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ABSTRACT: Surface lattice resonances (SLRs) on metasurfaces strongly enhance the interaction of light with the metasurface and
can be used for obtaining very high-Q response, high spectral sensitivity, and strong optical nonlinearities. Here, we study
experimentally and numerically the dynamic switching of SLRs in gold nanoantenna metasurfaces fabricated on top of indium tin
oxide by use of electrically controlled liquid crystals. Experimental results show that the cumulative effects of the anisotropic optical
response with an applied electric field and the alignment conditions of liquid crystal molecules significantly affect the formation as
well as the strength of SLR modes. We achieve an electrical modulation of >50% in the SLR dips by applying 2 V on the device. The
strength of the modulation can be further optimized by modifying the angle of incidence and the polarization of light. These findings
demonstrate that plasmonic metasurfaces activated by liquid crystals enable a versatile platform to obtain electro-optical control over
SLRs and open the door to various new applications of dynamic reconfigurable metasurfaces.
KEYWORDS: plasmonic metasurfaces, localized surface plasmons, surface lattice resonance, liquid crystals, gold nanoantenna arrays,
active metasurfaces

■ INTRODUCTION
Dynamic plasmonic metasurface platforms are highly desirable
for realization of active multifunctional optical devices at the
nanoscale.1−5 The plasmonic resonances of metallic nano-
structures have attracted a lot of attention because of their
strong subwavelength light−matter interaction. In principle,
the excitation of localized surface plasmon resonance (LSPR)
is associated with individual metal nanoparticles that exhibit
enhanced local field, absorption, and scattering of light at the
resonance wavelength.6 In addition, this plasmonic LSPR
mode usually exhibits wide spectral linewidths with low quality
factors due to the significant radiative and ohmic damping. To
improve the quality factors of the LSPRs, it was shown that
such LSPRs of an individual metal nanoparticle can be
optically coupled with those of other nanoparticles when they
are placed in arrays with wavelength-scale particle spacing.
This optical coupling is mediated by the diffractive orders of
the array that emerge in the plane of the substrate, a condition
that is known as Rayleigh anomaly (RA). The coupling results
in new hybridized photonic-plasmonic modes, which are
termed surface lattice resonances (SLRs).7−15 Compared
with LSPRs, SLRs show narrow spectral linewidths along
with relatively high quality factors. It was experimentally shown

that SLRs can be excited at normal incidence as well as under
oblique incidence of light with significant improved spectral
linewidths.16−18

In recent years, the unique properties of SLRs have been
widely used in several nano-optical applications such as
sensing, energy transfer processes, lasing, modulators, and
nonlinear optics.16,19−21 It has been shown that SLRs strongly
depend on the size and shape of the comprising nanoparticles,
period of the array, angle of incidence, and the refractive index
(RI) of the surrounding environment.18,22−30 To improve the
performance of SLR-based devices, significant efforts have
been devoted in the past few years toward conditions for the
formation of high-quality SLRs. It has also been shown that the
surrounding RI environment is crucial for strong coupling
between plasmonic modes and in-plane modes of diffraction
(i.e., RAs).26,27,31 This has led to an extensive search for new

Received: March 23, 2022

Articlepubs.acs.org/journal/apchd5

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsphotonics.2c00453
ACS Photonics XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

C
A

L
IF

O
R

N
IA

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
A

ug
us

t 3
, 2

02
2 

at
 2

2:
55

:3
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mukesh+Sharma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lior+Michaeli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danielle+Ben+Haim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tal+Ellenbogen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsphotonics.2c00453&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=abs1&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/apchd5?ref=pdf
https://pubs.acs.org/journal/apchd5?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


active dielectric materials that can offer highly dynamic and
tunable SLRs at the nanoscale.7−11

