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Abstract: We propose, optimize, fabricate and test beam-steering elements based on double-sided
liquid-crystal (LC) metasurfaces allowing for diffractive and spectral multiplexing, and thus covering
three different beam deflection directions each. While straightforward parallel design requires one
diffractive beam-steering element per a direction determined by Bragg’s law, double-sided LC-
metasurfaces are remarkably flexible and allow optimization for three operation modes at different
applied voltages: zero-voltage mode with dominant +1 order red light and +2 order blue light
diffraction; intermediate mode at 1.4-1.6 V voltage with dominant +1 order blue light diffraction;
and transparent mode at 5 V voltage. We comprehensively study three such elements with 6, 8 and
10 micrometer periods and verify their capability of deflecting blue and red light beams with 40-70%
efficiencies in nine target directions with 10 ms characteristic switching times.

Keywords: beam steering; liquid crystal devices; light diffraction; metasurfaces

1. Introduction

The precise splitting and steering of light beams is a key functionality of optical el-
ements for free-space telecommunications [1], 3D shape acquisition [2] and LiDARs [3].
Traditional LiDAR elements perform efficient light deflection with mechanically moving
parts, which complicates the design, compromises the long term stability, and increases the
size and weight. The necessity of non-mechanical analogs to redirect light by virtue of intrin-
sic reconfiguration is widely recognized [4] and numerous sophisticated devices enabled by
the latest nanotechnology advances are being proposed [5]. Growing attention is attracted
to beam-steering liquid crystal (LC) devices which are compact and conveniently controlled
by low voltage [6-8]. The broad availability of LC materials and efficient production routes
already established for the LC display industry promise fast commercial implementation.

As with many other LC devices, a beam steerer operates relying on the reorientation of
an optically transparent anisotropic LC layer stimulated by relatively low voltage. In con-
trast to uniformly aligned display cells, beam deflectors impart non-uniform sawtooth-like
phase profiles to the light wavefronts. Applying the phased array concept, one can indepen-
dently address micrometer size areas of the LC layer via a complex system of transparent
microelectrodes. Plugging them with variable periodicity provides remarkable flexibility
to the deflection, as its angle can be varied in accordance with Bragg’s law. The efficiency
remains sufficiently high as long as the period is large enough for the linear gradient phase
profiles to be precisely induced by a large number of electrodes per period. However,
inevitable cross-talk between adjacent electrodes and a substantial contribution from the
regions of phase flyback drastically suppress the efficiency of multielectrode configurations
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as soon as their period is decreased to approach the deflection angles of fractions of a
degree [9,10].

Real-life applications demand beam steering in much wider ranges of directions,
and different angle-expanding devices multiplying the deflection angle by about 2 [11] and
even by up to 5 [12] times are being proposed. To cover the range of tens of degrees, they
still require input elements deflecting light by several degrees. For visible light, such an
element has to modulate the wavefront with a periodicity of 10 um or less. Various designs
of the corresponding light deflecting LC-systems proposed recently all rely on adding to
LC cells short-scale periodic components such as polymer blazed gratings [13], arrays of
resistive polymer electrodes distributing sawtooth-like modulated voltage profiles to the
LC layer [14], or photopatterned planar alignment layers stabilizing periodic modulations
of nematic [15] and cholesteric [16] LCs. For the periodicity thus fixed, the corresponding
elements deflect light in the direction of a particular optimal diffraction order from the
set determined by Bragg’s law. To cover the large number of deflection angles required,
e.g., for LIDAR applications, one can either stack many such elements to employ them
in series [17] or create their large arrays operating in parallel. In both cases, the size and
complexity of the whole device are drastically increased.

Here, we propose and realize the idea of spectral and diffractive multiplexed beam-
steering LC elements in order to substantially reduce their number, avoiding sophisticated
electrode systems and retaining conventional flat display-like LC-cell geometry. The practi-
cal realization is empowered by the recently developed concept of LC-metasurfaces relying
on versatile LC microstructures stabilized upon patterned polymer alignment layers induc-
ing submicrometer-scale modulations of the adjacent nematic LC director [18-23]. Lately,
we have developed a precise method of creating such alignment layers by patterning
rubbed polyimide films with a focused ion beam (FIB) [18,21]. While efficient beam de-
flection of blue light can be achieved using one such layer accompanied by a uniformly
aligning opposite substrate [20], extending the spectral range onto the whole visible range
is possible using a double-sided design with complementary alignment layers patterned
on both substrates [23].

