub-wavelength structures, called “meta-atoms” and give rise to effective properties
which do not exist in nature. Due to their remarkable electromagnetic responses to the incident
light, they find applications as negative refractive index materials [1,2], Huygen’s lens [3], perfect
absorbers [4], sub-diffraction imaging [5], etc [1,6,7]. As an alternative to the metallic
constituents, high refractive index dielectric metasurfaces such as Si, TiO, are being
increasingly investigated in the recent years as they give rise to lesser dissipative losses
mainly in visible and infrared frequencies [8]. Dielectric metasurfaces have the distinct
advantage over plasmonics as they give rise to Mie-type resonances and excite both
magnetic as well as electric resonant modes with comparable intensities. Further, very
recently dielectric metasurfaces are observed to exhibit novel resonant states such as
anapoles [9-11], quasi-BIC states [12,13], etc, with giant localisation of fields [14]. Dielectric
metasurfaces find many applications in energy harvesting, wavefront shaping, multifunctional
metadevices, etc. [15].

While most of these applications have been achieved using static optical responses, tunability of
electromagnetic responses give rise to dynamic or reconfigurable metasurfaces and have significant
advantages in dynamic beam steering, spatial light modulators (SLM’s), combined phase and
amplitude modulations, polarization controllers, etc [16-19]. Tunability of metasurfaces are
typically achieved via electric, optical, mechanical or thermal tuning parameters [17]. One of
such versatile materials which can be tuned via optical, thermal or electric means are liquid crystals.

Liquid crystals (LC’s) are highly birefringent anisotropic materials which respond very well to
external parameters such as temperature and applied voltage. In nematic phase, LC’s are liquid-like
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and possess only orientational order. These are the most studied
phases among metasurfaces based on liquid crystals and is the
focus of our present work. Metasurfaces infiltrated with liquid
crystal (LC) give rise to highly tunable resonant spectra [20-25]
and are being investigated recently in non-display applications
such as phase manipulation [26], polarization converters
[27,28], perfect absorbers [22] and flat optics [29]. The
reorientations of LC due to presence of micro or nano
structures has potential applications in AR/VR technologies,
SLM’s, holography, etc.

Microstructures induce suppression of orientational order in
the surrounding nematic medium and give rise to deformations
in the director field, director being the average orientation of a
statistically large number of molecules. These deformations are
particularly significant for structures in nano and micro length
scales as they are comparable with the size of LC molecules.
These molecules undergo reorientations in the presence of
aligning fields, surface anchoring and temperature and hence
give rise to inhomogeneous director fields. There has been very
few studies of the effect of these geometry-induced
inhomogeneous director fields on the optical response of the
dielectric metasurfaces [30] and forms the subject of interest in
the current work.

It is known that LC devices suffer from large decay times due
to the slow relaxation of the LC molecules when the external
field is switched off. The response times in LC’s can be
reduced to some extent by using thinner films, pre-tilt angles
at the substrates, weak anchoring and high driving potentials. In
the current work, we investigate the effect of geometry-induced
LC alignment on the switching times as well as the phase
and polarization modulations. Further to drive the switching
response in both rise 7,;;, and decay 74.c,, times we employ dual-
frequency liquid crystals (DFLC’s) [31-34]. DFLC’s are a
mixture of frequency-dependent highly anisotropic materials
operated at two frequencies and exhibit positive
dielectric anisotropy below a certain threshold frequency (f;)
and negative dielectric anisotropy above the threshold
(fr).-‘Due to this the LC molecules orient parallel to the
aligning field at lower frequencies and normal to the
external aligning field at higher frequency above a threshold
frequency. The driving voltages to induce switching
transition between these two frequencies are typically in the
range 1-10 V and depend on the rotational viscosity y and
FranKk’s elastic constants K1, K,, and Ks; of the liquid crystal
medium. In DFLC the response times can be reduced by
application of high voltages to drive the reorientations at
both the frequencies f; and fy giving rise to ultrafast
response times while exhibiting tunable optical responses
[35-37]. However application of higher voltages is not
feasible for the flat optics based devices and one would
ideally like to operate LC devices with smaller voltages. In
the present work we investigate the geometry-induced
switching in DFLC-based metasurfaces and the effect of LC
orientations surrounding the dielectric microstructures on the
electromagnetic spectra opening up further possibilities in
designing LC based fast light manipulation such as beam
steering and phase modulations.