Dynamic control of metasurfaces by utilizing nematic liquid
crystals (LCs) has seen tremendous progress in recent
years.32−41 However, it was mainly focused on active tuning
of the fundamental LSPR mode by introducing LC-plasmonic
metasurface platforms. For example, in our earlier works, we
have experimentally demonstrated electrically35 and all-
optically switchable36 color tags based on an active LC-
plasmonic metasurface platform. Recently, some studies have
reported on tunable SLRs by introducing different kinds of
dielectric environments such as water, oil, glycerol, acetone,
etc., over the metasurface.10,16,17,24,28,31,42−45 Compared to
LSPRs, it was shown that the formation and the resonance
characteristics of both the SLRs and the RAs are more sensitive
to the surrounding media. Therefore, similarly, the LCs may
also be an extremely promising candidate for active tuning of
the SLRs due to their unique properties such as anisotropic
shape, broad optical birefringence (higher than available
natural materials) over the entire vis−IR−THz-microwave
spectrum, ability to be efficiently controlled by external electric
or magnetic fields, light and temperature, low power
consumption, and low operating voltage and also capable of
controlling the polarization of incoming light.46,47 One of the
important advantages of LCs used as an active material is that
it allows us to simultaneously study the effect of aligned
(homogeneous) and unaligned (inhomogeneous) LC mole-
cules, with and without applied voltage, respectively. There-
fore, the LC provides an equivalent symmetrical and
asymmetrical environment with switchable RIs of the
surrounding media. Previous reports48−54 demonstrate the
LC-metasurface systems containing an array of nanoparticles
and show a Fano interference between diffractive coupling and
either surface plasmon polariton or localized plasmon
resonance of the metasurface. In particular, Olson et al.48

demonstrate an active LCD pixel for color manipulation and
show a Fano-type resonance in the visible region due to the
diffractive coupling between arrays of aluminum nanorods and
a twisted nematic LC layer. However, despite LC’s strong
potential for developments of new active metasurface plat-
forms, switchable SLRs in the NIR region by anisotropic LCs
were hardly explored until now.

Here, we present a comprehensive and comparative study of
switchable SLR modes supported by gold nanoantenna
metasurfaces in different dielectric environments of air, LC
and thin film polyvinyl alcohol (PVA)-LC. We have measured
their broad vis−NIR transmission spectra for linearly polarized
incident light excited at normal as well as oblique incidence
and observed active SLR modes in the NIR region. We
observed a maximum dynamic electrical modulation of >50%
(modulation with respect to dip at V = 0 V) in SLR dips by
applying external voltage on the samples. Interestingly, we
show that the SLR modulation comes as a result of the
combined effects of the alignments of LC molecules and the RI
asymmetry surrounding gold nanoantenna arrays. The SLR
dispersions and corresponding numerally calculated RAs at
normal incidence as well as for arbitrary incidence angles are
also studied.

■ RESULTS AND DISCUSSION
Design Structure of the Hybrid LC-Metasurface

Device. Figure 1a illustrates the schematic diagram of the
hybrid LC-plasmonic metasurface platform-based device,
which consists of a square array (50 μm × 50 μm) of gold
nanoantennas deposited onto an ITO-coated glass substrate
with RI nsub = 1.51 and a superstrate of a nematic LC 5CB (4-
cyano-4′-pentylbiphenyl) layer (12 μm thick) with RI of nsup
(= nLC). The periods of the array along the x- and y-directions
are dx = 270 nm and dy = 800 nm, respectively. The thickness
(t) of the metasurface is 40 nm. The length (L) and the width
(W) of each gold nanoantenna are set to be L = 160 nm and W
= 60 nm, respectively. The incident light is x-polarized, and the
designed lattice parameters support SLR in the NIR region
along the y-direction. Figure 1b shows an SEM image of the
fabricated gold nanoantenna metasurface without the LC
superstrate.