Now we further extend the double-sided design to create multiplexed beam-steering
LC metasurfaces specifically optimized for efficient performance in three operating modes:
+1 order diffraction of red light and +2 order diffraction of blue light; +1 order diffraction
of blue light; and full transparency. The main advantages of such multiplexing as well
as the corresponding optimization of LC-metasurfaces are recounted in Section 2. Based
on the extensive numerical optimization of LC alignment patterns on both substrates for
three different metasurface periods of 6, 8 and 10 um, we imprint them with FIB, assemble
LC-cells and characterize their optical performance including the diffraction efficiency and
electro-optical switching dynamics measurements as recounted in Section 3. We obtain the
key functional parameters which are quantitatively in line with the theoretical expectations
and, as discussed in Section 4, conclude that the LC-metasurfaces can be readily employed
in versatile beam deflecting devices.

2. Main Idea, Design and Optimization
2.1. Advantages of Spectral and Diffractive Multiplexing

The function of a beam-steering device is to precisely send sequences of light beams
in many different directions. The main challenge for non-mechanical realization is to cover
many substantially different directions using reliable intrinsic reconfigurability which, as a
rule, is based on subtle physical phenomena affecting the light beams in a perturbative
manner. Various LC devices extensively developed in the past years are capable of efficient
light deflection at a fixed angle of 5-10°, i.e., they essentially perform as switchable small-
angle blazed gratings [13-16]. The deflection occurs as a result of diffraction into a particular
dominant n-th order at an angle «;, dictated by Bragg’s law:
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where P is the grating period and A is the light wavelength. Quantitatively, the performance
is characterized by efficiency #, of the corresponding diffraction order, defined as the
relative part of the incident light energy deflected at the angle ;. For the zeroth order, it
coincides with the forward transmittance, 79 = T.

To cover a large number of deflection angles, one has to fabricate the same number of
steering elements, each optimized for a particular angle, and to combine them in parallel.
For the sake of argument, in Figure 1a we present a sketch of exemplary device covering
nine different deflection angles by nine switchable blazed gratings which can be based on
anomalously refracting LC-metasurfaces [20]. Each element either efficiently deflects light
at a particular angle dictated by Equation (1), or, when the voltage is applied, transmits
it directly into the blocking cap. In this way, by illuminating the array of elements and
selectively applying the voltage to them, one can send the light beams in an arbitrary subset
of nine directions.

> (c)
\ LC
\ / FIB treated area

polyimide layer

. / ITO electrode

" glass substrate

Figure 1. Advantages of multiplexed beam-steering elements based on LC-metasurfaces. Schematic
of an array of 9 electrically controlled elements of different periods for parallel +1 order diffraction
deflection at 9 different angles (a). Schematic of an array of 3 multiplexed metasurfaces covering
9 different angles by virtue of spectral and diffractive multiplexing (b). Schematic of a cell containing
self-assembled double-sided LC metasurface (c). Three operating modes of a multiplexed element
based on a double-sided LC-metasurface at different voltages imparting sawtooth modulations to the
blue and red light wavefronts (d).

Our goal is to design multiplexed LC beam-steering elements to substitute the array in
Figure 1la with a much more compact one covering the same number of different directions
in space as shown in Figure 1b. This can be achieved by extending the set of available
angles determined by Equation (1) by combining diffractive multiplexing (deflecting light
into different orders of diffraction n) with spectral multiplexing (efficient diffraction of light
of substantially different wavelengths A). Such specific functionality is rather non-trivial
and, for example, it is beyond the capabilities of single-sided LC-metasurfaces efficiently
diffracting the light in a narrow spectral range into +1 diffraction order [20]. Recently
proposed double-sided LC-metasurfaces [23] offer a unique possibility of the practical
realization of multiplexing: on the one hand, they efficiently deflect light of the whole
visible spectrum, while, on the other hand, as we show below, they allow optimization for
efficient diffraction into a higher +2 order.