Switching of DFLC Based Metasurfaces

2 RESULTS AND DISCUSSION

2.1 Director Configurations and Layer-Wise
Angles

According to Landau-de Gennes formalism, the free energy of a
liquid crystal medium can be written as a function of order
parameter tensor, Q; in terms of temperature dependent bulk
energy (fr), Frank’s elastic energy (fz) and surface-induced energy
written in Rapini-Papoular form (fg) as shown below [38].

1 1 1
f= EQ(T = TH)QiQji + gBQiijkai + ZC(Qiiji)z

1 o 2 1 aQ,] an]
" EW(QU_Q ij) +2K8xk 8xk

(1)

where a, B and C are temperature dependent constants, T§ is the
nematic-isotropic transition temperature, W is the surface-
induced anchoring strength, K represents the Frank’s elastic
constant under single elastic constant approximation (Kj; =
K5, = Ks3) and Qyf is the surface-preferred order. The total
free energy f is minimized using Euler-Langrangian formalism
and explicit finite difference scheme is employed to arrive at the
stable configurations.

Periodic arrays of cylinders (radius a = 1 um, thickness t =
300 nm) and cylindrical rings (inner radius » = 600 nm, outer
radius R = 1.0 um and thickness ¢ = 300 nm) made of dielectric
material TiO, with periodicity p = 2.5 pum are placed on the
bottom glass substrate coated with ITO as shown in the Figure 1.
DFLC mixture is introduced in the cell of thickness d = 2.5 um.
The unit cells of cylindrical and cylindrical ring periodic arrays
with lattice constant 3 um are shown in Figures 2A,B,D,E. At low
frequency f;, (“ON” state), the equilibrium director configurations
exhibit vertically aligned configuration as shown in Figures
2A,B) for cylinders and cylindrical rings, respectively.
Microstructures induce distortion in the surrounding director
field leading to suppression of the orientational order, S and
hence variation in the optical properties as shown in Figures
2A-E). In the case of complex geometry like cylindrical rings, the
director field is also influenced within the inner ring as shown in
the Figures 2B,E). Inset in Figure 2E) shows that the director
orients parallel to the walls of the inner rings to reduce the elastic
energy. The layer-wise director angles-polar angle 8 and azimuth
angle ¢ averaged in each layer along the Z-direction, 7i(x, z) are
plotted as a function of layer number in the Figures 2C,F). In the
“ON” state, LC molecules undergo maximum distortion due to
contradicting aligning conditions- 1) by the external voltage
induced vertical alignment and 2) the surface anchoring at the
glass and microstructures. The plot of 71 (x, z) as a function of the
layer number, Figure 2C), shows decrease in value of 6 from the
surface induced planar alignment at bottom substrate till the
height of microstructure (indicated by the shaded region) after
which 0 = 0. Azimuthal angle ¢ increases from 0° (X-direction) at
the bottom substrate to 90° (Y-direction) at the top substrate
giving rise to twisted structure. From Figure 2C) it is clear that
distortion in 6 and ¢ is more pronounced and complex near the
cylindrical rings. In the case of planar alignment (“OFF” state) 6
and ¢ undergo maximum distortion near the microstructures
(shaded region) from X-axis (6 = 90°, ¢ = 0°) at bottom and top
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FIGURE 1 | Schematic of metasurface device with DFLC operated between low frequency, f, (left) and high frequency, fy (right).