To study the effects of aligned and unaligned LC molecules
near the gold nanoantenna, two kinds of samples were
fabricated, namely, the metasurface-PVA-LC (PVA-LC sam-
ple) (Figure 1c,d) and metasurface-LC sample (LC sample)
(Figure 1e,f). Since, the LC molecules are directly seated near
the gold nanoantenna in the LC sample (Figure 1e,f),
compared to the PVA-LC sample (Figure 1c,d), this
configuration provides a better way to control the switching
of SLR properties when applied voltage changes from V = 0 to

Figure 1. (a) Schematic of a square array of gold nanoantennas integrated into the LC cell. The gold nanoantenna array deposited onto an ITO-
coated glass substrate of refractive index nsub and the superstrate is a nematic LC 5CB layer with a refractive index of nsup. (b) Scanning electron
micrograph (SEM) image of an array of gold nanoantennas with dimensions of dx = 270 nm, dy = 800 nm, L = 160 nm, W = 60 nm, and t = 40 nm.
The scale bar is 200 nm. Sketch of the side view of the LC molecules and the gold nanoantennas in two different kinds of devices: the metasurface-
PVA-LC sample with (c) V = 0 V and (d) V = 10 V; the metasurface-LC sample with (e) V = 0 V and (f) V = 10 V.
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10 V. The details of the device fabrication and assembly of the
LC cell are given in the Experimental Methods section. In the
PVA-LC sample, an extra alignment layer of PVA (≈500 nm
thick) was coated over the gold nanoantenna arrays that
induce homogeneous alignment of the LC molecules in the x-
direction. In both samples, depending on the electrically
switchable RI of the superstrate nsup (LC medium, nsup = nLC),
two cases were studied at applied voltages of V = 0 and 10 V
(Figure 1c−f). In the PVA-LC sample, the superstrate has the
aligned LC medium in both cases, whereas in the LC sample, it
has the unaligned LC medium (close to the metasurface) at V
= 0 V and almost aligned LC medium at V = 10 V. The
refractive indices of nematic 5CB LC at NIR wavelengths are
no = 1.52 and ne = 1.69 (at room temperature).55 The incident
x-polarized light experiences almost ne = 1.69 at V = 0 V and no
= 1.52 at V = 10 V in the case of the PVA-LC sample.
However, the LC molecules are not perfectly aligned (poorly
aligned) near the gold nanoantenna in the case of the LC
sample at V = 0; therefore, in this case, the x-polarized light
experiences an effective refractive index (neff‑LC; ne > neff‑LC >
no) of the LC. At V = 10 V, in both samples, the light
experiences a refractive index of about no = 1.52 of the LC,
which is close to the RI of the glass substrate; therefore, the
gold nanoantennas are effectively located inside a homoge-
neous environment.
Excitation of SLR�Experiments and Simulations. To

investigate the formation of SLR in different dielectric
environments, we measured the broad vis−NIR transmission
spectra for all samples. Figure 2a shows the schematic of the
experimental setup. A broadband supercontinuum white-light
source (SuperK COMPACT, NKT Photonics) was used to
shine the device with x-polarized light (parallel to the long axis
of the nanorods). The zero order transmitted light was
collected by an infinity-corrected objective lens (20×, NA =
0.40) followed by a tube lens and spectrally measured by a

spectrometer (see the Experimental Methods section). The
device was connected to a signal/function generator (Stanford
Research Systems DS345, 30 MHz) that was used to provide
an alternating current (AC) square signal wave of frequency of
1 kHz to modulate the optical properties of the LC molecules.
Figure 2b shows the comparative transmission spectra of the
metasurfaces with different superstrate coatings. In all the
measurements, the substrate was glass (nsub = 1.51), while the
different lines correspond to different materials of the
superstrate: air (black dashed), PVA-LC (red), and LC
(blue) samples. Due to the air superstrate medium, which
imposed the non-symmetric dielectric environment, the effect
of the SLRs is not evident in these measurements.56 We
examined for all the configurations several nanoantenna
lengths (140−200 nm) (see Figure S1a in the Supporting
Information) but focused our results on the 160 nm length
sample, which showed the most pronounced SLR resonances
overall. In addition, we changed the applied voltage between
the measurements: V = 0 V (dashed lines) and V = 10 V (solid
line) at normal incidence. Here, it is mentioned that the
samples were illuminated from the bottom substrate side and
the electric field was applied in the transverse direction of the
sample, as shown in Figure 1a,d,f.