Double-sided LC-metasurfaces self-assemble within a few micrometers gap between a
pair of polymer alignment layers held by glass substrates with transparent indium tin oxide
(ITO) electrode interlayers used for applying electric voltage to drive the switching, see
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Figure 1c. Qualitatively, the physical principle of multiplexed double-sided LC-metasurface
operation is depicted in Figure 1d. Both substrates contain periodic patterns of stripes
aligning the adjacent LC either vertically along the z-axis (at the areas processed by FIB)
or in-plane along the y-axis normal to the drawing (at pristine rubbed polyimide areas).
Combining stripes of different widths allows the induction of gradual reorientation of the
LC director near the substrates, which is translated into the LC bulk by the orientational
elasticity. As a result, linearly y-polarized incident light experiences non-uniform phase
delay when passing through such an LC cell, and its wavefront is periodically modulated
at the output. For efficient deflection, the wavefront has to approach a sawtooth shape
with smooth linear gradient areas interrupted by sharp flyback areas, where the light phase
folds by multiples of 27r. Efficient +1 order diffraction occurs for folding by 27, while +2
order diffraction requires folding by 4, etc.

For multiplexed performance, a metasurface should operate in three modes with the
diffraction efficiency maximized for the corresponding orders at zero voltage and at an
intermediate low voltage. For the spectral multiplexing, we choose the target wavelengths
of blue (450 nm) and red (630 nm) lasers. As shown in Figure 1c, in the zero-voltage mode
U = 0, a 47 folding occurs for blue light and a nearly 27 folding is established for red
light, as its wavelength is considerably larger. Accordingly, efficient +2 order diffraction
of blue light and +1 order diffraction of red light occurs. Applying intermediate voltage
U to flat solid LC-cell electrodes partially straightens the LC director field, decreasing
the amplitude of refractive index modulation. Now, a 27t folding is established for blue
light which diffracts into +1 order, while the red light deflection is attenuated. For a higher
applied voltage Uy, the refractive index modulations are fully suppressed, and both red
and blue light beams pass through the element directly.

2.2. Optimization of Multiplexed Elements

To reveal optimal alignment patterns, i.e., particular numbers and widths of alignment
stripes for metasurfaces of different periods, we performed extensive numerical simula-
tions using the finite element method in COMSOL Multiphysics. Equilibrium states of
deformed nematic LC were obtained by numerically solving the corresponding continuous
problem [24] using Weak Form PDE and taking the elastic coefficients of E7 nematic mixture
used in further experiments known from the literature [25]: K17 = 11.1 pN, Ky, = 6.5 pN
and K33 = 17.1 pN. The LC cell gap was set to 4 um as in our previous experiments [23].
On one hand, such a gap allows the accumulation of sufficient phase modulation, as light
propagates through moderately optically anisotropic LC. On the other hand, it supports
reasonably fast switching by low voltage. Note that the required voltage amplitude grows
linearly and the switching time grows quadratically with the gap [24].

According to Equation (1), deflecting visible light by several degrees requires a meta-
surface period of 10 pm or smaller. For the LC modulations not to become critically
smoothed by the orientational elasticity, contrariwise, one has to keep the period larger
than the LC-cell gap of 4 um. As a reasonable compromise, we chose to optimize metasur-
faces of three different periods of 6, 8 and 10 pum.

The LC orientation is parameterized by the polar angle # measured from the vertical
z-axis, while the azimuth angle remains constant, as the LC director alters between the y
and z directions. Similarly to our previous works, we assumed rigid LC anchoring at all
stripes and applied the Dirichlet boundary conditions 8 = 0 on the FIB-processed stripes
and § = 71/2 on the stripes of pristine polyimide. Simulations were performed within a
2D domain containing one metasurface period with periodic boundary conditions set on
its sides.

To account for the aligning effect of voltage applied across the LC layer, we intro-
duced the standard dielectric term to the LC free energy density describing the energy of
anisotropic LC locally subjected to electric field. The latter is self-consistently obtained
by solving the Poisson equation for electric potential in anisotropic LC, assuming a fixed
voltage drop between the substrates. Static (low-frequency) relative dielectric permittivity
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of the LC corresponds to the properties of the experimentally used E7 mixture: e, = 5.2
and SH =19.

The obtained equilibrium configurations were employed to evaluate the optical char-
acteristics by solving the Maxwell equations using the Electromagnetic Waves Frequency
Domain (EWFD) module of COMSOL Multiphysics and taking into account the actual LC
cell structure including glass substrates and 150 nm thick transparent ITO electrodes with
all material properties adopted from independent experimental data: the ITO refractive
index as in the COMSOL material library [26] and the principal E7 nematic permittiv-
ity values set in terms of the Lorentzian model, fitting the experimental dispersion [27].
For consistence with experiments, the calculated transmittance and diffraction efficiencies
were normalized by the forward transmittance of a homogeneous LC cell area.