C
T T o
¥ ! ON state
ONiL g
i 1 4
i i 5 60
T i
I 2w —#-tings
‘ : 2 =—(-rings
3 == ¢-cylinder
===()-cylinder
0 50 100 150 200 250
Layer number
OFF state
v ~=¢-rings
=()-rings
= ¢h-cylinder

===¢-cylinder

0 50 100 150 200 250
Layer number

FIGURE 2 | Director configurations of DFLC cell embedded with cylinders and cylindrical rings: (A,B). Vertically aligned configuration (ON state) of DFLC cell with
cylinders and cylindrical rings at f, = 10 KHz (V = 0). (C) Layer wise averaged director angles n(x,z) as a function of layer number for ON state. (D,E) Planar aligned
configuration (OFF state) of DFLC cell with cylinders and cylindrical rings at f; = 100 KHz (V = 0). (F) Layer wise averaged director angles n(x,z) as a function of layer
number for OFF state. Shaded areas in (C,F) represent the layers occupied by microstructures.
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substrates due to the geometry-preferred alignment as shown in
the Figure 2F). The distortion is higher for cylindrical rings
compared to the cylinders as in the case of “ON” state.

Once the equilibrium director configurations are obtained
from free-energy minimization method, we investigate the
light-matter interactions of the microstructure embedded LC
cell using commercial software CST Microwave studio. The
electric and magnetic fields are discretized on a cubic lattice
and full wave electromagnetic calculations using FEM method are
performed to investigate the electromagnetic response of the
microstructures present in the LC cell. Layer-wise averaged
director orientations of the LC, 71 (x, y) are considered for the
electromagnetic calculations along the thickness of the cell.

2.2 Electromagnetic Response of

Microstructure Arrays
Dual frequency liquid crystal (DFLC) is filled within the glass
substrates coated with ITO. A periodic array of TiO, structures is

placed on the glass substrate as shown in the Figure 2A. The glass
substrates induce planar alignment with weak anchoring
strength, W = 107°N/m” along X-axis and the TiO, structures
induce random anchoring of strength W = 10*N/m”. Standard
DFLC mixture CPEP (3F)-5NCS [31] which exhibits a
birefringence, An = 0.224 at 25°C and y/K,, = 23.5/msym’ in
the mid-wavelength infrared frequencies is considered for the
simulations. DFLC cell embedded with microstructures is
operated between f; = 10 KHz with dielectric anisotropy, Ae =
20 and fy = 100 KHz with Ae = -2.0. Liquid crystal molecules
orient parallel to the applied field (Z-direction) at low frequency,
f1 and rotate perpendicular to the field (X-axis) at high frequency,
fu as shown in the Figure 1. We investigate the electromagnetic
response of LC device operated with weak anchoring on both
substrates and at the microstructures.

Incorporating the director orientations averaged in each layer
along Z-axis 71(x, z) as shown in the Figures 2C,F), we perform
electromagnetic simulations based on FEM method using
commercial software CST. Linearly polarized light is incident
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along Z-axis and incident polarization direction is along Y-axis.
Scattering parameters (S-parameters) are defined by S;; = R and
S1» = Tet*? where “d” is the thickness of the metasurface, k; is
the wavenumber of the incident light in vacuum, R and T are the
reflection and transmission coefficients.

Scattering response of cylinders for both the layer-wise
averaged director angles (7(x,z)) and average director of the
cell # (does not consider the geometry-induced director
distortions) are shown in Figures 3A,B). Here 71 = z for “ON”
state and 7 = x for “OFF” state. In the sub-wavelength regime
exhibited above 30 THz for both the alignments, vertically aligned
state (“ON” state) gives rise to multiple narrow bands as shown in
Figure 3A, while the planar alignment (“OFF” state) exhibits a
single broad transmission band in the range 30, —,44 THz. The
transmission band in the “OFF” state is observed to have fano
resonance type of characteristic with prominent peaks at selected
frequencies. As observed from the Figures 3A,B), the shift in the
response frequencies and the characteristics of the spectra for n
and 71(x, z) differ more significantly for the “ON” state compared
to the “OFF” state. Scattered light further undergoes a gradual