From Figure 2b, it can be seen that the LSPR mode (∼870
nm for the air superstrate) is red-shifted by ∼80 nm (∼950
nm) when the superstrate medium changes to PVA-LC and
LC. This occurs due to the increase in surface plasmon
resonance wavelength by the higher index of the surrounding
layers.57 It can also be seen that, for the PVA-LC sample
without applying voltage (V = 0 V), a sharp SLR dip with
quality factor QSLR = 33 at λ ≈ 1249 nm is observed. Here, the
quality factor is defined as QSLR = λSLR/Δλ, where Δλ is the
full-width at half-maximum (FWHM) of the SLR dip.
Intriguingly, this SLR dip is electrically modulated (≈14%
deep with respect to dip at V = 0 V) at applied voltage V = 10

Figure 2. (a) Schematic of the experimental setup that consist of a supercontinuum source, half wave plate (HWP), polarizer (P), device on a xyz-
rotational stage, signal generator, objective lens (OL), tube lens (TL), focusing lens ( f = 10 cm), and the spectrometer. (b) Comparative
experimental transmission spectra of the metasurface with the superstrate of air (black dashed), PVA-LC (red), and LC (blue). The applied
voltages were V = 0 V (dots) and V = 10 V (solid), and the measurements were performed with x-polarization for L = 160 nm at normal incidence.
Simulated x-polarized transmittance for varying lengths of the gold nanoantennas of (c) the PVA-LC sample at V = 0 V, (d) PVA-LC sample at V =
10 V, (e) LC sample at V = 0 V, and (f) LC sample at V = 10 V. The vertical white dashed lines show the position of the RA.
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V with a relatively stronger dip (QSLR = 37) at the SLR
wavelength (λ ≈ 1252 nm). In the PVA-LC sample, as no
voltage is applied (V = 0 V), all the LC molecules are
homogeneously aligned along the x-direction and the incident
x-polarized light experiences the refractive index ne (=1.69) in
the LC medium. Due to the relatively large RI difference
between the substrate (nsub = 1.51), PVA (nPVA = 1.49), and
superstrate (ne = 1.69) layers, the diffractive coupling between
gold nanoantennas is suppressed by an asymmetric environ-
ment, which results in a weak SLR dip in transmission spectra.
However, when voltage of V = 10 V is applied, all the LC
molecules are aligned in the direction of the applied filed.
Therefore, the incident light now experiences the lower RI of
the superstrate nsup = no = 1.52, which in turn decreases the RI
difference between the substrate and superstrate. In this case,
the SLR experiences almost a symmetric environment near the
gold nanoantennas and therefore shows a significantly stronger
dip in the transmission spectra (Figure 2b). However, in the
LC sample, for the same excitation conditions, at V = 0 V, a
relatively wider SLR dip (QSLR = 8) is observed at a longer
wavelength (λ ≈ 1320 nm). This SLR dip may be spectrally
broader due to mainly three effects. First, it is primarily due to
a detuning change between the LSPR and the (0, ±1)
diffraction order. Second, it may be caused by the combined
effects of scattering losses in the slightly unaligned LC
molecules, which are strongly anchored close to the gold
nanoantennas in the absence of the PVA layer (Figure 1e) and
some degree of anisotropic inhomogeneities of the LC
medium.38 Third, we suspect that the generation of a weak
lossy mode resonance in the thin ITO layer in the NIR
region58,59 contributes to the observed spectral broadening.
However, the overall orientation of the LC molecules between
the nanoantennas is in the x-direction due to the long-range
ordering along with rod-like shapes of both 5CB LC molecules

and gold nanoantennas. In this situation, the incident x-
polarized light experiences an effective RI neff‑LC (<ne) of the
LC and the RI differences between the substrate (nsub = 1.51)
and superstrate (nsup ≈ 1.65) is large. When V = 10 V, all the
LC molecules are aligned in the direction of the applied field
and the incident light now experiences the RI of the
superstrate nsup = no = 1.52 (nsub = 1.51), which shows an
almost symmetric environment near the gold nanoantenna and
a wider SLR dip is further electrically modulated (>40%) into a
relatively narrower dip (QSLR = 26) at a shorter wavelength (λ
≈ 1255 nm) that was blue-shifted by ≈65 nm (Figure 2b).
This blue shift in the SLR wavelength is expected, and it is due
to the gradual decrease in RI of the surrounding environment
of the gold nanoantenna.

