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An All-Optically Controlled Liquid-Crystal Plasmonic

Metasurface Platform

Mukesh Sharma* and Tal Ellenbogen

The need for thin active metasurface based elements, opens an exciting
research direction toward exploration of various active materials and their
control mechanisms. Here, an all-optical control mechanism of composite
metasurfaces is studied, based on rapid laser-induced thermo-optical
nonlinearities in nematic liquid crystals (NLCs). Specifically, the absorption of
photons leads to local heating, which in turn facilitates a nematic-to-isotropic
(N-I) phase transition of a twisted-NLC (TNLC) layer that is sandwiched
between an indium tin oxide (ITO) coated glass plate and the metasurface.
This mechanism is used to experimentally demonstrate all-optically
switchable plasmonic metasurface color tag. The dependence of the switching
on the laser power and the dynamic response of the device are characterized.
Experimental results show that the pump beam power significantly affects the
switching time, which can be further reduced by thermal management of the
design. Such switching mechanisms have great potential in all-optically

to reaction of the LC molecules to nu-
merous external stimuli such as light,
temperature, and electric or magnetic
fields,°-%) in addition to their high bire-
fringence and broadband response over
the entire visible-IR-THz-microwave
spectrum.!l For applications of all-
optical switching, light-induced nematic-
to-isotropic (N-I) phase transition via
local heating (i.e., change in refractive
index and order parameter), has been
proposed and studied.[3'-7]

The local heating of the NLC is medi-
ated through the absorption of photons
energy which is then thermally dissi-
pated. Beyond a threshold input power,
the local temperature becomes higher

controlled systems and can be applied to realize additional active and

multifunctional optical devices at nanoscale.

1. Introduction

The development of active metasurfaces, together with their
tunable optical response, are providing a new platform for
reconfigurable optical devices at the nanoscale.'®! To achieve
such devices, a number of active materials and active control
techniques, have emerged based on electrical, mechanical,
thermal, and optical mechanisms.’®] In particular, all-optical
switching mechanisms are attractive as they can potentially
overcome the limitations of electronics, and may be important
for the development of ultrafast reconfigurable platforms.
Reconfigurable nematic liquid crystals (NLCs) based metasur-
faces attracted a great deal of attention lately.'2%] This is due
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than the critical temperature required for
N-I phase transition. It has been reported
that laser-induced thermal effects in NLC
enable relatively rapid switching times
when the local heating is realized by
short laser pulses.[31:33-3638] By exploiting this interesting switch-
ing mechanism, it is possible to realize highly tunable and ef-
ficient active metasurface-based devices such as phase-shifters,
optical switches, modulators, and sensors. For example, it can be
employed to actively control the fundamental localized surface
plasmon resonance (LSPR) in an integrated LC-plasmonic meta-
surface system. In plasmonic metasurfaces, the LSPR is strongly
dependent on the structural shape and size of the nanostructure,
the polarization of incoming light, and the surrounding dielec-
tric medium.3°) Therefore, the LSPR wavelength can be modi-
fied abruptly using such thermo-optical switching mechanism,
either by changing the refractive index of the LC, or by rotating
the polarization of incident light.