phase variation within the transmission band (29, —,37.5 THz for
“ON” state and 30.5-38 THz for “OFF” state) as shown in the
Figures 3C,D) and hence acts as tunable phase retarder within
this broad frequency range. However abrupt shifts in frequencies
are observed for “ON” state as shown in the Figure 3C).
Interestingly variation in phase of the scattered light between
n and 71(x, z) is more prominent in the “OFF” state. While the 7
case shows a variation of 27 in transmission band in both “ON”
and “OFF” states, a more realistic consideration of 7i(x, z) gives
rise to lesser phase variation. At some of these resonance
frequencies, complex hybrid and higher order modes are
observed as can be seen from the near-field electric field
profiles along XY- and YZ-planes in the Figure 3E).
Significantly, “ON” state exhibits radiating hybrid modes at
the frequencies indicated while “OFF” state gives rise to
toroidal resonances (31 and 46.76 THz) and higher order
modes (43.7 THz) with near-zero transmission in the
propagation direction as shown in the Figure 3E).

Scattering parameters for cylindrical rings show similar
behavior of multiple sharp responses in “ON” state and broad
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FIGURE 5 | Far-field radiation and angular distribution of electric and magnetic fields for cylinders: (A=C). Far-field radiation in XZ plane at f; , (D-F). corresponding
angular distribution of electric field profiles (polarization) in XY plane and (G-l). Corresponding angular distribution of magnetic field profiles in XY plane; (J-L). Far-field
radiation in XZ plane at f,;, (M=0). corresponding angular distribution of electric field profiles (polarization) in XY plane and (P-R). Corresponding angular distribution of
magnetic field profiles in XY plane, respectively.
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asymmetric transmission bands characteristic of fano resonance in
“OFF” state as shown in the Figures 4A,B. As observed in the case of
cylinders, the characteristics of the responses are quite similar for 71
and 71 (x, z) in the case of planar alignment. Phase variation in the case
of “ON” state is sharper for cylindrical rings (at a single frequency)
compared to cylinders while the “OFF” state exhibits a smooth
variation of 27 for both # and 71(x,z) cases in the frequency
range 50, —, 56 THz as observed in Figures 4C,D. Figure 4D
further shows that cylindrical rings in planar alignment exhibit
efficient phase retardation compared to the solid cylinders. Near-
field profiles of the cylindrical rings show presence of hybrid modes in
both “ON” and “OFF” states. It is observed that the ring structures do
not support non-radiating toroidal modes unlike cylinders. A detailed
multipole analysis will help in further identifying the dominant
resonant modes in all the above cases.

Far-field radiation (XZ plane) and angular distribution of
electric and magnetic far-field profiles (XY plane) are plotted
for cylinders and cylindrical rings incorporating 7(x,z) at
selected resonance frequencies in the Figures 5, 6, respectively.
In the case of cylinders (Figure 5), far-field radiation at 31.1 THz
in “ON” and, “OFF” states are complimentary to each other. This
is due to the excitation of electric dipole mode in the “OFF” state
in addition to magnetic dipole (observed in both the states) along
Y-direction resulting in destructive interference along forward
propagation. Hence the metasurface mediated DFLC cell acts as a
polarization converter and switches from forward to backward
propagation of scattered light at this frequency. Further one can
also observe transition from magnetic dipole modes to hybrid
modes (magnetic quadrupole + magnetic dipole in this case) and
vice versa as observed at 43.7 and 46.76 THz, respectively.