To gain more insight on the experimental results, the optical
dynamics of the system were simulated using a finite-difference
time domain (FDTD) solver (Lumerical). Figure 2c−f shows
the simulated normal incidence transmission spectra of the
devices for varying nanoantenna lengths with impinging x-
polarized light. The simulations were performed with a
perfectly matched layer (PML) at the top and bottom
boundaries and periodic boundary conditions for the trans-
verse boundaries. The designed structures of PVA-LC and LC
samples, which are considered in the simulation, correspond to
the schematic illustrations depicted in Figure 1a,c−f. The
refractive indices of the different material layers used in the
simulations were nsub = 1.51, nPVA = 1.49, ne = 1.69 (V = 0 V),
and no = 1.52 (V = 10 V).

In these simulations, the coupling between the LSPR and
the RA can be well observed by the avoided crossing behavior.
Specifically, the LSPR, which follows a monotonic increase
with the nanoantenna length, narrows and splits to form the
hybrid SLR as it approaches the RA (see additional simulation
in Figure S2a,b in the Supporting Information). It can be

Figure 3. (a) Representation of the sample orientation with gradual increasing angle (θy) in the yz-plane when incident x-polarized light (parallel to
the long axis of the gold nanoantenna) excites SLR along the y-direction. Dispersion curves for the PVA-LC sample when (b) V = 0 V and (c) V =
10 V. (d) Illustration of the RAs. Dispersion curves for the LC sample when (e) V = 0 V and (f) V = 10 V. White and black dots show the (0, −1)
(0, −2) and (0, 1) (0, 2) RAs, respectively, calculated by using eq 1.
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clearly seen from Figure 2c,d that, in the case of the PVA-LC
sample (L = 160 nm), the SLR wavelength shows significantly
stronger dip as applied voltage increases from V = 0 V (nsup =
1.69) to V = 10 V (nsup = 1.52), which is very well matched
with our experimental measured results, as shown in Figure 2b.
In this configuration, the position of the calculated RA is the
same for V = 0 and 10 V due to the relatively thick PVA layer
(≈500 nm) over the gold nanoantennas. In the case of the LC
sample, the SLR wavelength shows a blue shift of
approximately 120 nm (experimentally measured ≈ 65 nm)
as applied voltage changes from V = 10 V(no = 1.52) to V = 0
V (ne = 1.69) and vice versa. This is due to the same shift in the
corresponding position of calculated RA. Overall, it can be
seen that the experimental measurements agree well with the
simulation results.
Analysis of Angle-Dependent SLR Dispersion. To

obtain the full picture of SLR emergence, extinction, and
modulation, we measured the transmission spectra with
varying angles from θy = 0 to 30°, where θy is the angle of
rotation of the sample in the yz-plane. Figure 3a illustrates the
angle orientation relative to the sample. Figure 3b and Figure
3c show the measured dispersion curves of an array of gold
nanoantenna covered with PVA-LC layers for x-polarization at
V = 0 and 10 V, respectively. The associated RAs are marked
with white and black dotted lines, according to19
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where (0, m) describes the spatial order of the RA in the x- and
y-directions, m = ± 1, ±2,....., dy = 800 nm, and θy is the
incident angle. White dotted lines represent the position of the
RAs of orders (0, −1) and (0, −2), and the black dotted lines
represent the position of the RAs of orders (0, 1) and (0, 2)
calculated using eq 1 with neff = 1.58 (V = 0 V) and 1.53 (V =
10 V), respectively. Here, it is important to note that, in both

samples, neff is the effective refractive index of the surrounding
environment, which includes the glass substrate, thin ITO
layer, PVA layer, LC layer, and the gold nanoantennas. In
practice, the scattered light in the plane of the nanoantenna
array experiences this effective refractive index that is always
greater than the RI of the substrate.