Recently, Pietro et al.[*®] experimentally demonstrated a strong
spatial self-phase modulation by exploiting ultrashort laser-
induced thermal nonlinearity in E7 NLCs. This preliminary study
represented a new insight for application of thermally-induced
nonlinearities in NLCs and was used as a means to achieve beam
shaping. Yet, nonlinear thermal effects via local optical heating
of NLCs in a controllable manner provide a much wider range
of interesting opportunities. Specifically, using these effects as
means to achieve active control of metasurfaces may lead to a
plethora of new optical devices. Here, we demonstrate a novel
LC-metasurface device configuration that can be all-optically con-
trolled by exploiting the thermo-optical nonlinearities in NLCs.
We specifically use the optically induced N-I phase transition
for polarization switching in a twisted-NLC (TNLC) layer, which
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Figure 1. a) Illustration of the TNLC cell and schematic representation of N-I phase transition with application of NIR (4 = 1050 nm) femtosecond
(fs) laser pulses. The region of TNLC configuration rotates the polarization of incident x-polarized light by 90° and the isotropic region, induced by laser
pulses, does not rotate the polarization of light. b) Schematic illustration of the experimental setup. Xenon arc lamp (white light), Fs laser (Ti-Sapphire
laser, ~140 fs pulse length, 80 MHz repetition rate, 4 = 1050 nm), half-wave plate (HWP), polarizer (P,), lens (L) (F = 100 mm), polarizer (P;), analyzer
(A), and CCD camera. c) Snapshots of the micrographic textures of the TNLC cell before impinging laser pulses, d,e) while switching laser on and slowly
increasing its power. f-h) Snapshots of the TNLC cell at different times after the laser is switched-off. The I-N phase transition is observed and the TNLC

configuration is restored.

in turn controls the interaction with the plasmonic metasur-
face. Employing this tuning mechanism, an active LC-plasmonic
metasurface platform based color tag “TAU” is demonstrated.
The polarization-selective transmitted colors of the active tag are
dynamically controlled by using the laser pulses. The switching
is characterized in terms of threshold laser power, hysteresis be-
havior, and measurement of the dynamic response time by using
pump-probe technique.

2. Results and Discussion

2.1. Polarization Switching by Optically Induced Phase Transition

Figure 1a illustrates the schematic diagram of the proposed
nonlinear all-optical switching configuration of the TNLC cell.
The NLC used in the cell was 4'-n-pentyl-4-cyanobiphenyl (5CB)
which has the N-I phase transition at a clearing temperature T,
~ 308 K.3!l To induce the TNLC configuration a standard clean-
room fabrication procedure (see Experimental Section) was per-
formed. In this configuration, the incident polarization of light
follows 90° rotation of the director axis, as long as the cell is satis-
fying the Mauguin’s condition.[**] By applying NIR femtosecond
(s) laser pulses (Ti—Sapphire laser, 140 fs, 80 MHz, A = 1050 nm)
the order parameter can be changed to switch the system from
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nematic to isotropic phase. The laser-induced phase transition
provides two different regions inside the device (see Figure 1a):
one region, outside the interaction area, keeps the TNLC config-
uration which rotates the incident polarization of light by 90°,
while another region (area of focused spot [diameter &~ 66 pmy])
becomes isotropic due to the phase transition. In this region the
polarization of light does not rotate. Thus, such thermo-optic ef-
fect provides the key to obtain highly localized, micron scale, and
all-optical switching in a controllable manner.

Next, we experimentally demonstrate the switching mecha-
nism in the fabricated TNLC cell by analyzing the transmission
oflinearly polarized white light (Xenon arc lamp) through the two
different regions when the cell is placed between crossed polar-
izer and analyzer. Schematic of the experimental setup is shown
in Figure 1b. The pump pulses are focused by a lens (L) (F =
100 mm) on the TNLC cell. The power of the pump pulses can be
continuously adjusted by using a half wave plate and a polarizer.
The output white light is captured by a CCD camera. Snapshots
of the micrographic textures of the TNLC cell, captured at differ-
ent times, are shown in Figure 1c-h. Figure 1c shows the surface
before impinging laser pulses on the device. Figure 1d,e shows
the laser-induced N-I phase transition at increasing laser powers.
The real-time experimental demonstration of phase transition
is shown in Movie S1, Supporting Information. The N-I phase
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Figure 2. Demonstration of the thermo-optical switching mechanism on the active LC-plasmonic metasurface device. a) Schematic view of the ac-
tive “TAU” color tag. The TNLC region rotates the polarization of incident x-polarized light by 90° and converts it to y-polarized light that excites the
corresponding LSPR. The laser-induced isotropic region does not rotate the polarization of incident x-polarized light. SEM images of b) rod-shaped
nanoantennas array based TAU tag with scale bar of 10 ym and c) rod-shaped nanoantennas array with scale bar of 100 nm, respectively. Transmission
images of TAU tag, d) for incident x-polarized light when laser is off (yellow color), €) isotropic phase transition occurs when laser is on (blue color), f)