LC metasurface optimization was performed considering the x-coordinates of the
edges of FIB-processed aligning stripes as variables. For the objective functions, we took the
value of +2 order diffraction efficiency at a wavelength of 450 nm and the value of +1 order
diffraction efficiency at the same wavelength at an intermediate voltage of 1.5 V applied.
The optimization was performed using the Nelder-Mead method with the sum of two
objective functions maximized. To evaluate them at each optimization step, two weak-form
LC elastic problems are solved for zero and intermediate voltages applied, as well as two
corresponding optical transmission problems.

In this way, we optimize double-sided metasurfaces of three periods of 6, 8 and 10 pum.
The obtained optimal parameters of stripe patterns are given in Table 1. To illustrate the
performance in three modes, in Figure 2a we present the spectra of relevant diffraction
efficiencies #; » and transmittance T of the optimized 10 pm periodic metasurface. One
can see that the efficiency of +1 order diffraction at the target red and blue wavelengths
approaches remarkably high 80% values at the zero and intermediate 1.5 V voltages,
respectively. Moreover, +2 diffraction efficiency can reach almost 60% at the zero voltage
and it fully vanishes at low intermediate voltage. Applying 5 V is enough to establish a
transparent state with negligible diffraction. Note that these efficiencies are evaluated
by accounting for all internal reflections within the multilayer LC cell (see Figure 1a),
including, for instance, the reflections from ITO interlayers, which attenuate the forward
transmittance by 10-15% in the blue range, even when the diffraction is suppressed by
higher voltage.

Table 1. Parameters of stripe patterns to be imprinted by FIB on both LC-cell substrates as obtained by
the numerical optimization described in Section 2 for three metasurface periods. The stripe beginning
and end x-coordinates are given together in parentheses. All values are in micrometers.

Period Stripes on Top Substrate Stripes on Bottom Substrate
(0.0,0.9) (1.0,1.4)

(0.0,3.7) (3.9, 4.1)

6 (4.2, 45) (47, 4.8) gg ;;Z; (1.9,2.0)
. (0.0,59) (6.5, 6.7) (0.0,1.1) (1.3, 1.8)
(6.9,7.0) (2.2,2.4) (2.7, 2.9)
(0.0, 64) (6.5, 6.7) (0.0,15) (1.8, 2.4)
10 (7.07.6) (7.8, 8.1) (2.8,3.0) (3.2, 3.3)
(83, 8.4) (8.8, 9.0) (37,38) (4.1,4.3)

The underlying physics can be understood from the corresponding colormaps of the
LC-director polar angle in Figure 2b. One can see that the orientational LC elasticity pre-
vents abrupt discontinuities of the director field in the LC bulk presumed by the simplified
picture of LC orientation shown in Figure 1d. Apart from this, the modeling generally
confirms the expected LC behavior in different modes. In the zero-voltage mode, the LC
director gradually realigns from a practically vertical orientation on the left (blue color)
to the almost planar orientation on the right (red color), thus producing the strongest
possible difference of the transmitted light phases. In the intermediate voltage mode,
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the orientation on the left remains fully vertical, while the bulk of the LC cell on the right
partially realigns also vertically reducing the resulting phase difference. Ata higher voltage,
the LC-director is nearly perfectly aligned along the vertical direction, and the uniform
LC-cell is almost transparent.

(a

100%

+2 order efficiency, #, 100% Transmittance, T’

+1 order efficiency, 100%

80% 0 V 80% 80%

60% 60%
40% 40%
20% 20%
ol

ov

. }/“

7200 500 600 700 800 900 7400 500 600 700 800 900 400 500 600 700 800 900
Wavelength 2 (nm)

Wavelength 4 (nm) Wavelength A (nm)

LC-director polar angle, rad

| I |

Figure 2. Optimized multiplexed 10 um periodic double-sided LC-metasurface. Numerically ob-
tained spectra of diffraction efficiencies of +1 and +2 orders, and direct transmittance at three different
voltages with the target wavelengths of 450 nm and 630 nm indicated by vertical dashed lines (a).
Colormaps of the simulated spatial distribution of the LC director polar angle within one metasurface
period at three voltages (b).