In the PVA-LC sample, a wide band of the LSPR appears
near 950 nm and a SLR dip is observed at 1250 nm at normal
incidence (Figure 3b,c). This SLR is further split into two SLR
dips, one at a longer wavelength and the other at a shorter
wavelength, as the angle of incidence increases from 0 to 30°,
which corresponds to two different RAs (0, −1) and (0, 1). A
simple FDTD simulation on angle-dependent SLR dispersion
considering a symmetric constant RI of nLC = 1.52 is shown in
the Supporting Information (Figure S3). By increasing the
angle of incidence, the SLR corresponding to RA (0, 1) is blue-
shifted with stronger dip whereas the SLR corresponding to
RA (0, −1) is red-shifted with weaker dip (Figure 3b,c and
Figure S3). The most important difference at the PVA-LC
sample between V = 0 and 10 V is that the SLR dips at V = 10
V are stronger than the resonance dips at V = 0 V, for the same
excitation conditions (Figure 3b,c). This is also due to the
formation of the symmetrical environment surrounding the
nanoantennas at V = 10 V, as explained in the previous section.

Figure 3e and Figure 3f show the measured dispersion
curves of the LC sample for x-polarization at V = 0 and 10 V,
respectively, along with the positions of the calculated RAs
(white and black dotted lines). Similarly, a wide band of the
LSPR appears near 950 nm. However, the SLR dip at normal
incidence is observed at a longer wavelength of 1350 nm at V =
0 V (compared to 1250 nm at V = 10 V) (see Figure 3e,f).
This is due to the lack of PVA layer (nPVA = 1.49) near the
nanoantennas (only the LC layer). In this case, the neff is
greater than that of the PVA-LC sample. In addition, the SLR
is split into two SLR dips (Figure 3e,f), which behave the same
way as in the case of the PVA-LC sample. Also here, the SLR

Figure 4. Measured voltage-dependent transmission spectra at increasing applied voltages V = 0−10 V under the normal incidence (θy = 0°) of x-
polarized light conditions for the PVA-LC sample (a) and LC sample (c). In the PVA-LC sample, the SLR dip is electrically modulated when
applied voltage changes from V = 0 to 10 V. In the case of the LC sample, the SLR dip not only become narrower but also blue-shifted (≈65 nm)
with applied voltage. Corresponding lines in the 2D plots for (b) the PVA-LC sample and LC sample (d).
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dips are relatively stronger when a voltage of 10 V is applied
(Figure 3f). In the case of oblique incidence, the (0, 1)-order
RA wavelength shifts toward the LSPR wavelength and the
SLR deepens as the incidence angle is changed from 0 to 30°.
Therefore, both samples exhibit a similar blue-shift of
approximately 200 nm of the SLR wavelength along with a
significantly stronger resonance (more than a 15% increase in
SLR dip) as the angle increases from 0 to 30°. Note that, at
higher angles of incidence, the SLR wavelength is slightly red-
shifted from the calculated position of RAs.22 In addition,
some extra features are also observed at certain angles of
incidence (at θy = 5 and 15°) at V = 0 V (Figure 3e and Figure
S1b). This may be due to the effects of the alignment
asymmetry and anisotropic inhomogeneities of the LC
molecules. It can be observed from Figure 3 that a weak
SLR is also excited corresponding to RA of higher diffraction
order (0, −2). However, initially at normal incidence, it shows
a weak SLR dip near ≈600 nm but it converts in a relatively
stronger dip showing red-shifted behavior as the angle
increases. These experimental results reveal that the RI
asymmetry near the gold nanoantennas significantly affects
the diffractive coupling between the nanoantennas and
corresponding position of RAs that modifies the conditions
of formation and strength of the SLR modes.
Electrically Switchable SLRs. For further experimental

analysis, we measured the electro-optic characteristics of the
PVA-LC and the LC samples for x-polarized incident light by
varying the applied voltage from V = 0 to 10 V. Figure 4a,c and
Figure 4b,d depict the voltage-dependent transmission spectra
and corresponding lines in the 2D plots for both samples,
respectively.