TNLC configuration is restored when laser is off.

transition is observed at threshold input power P,, ~ 62 mW.
During N-I phase transition, the laser illuminated area (focal
spot size & 66 pm) became dark due to the transition to isotropic
state that does not rotate the polarization of light, which is
then blocked by the crossed analyzer. The non-illuminated area
stays in the TNLC configuration which continues to transmit
the white light through the analyzer. It was observed that the
isotropic region becomes wider with increasing laser powers
(Figure 1d,e). Figure 1f~h shows the microscopic changes in
the textures at different times during the I-N phase transition
when laser is switched-off. The granular pattern is observed
due to rapid domain formation in intermediate backward phase
transition. Finally, the TNLC configuration is restored again
which results in white light transmission through the crossed
polarizers condition.

2.2. All-Optically Switchable Plasmonic Metasurface Color Tag

We use this laser-induced thermo-optical effect to experimentally
demonstrate an all-optically switchable metasurface based color
tag. The metasurface is constructed from 50 nm thick rod-shaped
aluminum nanoantenna arrays. The metasurface is fabricated
by using standard electron-beam lithography process (see Ex-
perimental Section). Each rod nanoantenna in the metasurface
is 120 nm long, 50 nm wide, and the lattice spacing is 200 and
250 nm on horizontal and vertical directions, respectively. In
order to make an active metasurface tag, a TNLC layer (thickness
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of 6 pm) is integrated over the metasurface, which is sandwiched
between two ITO-coated glass plates, as shown in Figure 2a.
Each of the glass plates is coated with a PVA alignment layer with
thickness of ~100 nm and rubbed in orthogonal relative direc-
tion to achieve 90° twist of the director axis of LC molecules from
bottom to top inner surfaces. Figure 2b,c shows the scanning
electron microscope (SEM) images of the fabricated TAU tag and
corresponding constructed unit of rod-shaped nanoantennas,
respectively. Figure 2d shows the transmission image of active
TAU tag for x-polarized light. It can be seen that the incident x-
polarized light, first, is rotated about 90° by the TNLC layer, then
it interacts with short axes (along the width of 50 nm) of the rod-
shaped nanoantennas, and excites LSPR at shorter wavelength
and the TAU tag looks yellow in transmission (see Figure 2a,d).
By turning on the switching laser we can control the color
of the metasurface tag. The real-time experimental demonstra-
tion is shown in Movie S2, Supporting Information. When the
NIR laser, above a threshold power, is focused to the area on the
device containing the TAU tag, the N-I phase transition is in-
duced. Therefore, the TNLC configuration disappears and there
is no more rotation of the plane of polarization of incoming light
in this specific region (see Figure 2e). In this case, incident x-
polarized light, that is parallel to the long axes (along the length
of 120 nm) of the nanoantennas array, excites LSPR at longer
wavelength which corresponds to observe blue color in transmis-
sion (see Figure 2e). Again, when the laser is switched-off the
TNLC configuration is restored due to I-N phase transition and
the transmitted colors of the TAU tag change back from blue to

© 2020 Wiley-VCH GmbH
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Figure 3. The variation in output power with input power in forward and backward direction for both a) crossed and b) parallel polarizer and analyzer
conditions, respectively. Insets: Schematic of the experimental setup and the zoomed region at low values of input power in inset of (b).

yellow (see Figure 2f). Thus, polarization switching by LC phase
transition enables excitation of different LSPR of the metasur-
face. In addition, by doing the experiment multiple times it was
observed that the switchable device shows excellent reliability and
repeatability. In this experiment, the incident polarization was
fixed at x-polarized light and only the laser was switched on and
off periodically. By using more complex polarization structure of
the light or the metasurface tag it is possible to demonstrate si-
multaneously multiple and independent localized color tags on
the same device.