3. Experimental Multiplexed Elements
3.1. Fabrication

To implement the designed elements, we employed the preparation and FIB patterning
technique developed in our recent works [18-23]. The substrates were based on standard
soda-lime display-quality glass plates covered with 150 nm thick transparent ITO electrodes.
Planar alignment polymer layers were produced by spin coating of a 1% solution of
polyamic acid in dimethylformamide, annealing at 250 °C for 1 h and unidirectional
rubbing with a soft cotton cloth. FIB-patterning of rubbed polyimide layers was performed
using an FEI Scios DualBeam electron microscope controlled by digital raster templates.
The microscope magnification was set to ensure that a single raster pixel corresponded to a
0.1 x 0.1 um? area of the substrate surface. The patterns consisting of 3500 x 3500 px? were
imprinted as 350 um large squares by irradiating corresponding pixels for 150 pus with a
0.1 nA beam of Ga™ ions accelerated to 30 keV.

Stacking and assembling the patterned substrates in an LC-cell was performed with
4 um Sekisui Micropearl plastic spacers securing the cell gap. After the gap was filled with
E7 (Merck) nematic LC, fine relative substrate adjustment was performed using a custom
made device [28] comprising two 3D-printed plastic frames equipped with Newport Vernier
Micrometer SM-13 screws. The quality of LC-alignment was monitored by polarizing
optical microscopy (POM) using Olympus CX31PF-5 and BX53MTRF microscopes. For finer
substrate adjustment, back focal plane (BFP) images of the metasurfaces were monitored as
indicators of their proper self-assembly manifested by strong red and blue light diffraction
at zero voltage. In particular, to maximize the visibility of +2 diffraction order, BFP images
upon blue light illumination through a violet color glass filter VG1 [29] were monitored.
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3.2. Diffraction Efficiency Measurements

To reveal the actual diffractive performance of the fabricated LC-metasurfaces, we used
the BFP-spectrometry technique [23], allowing the extraction of quantitative information
on the spectra of efficiencies 7, of all observable diffraction orders. The technique relies on
the digital processing of scanned and spectrally resolved BFP images of metasurfaces using
also a spectrally resolved reference beam image obtained under the same conditions at a
homogeneous LC-cell area.

In BFP, the x-coordinate of a light spot created by an n-th diffraction order is deter-
mined by the diffraction angle as x,, = H sin a;,,, where H is the only unknown experimental
device parameter to be once empirically determined for all registered BFP images. Re-
solving diffraction efficiencies is based on the assumption that a metasurface BFP image
expressed as intensity I(x, A) can be presented as a sum of reference beam intensities I:

I(x,A) =Y nu(A)Io(x — x4, A), ()

with the latter shifted along the x-axis in the BFP according to Bragg’s law (1).

Scanning and spectral resolving of the metasurface BFP images was carried out using
the same custom setup based on the Olympus BX53MTRF optical microscope and the
Ocean Optics QE Pro fiber optic spectrometer as described in Ref. [23]. Spatial scanning
was performed by mechanically displacing the input port of the spectrometer fiber with a
stepper motor actuator controlled by an Arduino microprocessor board. By interpolating
and fitting the measured intensity maps I(x, A) with Equation (2) we resolved the spectra
of efficiencies of all observable orders of diffraction.

To study the diffraction at intermediate voltage, we applied 1.0 kHz rectangular volt-
age waveforms to the transparent ITO electrodes. Using alternating voltage is conventional
for electrically driven LC devices, as it allows the avoidance of the accumulation of free
charges at the electrodes and LC cell heating. By observing BFP images at voltages at and
about 1.5 V (used in optimization) we noticed that slightly different 1.4 V or 1.6 V voltages
sometimes allow the achievement of higher target efficiencies. Therefore, we empirically
determined optimal intermediate voltages separately for each metasurface, as is indicated
everywhere below. To achieve a transparent mode, we applied a voltage of 5 V.

In this way, we quantified the diffractive properties of all three fabricated elements
in three different modes and we summarize them in Figure 3. One can see that the
obtained efficiency spectra fully confirm our theoretical expectations. The observed +1
order diffraction efficiencies reach or exceed 60% for red light at zero voltage and for
blue light at the intermediate voltage. The efficiencies of +2 diffraction order reach their
maximum values, approaching almost 50% at about the target blue light wavelength. In the
intermediate modes, all three metasurfaces diffract blue light into +1 order with a 60%
efficiency. In the transparent mode induced by a 5 V voltage, the diffraction at target
wavelengths is suppressed. The particular experimental diffraction efficiency values at the
target wavelengths are 5-10% lower than theoretically predicted (compare, e.g., Figure 2a
with the bottom row in Figure 3). The difference is especially noticeable in the blue
range and we attribute it to an inevitable loss of light energy due to scattering on the LC
orientation fluctuations and defects.