In the PVA-LC sample, one can see that the SLR dip in the
transmission spectrum becomes stronger (relatively narrower)

and electrically modulated (≈14%) (Figure 4a,b) as applied
voltage increases from V = 0 (QSLR = 33) to V = 10 V (QSLR =
37). This is predominately due to the RI symmetry near the
nanoantennas at higher voltages. Interestingly, in the LC
sample, the SLR dip is not only becoming narrower (≈40%
electrically modulated) but also blue-shifted (≈65 nm) as
applied voltage increases from V = 0 (QSLR = 8) to V = 10 V
(QSLR = 26) (Figure 4c,d), as expected (Figure 2e,f).
Combined effects of a detuning change between the LSPR
and the (0, ±1) diffraction order and small losses in slightly
unaligned LC molecules along with the anisotropic inhomo-
geneities of the LC medium when V = 0 V may cause a
relatively wider SLR dip. However, there is no significant
modulation in the LSPRs in both samples. This is because the
LC molecules are strongly anchored near the nanoantennas. In
addition, it has been reported that a thin ITO layer surrounded
by a dielectric media could also excite a few lossy mode
resonances, specifically, in the NIR region.58 Therefore, it
could be possible that a weak lossy mode resonance also
couples to SLR at V = 0 V in the LC sample and becomes even
stronger at V = 1 V at a specific effective refractive index of the
LC medium. At higher voltages, this lossy mode resonance
vanishes and only a narrower SLR dip is observed (Figure
4c,d). As voltage increases, the optical transmission through
the sample increases as well. This improvement in optical
transmittance might be due to the reduction in Fresnel
reflections when light passes through a multilayered structure
with a relatively refractive index-matched ITO-coated glasses.60

In our experiments, the voltage (≤10 V) was applied to the
samples in the minute time scale and no thermal effects were
observed. Here, it is important to mention that the light was
incident normally (θy = 0°) on the sample from the bottom
substrate side and the electric field is applied in the transverse

Figure 5. Measured 2D plots of the transmission spectra for x-polarized incident light with applied voltages V = 0−10 V of the (a) PVA-LC sample
at θx = 25° and (b) LC sample at θx = 40°. (c) Comparative study of measured voltage-dependent dispersion curves with angle rotations θx,y for
PVA-LC and LC samples at V = 0 V (dots) and V = 10 V (solid lines). (d) Variation of QSLR with angle rotations θx,y for PVA-LC and LC samples
at V = 0 V (dots) and V = 10 V (solid line). Black and red lines show variation in the SLR wavelength with angle rotation θy, whereas blue and
orange lines illustrate variation in the SLR wavelength with angle rotation θx for PVA-LC and LC samples, respectively.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.2c00453
ACS Photonics XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c00453/suppl_file/ph2c00453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c00453/suppl_file/ph2c00453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c00453?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c00453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


direction of the sample. These experimental results are in
agreement with our simulated results, as explained in Figure
2c−f, and indicate that LCs can be utilized as an active material
to electrically modulate the specific SLRs at a very low applied
voltage. However, some small extra features are also observed
in the experimental transmission spectra that are not seen in
the numerical simulations. This can be explained by
experimental uncertainties, which are not considered in the
simulation such as surface roughness, LC pretilt angle, and
voltage-dependent LC structural domains created by different
directions of rotations.

Next, we show measurements of the electro-optic character-
istics of both samples when they are tilted with angle θx in the
xz-plane (see the inset of Figure 5a). Figure 5a and Figure 5b
show the 2D plots of the transmission spectra for PVA-LC and
LC samples with varying applied voltages from V = 0 to 10 V
measured at angles of incidence θx = 25 and 40°, respectively,
for x-polarized incident light. The corresponding transmission
spectra of Figure 5a,b are shown in Figure S4 in the Supporting
Information. It is clearly seen that the SLR dip becomes
stronger and electrically modulated by >20% as applied voltage
increases from V = 0 (QSLR = 23) to V = 10 V (QSLR = 30) in
the case of the PVA-LC sample (Figure 5a and Figure S3a).
However, there is no relatively electrical modulation in the
LSPR dip, which also confirms the significant electrical
modulation of only the SLR dip. This is primarily due to the
aligned LC molecules and voltage-oriented symmetrical
dielectric environment in the PVA-LC sample. In the LC
sample, we observed SLR dip to be relatively weaker and low
electrically modulation (<10%) with some extra features, in
comparison to the PVA-LC sample (Figure 5b and Figure
S3b). This might be due to the alignments and direction-
dependent anisotropic optical response of the LC molecules
that suppress the diffractive coupling between nanoantennas.
In the LC sample, as in the case of the SLR at θy = 0° (Figure
4c), a few lossy mode resonances are also excited in the thin