2.3. Nonlinear Optical Characterization

To characterize the nonlinear behavior, two experimental mea-
surements were performed on the TNLC cell. In the first exper-
iment, the TNLC cell was placed between crossed polarizer and
analyzer (see inset of Figure 3a) whereas in the other experiment,
it was placed between parallel polarizer and analyzer (see inset of
Figure 3b). For the nonlinear characterization, we used only the
femtosecond laser, which was focused at normal incidence into
the TNLC cell by a lens (F = 100 mm) and the output power was
measured as function of the input power. Here, it is mentioned
that all measurements were taken after the LC system reached
its thermal equilibrium. Figure 3a presents the results for the
crossed polarizers configuration. It can be seen that in the for-
ward direction (while slowly increasing the local heating induced
Dby the laser), before the threshold, the transmitted power shows
linear dependence on the input power. After a threshold power
Py, 5w = 62 mW, the transmitted light begins to drop dramatically.
This is due to the optically induced temperature rise in the LC
layer from T, p;ent (2297 K) to T. (=308 K), which leads to N-I
phase transition. In the isotropic state the transmission of light
is blocked by crossed polarizer and analyzer, as expected (see Fig-
ure 1b—d). This temperature rise can be estimated by AT = Q /
pC, 1"l where, p and C, are the density and the specific heat of
5CB LC, and Qs the generated heat density due to the absorption
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of input power by the LC. The absorbed power can be calculated
by using the relation P,, = P,, (1 — ¢~*¥), where a and d are the
absorption coefficient and thickness of the LC, respectively. The
generated heat density is estimated by Q = P,, / (xr,%d), where,
xr,%d is the approximated interaction volume. By using the pa-
rameters, P, = 62 mW, r, =33 um, « = 8 m~,1¥] p, . = 1.02 x
10°kgm™, C,;c =1.92x 10’ Jkg' K7',’!) we obtain P, ~ 3 W
and AT »~ 75 K. This value shows that in principal the absorbed
light is capable of heating the 5CB LC above its clearing temper-
ature. However, due to the diffusion of heat through the ITO lay-
ers, which are much better thermal conductors than the 5CB LC,
the actual temperature rise of the LC is only of #11 K in this case.
The variation in the transmitted power in the backward direction
(during cooling when laser power is reduced) reveals hysteresis
(as reported before in the literature)*) and the threshold laser
power is reduced to Py, = 55 mW. Such hysteresis properties
can be very important for realizing various devices such as optical
logic gates, optical memories, and optical switches.

Figure 3b shows the variation in the transmitted power with
respect to input power when TNLC cell is placed between two
parallel polarizers. One can see from Figure 3D, that the TNLC
cell shows almost zero transmission at low input power. After
crossing the forward direction threshold laser power of P, g,
62 mW, a nonlinear increase of the transmitted power with re-
spect to the input power is observed (see inset of Figure 3b).
This behavior is also due to the onset of N-I phase transition at
the threshold, which increases the maximum light transmission
through the isotropic medium in between the parallel polarizers.
Also here the hysteresis behavior is clearly observed when reduc-
ing the power down.

2.4. Dynamic Switching Response
We also studied the response time of the system using different

pump powers. Schematic of the experimental setup is shown in
Figure 4a (see also Experimental Section). A continuous wave

© 2020 Wiley-VCH GmbH
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Figure 4. a) Schematic diagram of the pump-probe experimental setup. b) Response time of the device at different input switching (pump) laser powers

P, =55mW, P,

rn

=65 mW, and P;,, = 150 mW. The rise and fall times are decreased as switching laser power increases. Snapshots of the top surface of

device c) when laser is illuminated at P;,, = 150 mW (laser ON state) d) when P;,, = 0 (laser OFF state). The formation of isotropic droplet-like structure

is observed when laser is switched-on. The scale bar is 2 mm.