To visualize the advantages of multiplexing, we used Equation (1) to evaluate the
diffraction angles covered by three studied metasurfaces at the target blue and red light
wavelengths and present the corresponding efficiencies in Figure 4 as functions of this angle.
The diagram follows the well-known general trend of less efficient diffractive performance
at larger angles formulated for LC gratings [4]. It is inevitable, as LCs always smoothen
sharp phase flyback areas and the relative contribution of these distorted areas increases as
the grating period shortens, to provide diffraction at larger angles. At the same time, it is
seen in Figure 4 that the three studied multiplexed elements cover the range up to 7° by
8 rather evenly spread deflection angles, and the largest deflection angle approaches 9°.
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Naturally, the particular values of these angles are defined by Bragg’s law (1) and can be
fine-tuned to particular desired values in this range by adjusting the metasurface periods.

+1 order efficiency, #,

+2 order efficiency, 7,

Transmittance, T

100%

900

100% 100%
P=6pum
80% 80% 80%
60% 60%
40% 40%
20% 20%
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Figure 3. Measured visible light diffraction by experimental double-sided LC-metasurfaces of
periods 6 pm (top row), 8 pm (middle row) and 10 um (bottom row). Three operations modes of
each metasurface are illustrated by the corresponding BFP POM images upon blue light illumination
and the spectra of diffraction efficiencies of +1 and +2 orders and the direct transmittance. Target
wavelengths of 450 nm and 630 nm are indicated by the vertical dashed lines.

100% T r :
O +2order, 450 nm, 0 V
® +1 order, 630 nm, 0 V
80% @ +1order, 450 nm, 1.5 V| A
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2 @ (]
.g o L 2 6 um
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Diffraction angle

Figure 4. Diffraction angle dependence of the efficiencies of +2 order (hollow symbols) and +1 order
(filled symbols) manifested by the three fabricated LC-metasurfaces at the target wavelengths of
450 nm (blue symbols) and 630 nm (red symbols) with the metasurface periods indicated.
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3.3. Switching Speed

The speed of switching between different operating modes is a key characteristic
of beam-steering elements. To reveal the dynamics of electro-optics of fabricated LC-
metasurfaces, we studied them using a custom setup based on an Olympus CX31PF-5
microscope (built-in objective 0.25 NA) using a semiconductor laser diode (wavelength
445 nm) as a light source, and a silicon photodiode for the signal registration, see Ref. [23] for
more details. The diode light was polarized along the y-axis and focused into a spot smaller
than the metasurface size. A pinhole diaphragm with a 1 mm aperture was placed in front
of the registering diode to separate and independently analyze different diffraction orders.

To study the transitions between all three operating modes, we applied 100 ms long
rectangular pulses of a higher amplitude of 5 V and of intermediate amplitude in the
range 1.4-1.6 V depending on the metasurface period. In order to investigate the transition
between the intermediate and higher voltage modes, we applied more complex pulses
with a background voltage equal to the intermediate voltage and, again, square 100 ms
long pulses of higher voltage of 5 V. All three elements of different periodicity switch
very similarly. We present in Figure 5 exemplary data for the somewhat slower 10 um
periodic metasurface. For all three switching processes, the dynamics of diffraction channels
dominant in the corresponding modes is presented. To purify the relaxation character, we
normalized the registered optical power by the values in both steady states.

u=14V U=5V

100 150

240 260 100 150 200 220 240 260 100 150 200 220 240 260
Time (ms) Time (ms)

Figure 5. Switching dynamics of the 10 pm periodic LC-metasurface between its three operation
modes. Blue-light BFP POM images obtained at three voltages are shown with the dominant orders
indicated. Normalized time-resolved intensity variation of the diffraction orders dominating in the
corresponding modes are presented with the time intervals of 100 ms long rectangular switching
voltage pulses indicated by light-green background. The best exponential fits of the relaxation
dynamics are plotted as dotted lines and the corresponding relaxation times 7 are specified.
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One can see that the transition to higher-voltage mode is very fast when starting
from the zero-voltage or intermediate-voltage modes: the diffraction is rapidly suppressed
and the direct transmission grows equally fast. Such behavior is typical for many LC
systems and it is determined by a large excess of dielectric LC energy [24]. Switching to
the intermediate-voltage mode from the zero-voltage mode is slower, as the corresponding
dielectric energy excess (quadratic in voltage) is much smaller.