Cylindrical rings exhibit more complex response spectra and
near-field profiles compared to the cylinders which is also reflected
in the far-field behaviour. For example, at one of the resonant
frequencies, 49 THz the far-field radiation switches between
backward to forward propagation at “ON” and “OFF” states.
“ON” state exhibits both electric and magnetic dipoles while
“OFF” state exhibits magnetic dipole + quadrupole hybrid
mode. At 50.5THz (Figure 6), “ON” state shows onset of
magnetic quadrupole mode along with magneitc dipole at an
angle 45° while the “OFF” state shows both electric dipole and
magnetic dipole oriented at an angle 15° from X-axis giving rise to
backward propagation. At 59.1 THz, the electric and magnetic
dipole modes orient normal to each other for “ON” and “OFF”
states hence the incident polarization vector shifts from Y-axis to
X-axis as we switch the DFLC cell from vertical alignment (“ON”)
to planar alignment (“OFF”) and vice versa. Far-field radiation at
this frequency shows scattering along both forward and backward
directions for “ON” state while the “OFF” state exhibits strong
forward propagation. Cylindrical rings hence give rise to rich near-
and far-field responses compared to cylinders in both “OFF” and
“ON?” states with versatile functionality as dynamic metasurfaces.

2.3 Optical Response Times

The response times of a typical liquid crystal under the influence
of an aligning field can be estimated as a function of the applied
voltage. The rise time of the LC molecules to orient along the
aligning direction is given by [33,39]:
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where Vy, is the threshold voltage, V is the voltage applied to drive
the LC molecules, y is the rotational viscosity of the LC material, d
is the thickness of the cell and K is the elastic constant (bend
constant K33 in the present case of VA cell). The relaxation time or

the decay time, 7,4 or 7, of the LC molecules depends on the LC
reorientations and hence on the elastic properties of the medium as

2

_yd

=X 3)

T4

In DFLC since both the “ON” and “OFF” states are driven by

high voltages the response times can be written in terms of the
decay time,7, and voltage amplitudes as

To
ToON=—"——7
(V, ) . (4)
\
To
TOFF =

() - !
Vin,

where V), and V are the corresponding driving voltages at f;; and
f1, respectively. Vi, and Vy, are the corresponding threshold
voltages. Using the above equations, one can calculate the
response times of the microstructure embedded DFLC cell as a
function of V/Vy, as shown in the Figure 7. It is observed from the
figure that the rise time 7oy < 1 ms for V < 0.5Vy,. As the applied
voltage approaches Vy,, 7 diverges. The decay time calculated
from the above equation show a similar behaviour as a function of
VIV, Threshold voltage Vy, can be approximated theoretically
from the elastic properties of LC as given below:

K33
6
€| A€l ©)

Vth:ﬂ
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From the above equation, threshold voltage for reorientations
of LC molecules is given by V;,=0.9 V at f; (ON) and V;, =8 V at
fu (OFF), respectively. From this we show that the response times
of the LC orientations to the external driving voltages falls in the
range of 1 ms and hence switching between electromagnetic
responses at “ON” and “OFF” states as discussed in the earlier
sections can be performed in ultrafast times. This opens up
possibilities to design multifunctional devices that can be
operated in ultrafast times, with some of the functionalities
demonstrated in the present work with cylindrical and
cylindrical ring microstructures in IR frequencies.

3 CONCLUSION

In the present work cylindrical and cylindrical ring
microstructures are introduced in DFLC to investigate the
effect of geometry and hence the near-field director
orientations on the electromagnetic response and switching
times. Simulations based on free-energy minimizaiton are
performed to obtain inhomogeneous director field in the
presence of microstructures at both vertical and planar
aligned configurations. Layer-wise averaged angles along the
thickness of the cell show that cylindrical rings give rise to
complex variation of the director angles compared to the simple
cylindrical geometry. We show that such a complex variation in
director profile at micro scales has a significant effect on the
electromagnetic responses due to comparable length scales with
the LC molecular orientations. In the present work we
incorporate layer-wise averaged director angles into the FEM
based electromagnetic simulations to include the director
orientations near the microstructures. We observe significant
effect on the scattering responses such as shift in the response
spectra and phase modulations which is more visible in the
vertical alignment (“OFF” state) for both the geometries. From
far-field radiation and electric and magnetic field profiles (both
near-field and far-field) it is observed that cylindrical rings are
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