He—Ne laser with wavelength of 633 nm and the femtosecond
laser were used as probe beam and pump beam, respectively. The
time response of the system has been measured by chopping the
pump beam before the device with a controlled optical chopper.
Figure 4b shows the time response of the device at a fixed optical
chopper frequency f= 1.5 Hz, for three different cases of pump
beam powers of P, =55 mW, P,, = 65 mW, and P,, = 150 mW.
It is observed that there is almost no change in the probe beam
output when the pump beam power is below threshold (P,, =
55 mW) (see also Figure 4D) as the LC is in its nematic phase and
the TNLC configuration rotates the polarization of the probe. A
transient response following the chopper frequency is observed
when the pump beam power passes threshold (P,, = 62 mW) with
the formation of isotropic droplet-like structure due to N-I phase
transition (see Movie S3, Supporting Information). Figure 4c,d
shows the macrographical textures of top surface of the TNLC
cell with a fixed pump beam power of P,, = 150 mW and P, =
0, respectively. Also, the isotropic droplet appears and disappears
simultaneously with pump laser on and off states (see Movie S3,
Supporting Information).

The response times of switching are measured as %180 ms
(rise edge) and ~240 ms (fall edge) at pump beam power of P,
= 65 mW. At higher value of pump power of P,, = 150 mW, the
response times are reduced to ~125 ms (rise edge) and ~60 ms
(fall edge). One can see that the measured response time for
switching is on the order of milliseconds, which is in the typical
range of thermal effects in NLCs based devices.*'*?] Therefore,
it also qualitatively matches our interpretation of a thermal
origin of the effect. Here, it is mentioned that the measured
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response time of the TNLC cell is slower than that of other
active devices made by using different active materials.>7:1¢]
In general, the response time of nematic LCs is obtained in
the range between milliseconds to seconds (at modulation
frequencies up to kHz) at a relatively low power consumption,
whereas a faster response, in the range of sub-microseconds
(at MHz modulation frequency) can be achieved by using other
active materials.”] However, this measured response time could
be further reduced by considering thermal management of
the system. Since thermal buildup is critical for the optical
switching, it also strongly depends on the thickness of the TNLC
cell, beam spot size, the absorption coefficients, and the thermal
conductivities of all materials (glass/ITO/PVA/5CB LC). Here,
we mention that the resolution or the smallest pitch size that
can be controlled by this mechanism is strongly dependent on
the response time and the heat diffusion area (or rate of heat
diffusion). The measured response time for switching is on the
order of milliseconds whereas the thermal diffusion-relaxation
time (ty ~ D7 (1/r2+ x?/d*)™)*! for 5CB LC (D ~ 10
cm? 571, r, = 33 pm and d = 6 um; where D is the diffusion
constant) is estimated as 74 & 36 ps, which is in microsecond
time scale. Since, the thermal diffusion-relaxation time is faster
than the measured switching time, hence, the resolution is
primarily limited by the heat diffusion area rather than laser
illuminated area. Taking the harsh assumption that the diffused
heat spot will limit the pitch, we can estimate its diameter by

Aot Dxt

=2X
response
~100 ms this gives a value of ~100 pm pitch, which can go down

/z. For response time in our case of

© 2020 Wiley-VCH GmbH
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Figure 5. Variation in probe beam amplitude with chopper frequencies at
a fixed laser power P, = 150 mW.

to 10 pm for 1 ms response time. However, if one would like to
switch a single spot, then its size can be much smaller than that.
We also measured the frequency response of the device
by varying the chopper frequency at a fixed laser power P,
= 150 mW, and measuring the peak to peak voltage on the
detector (see Figure 5). It can be seen that the amplitude of
the modulation of the probe beam is reduced with increasing
chopper frequencies between 0-18 Hz. From this measurement
the switching bandwidth can be obtained to be ~13 Hz, which
agrees well with the rise and fall times shown in Figure 4b.