As is also typical for electro-optical LC systems, the overall speed is determined by the
time scale of relaxation after the voltage is decreased or fully switched off. The relaxation
is driven by the excess of LC deformation energy and the switching speed is determined
by the balance between elastic and counteracting viscous forces [24]. As was thoroughly
analyzed for single-sided LC-metasurfaces [19,20], in the most general scenario, the relax-
ation dynamics is multiexponential: complex LC deformations occur on different spatial
scales, giving rise to very different deformation energies, and their subsequent exponential
relaxation is superimposed in the optically observable dynamics. Here, in the double-sided
design, we also clearly observe the exponential relaxation character. As shown by the
dotted plots in Figure 5, it is possible to closely approximate five out of six relaxations by
exponents e~/T, where At is the time passed since the voltage is decreased in amplitude
or switched off, and the characteristic relaxation time 7 is a fitting parameter. The par-
ticular values of the latter are indicated on the plots in Figure 5. One can also trace the
general multiexponential character of the relaxation as, for instance, the direct transmission
(0-order) relaxes after the voltage of 5 V is fully switched off or decreased down to 1.4 V
with similar, but nevertheless different, times of 4.0 ms and 6.9 ms, correspondingly.

The slowest relaxation apparently occurs as +2 order intensity is restored after full
switching off of the higher 5 V voltage. One can clearly see that this process takes place
in two steps. Although the direct transmission rapidly disappears, the blue light is firstly
redirected into +1 diffraction order while +2 order stays dim. Only after this first stage is
accomplished in about 10 ms, does further LC relaxation take place, resulting in complete
restoration of +2 order. Note that even in this exceptional case, one can estimate the
switching time by 20 ms, which is close to the switching time of a uniform display cell
containing the same LC material in the same geometry. Switching off all other diffraction
orders dominant in different operating modes occurs at least twice as fast.

4. Conclusions

We have shown that multiplexed beam-steering elements can be realized as double-
sided LC metasurfaces that are switchable by voltages of several volts within ten millisec-
onds. The design of such metasurfaces based on binary alignment patterns imprinted
on both substrates relies on elaborate numerical optimization, accounting for all specific
details of experimental realization. Our measurements fully confirm the key theoretical ex-
pectations and demonstrate the feasibility of efficient diffractive and spectral multiplexing.

The choice of target wavelengths of blue and red light for the color multiplexing is
dictated by commercially available laser diode sources. Clearly, one can similarly optimize
the deflection of light of any visible wavelength. The lower wavelength limit is fixed by
the LC material properties: the E7 nematic mixture (as typical for LCs in general) exhibits
strong absorption in the near ultraviolet range. The upper wavelength limit is not so
definite, but one has to ensure that the LC layer thickness is sufficiently large for the light
to accumulate the required phase modulation. A straightforward scaling-up of the design
will likely cause negative side effects, such as slowed down switching, increased driving
voltage and compromised LC alignment quality. Using one of the recently developed
LC mixtures [30,31] exhibiting larger optical anisotropy in the near infrared range will
allow the performance of efficient beam steering at such wavelengths, keeping the cell gap
relatively small.

From the practical point of view, the great advantage of the proposed device is its full
compatibility with existing LC display technology. Indeed, the flat device geometry as well
as its main constituents—substrates coated with transparent ITO electrodes and rubbed
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polymer alignment layers, and a 4 um thick layer of typical nematic LC—are standard for
display cells. The only difference is fine FIB processing of certain substrate areas, which
can be easily included as an additional step to the conventional production line. The true
merits of this kind of compatibility have recently been demonstrated by the remarkably fast
success of Kymeta antennas performing beam steering in the radio frequency range [32].

Finally, we note that the potential functionalities offered by the newly developed
platform of LC-metasurfaces are certainly not exhausted by beam steering. Following
the same strategy, they can be equally successfully optimized for numerous other optical
applications requiring the electrically controlled deflecting, splitting, and focusing of
visible light.
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