3. Conclusions

We have experimentally demonstrated an all-optically switchable
metasurface color tag device. The switching is based on nonlinear
thermo-optic polarization switching in a TNLC cell, controlled
by laser-induced phase transition in the NLCs. We show that
the origin of the phase transition is achieved by local heating of
the TNLC layer. We further measure the response time by using
pump-probe technique. We show that it is in the 100 ms regime
and it is dependent on the pump power, which can increase the
heating rate and reduce the switching time. This response time
can be further reduced by proper thermal design of the device.
Another promising direction to explore is to tune the switch
beam to excite the metasurfaces in their plasmon resonances
and exciting localized thermo-plasmonic effects,[** which will
lead to highly local and potentially much faster phase transitions.
With the growing interest in active metasurfaces, such switching
mechanisms show great potential for all-optical control and can
be further exploited in developing various active optical devices
in the future.

4. Experimental Section

Fabrication of TNLC Cell: Two indium tin oxide (ITO) coated glass
substrates (30 nm thick ITO layer, Sigma-Aldrich) were cleaned and spin-
coated with an alignment layer of PVA (2100 nm thickness), followed by
baking at 120 °C for 30 min. After cooling at room temperature, the baked
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PVA layers were rubbed in orthogonal directions by using a soft velvet
cloth. This rubbing process allowed to promote a TNLC configuration of
the 5CB LC molecules in the cell. A 6 pm thick Mylar spacer layer (Sigma-
Aldrich) was used between substrates and then it was assembled together
by using UV-curable adhesive NOA61 followed by UV curing. The nematic
5CB LC was infiltrated into cell by capillary action. During the LC infiltration
procedure, the fabricated device was kept on a hot plate which maintained
temperature of 50 °C. At this temperature, the 5CB LC was in its isotropic
phase, which had lower viscosity than its nematic phase, and therefore it
could be easily infiltrated into the gap.

Fabrication of Hybrid LC-Plasmonic Metasurface Based TAU Tag: The
plasmonic metasurface based TAU tag, consisting of a periodic array of
rod-shaped aluminum (Al) nanoantennas, was fabricated by using stan-
dard electron-beam lithography technique (using Raith 150 I1). The pe-
riod of the nanoantenna arrays was 200 and 250 nm on horizontal and
vertical directions, respectively, and the thicknesses of the ITO layer and
the Al layer were 30 and 50 nm, respectively. At first, an ITO-coated glass
substrate with ITO layer thickness of 30 nm (Sigma-Aldrich) was cleaned,
spin-coated with a photoresist poly (methyl methacrylate) (PMMA), and
baked at 180 °C on a hot plate for 2 min. After developing the pattern, an
Al layer of thickness 50 nm was deposited by evaporation, followed by a
lift-off process. The substrate with the TAU tag was spin-coated with an
alignment layer of PVA (2100 nm thickness). Another ITO-coated glass
substrate was spin-coated with the same alignment layer of PVA (%100 nm
thickness). Both PVA-coated substrates were baked at 120 °C for 30 min
and subsequently cooled to room temperature. The baked PVA layers were
then rubbed mechanically in the orthogonal directions to each other to
promote a TNLC configuration of LC molecules. After this the same pro-
cedure was followed up to infiltration of 5CB LC inside the device explained
in section of fabrication of TNLC cell.

Experimental Setups: A femtosecond Ti-Sapphire laser (Chameleon
Ultra), was used as the pump laser. The laser generated the NIR fem-
tosecond laser pulses, with center wavelength of 4 = 1050 nm, 140 fs
pulse duration, and high repetition rate of 80 MHz. In the experiment of
response time measurement, a low frequency optical chopper (Stanford
Research Systems SR540) was used to modulate the pump laser. The
TNLC cell was placed between crossed or parallel polarizer and analyzer.
The intensity of the probe beam (He—Ne laser with wavelength of 633 nm)
was kept constant and the focused spot size of the pump was kept larger
than the probe so that the whole probe beam passed through the spot
of the pump beam. The probe beam output signal was detected by a
Silicon photo detector and output time response was recorded on an
oscilloscope (Tektronix TDS1002). In addition, the optical transmission
images of the illuminated tags area were captured by a color camera that
was placed after the analyzer.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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