ITO layer near V = 1 V in the NIR region (Figure 5b and
Figure S3b). From these results, it is clear that our fabricated
devices can be utilized to practically excite SLRs with
significant electrical modulations at very low applied voltages
and show a direction-dependent behavior that is more
pronounced in the LC sample.

Figure 5c and Figure 5d show the comparative study and the
variation in SLR wavelengths and QSLR with angle rotations θx,y
(in both xz- and yz-planes) (see insets of Figure 5c) for both
samples excited at different angles of incident with applied
voltages V = 0 V (dots) and V = 10 V (solid line), respectively.
These depict that the SLR wavelengths for angle rotation θy in
the yz-plane are more rapidly blue-shifted than SLR wave-
lengths for angle rotation θx in the xz-plane as the angle of
incidence increases. The measured dispersion curves with
varying angle θx of both samples for x-polarization at V = 0 and
10 V are shown in the Supporting Information (Figure S5). At
V = 10 V, the variations in the individual SLR wavelengths (for
both θx and θy) are relatively similar in each sample because all
LC molecules are aligned in the applied electric field and the
light sees an almost symmetrical dielectric environment
throughout the sample. In this case, the SLR wavelength for
θy is maximum blue-shifted by ≈240 nm, whereas the SLR
wavelength for θx is blue-shifted by ≈67 nm as the angle
increases from 0 to 30°. At V = 0 V, the behavior is slightly
different in both samples. In the PVA-LC sample, the SLR
wavelengths for θy and θx are maximum blue-shifted by ≈220
and ≈65 nm, respectively. Similarly, in the LC sample, the SLR
wavelengths for θy and θx are maximum blue-shifted by ≈310
and ≈145 nm, respectively. This significant difference is due to
the different alignment conditions of the LC molecules in the
samples, and therefore, the incident light experiences a slightly
different value of effective RI surrounding the gold nano-
antenna array. From Figure 5d, one can see that, in all samples,
the QSLR at applied voltage V = 10 V is higher than that of V =
0 V due to the symmetrical dielectric environment. Here, it is

Figure 6. Excitation of SLRs from the top substrate side of the samples. Measured transmission spectra at applied voltages from V = 0 to 10 V
under oblique incidence (θy = 25°) for x-polarized light for the PVA-LC sample (a) and LC sample (c). Corresponding lines in the 2D plots for the
(b) PVA-LC sample and LC sample (d).
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mentioned that the reported LC-metasurface systems are very
interesting to achieve experimentally the various active
plasmonic and photonic modes, and it still remains a challenge
to accurately study the optical simulation of these systems.
This is due to the anisotropic inhomogeneities38 and the
accurate theoretical prediction of alignment mechanisms of the
LC director field, specifically close to the meta-atoms.
Electrically Switchable SLR�Excitation from the Top

Substrate Side. Next, we also study the effects on the SLR
when excitation takes place from the top substrate side of the
samples. In this situation, the incident x-polarized light first
propagates through the LC medium and then interacts with
the gold nanoantenna array. Figure 6a−d shows the measured
transmission spectra at various applied voltages from V = 0 to
10 V and corresponding lines in 2D plots under oblique
incidence (θy = 25°) for x-polarized light for PVA-LC and LC
samples, respectively. From these figures, one can see that a
relatively opposite trend (i.e., lower coupled power in SLR and
simultaneously higher coupled power in shorter wavelength
side resonance) is observed at V = 2 and 3 V. During the
experiments, it was also observed that this effect is more
prominent under oblique incidence and, simultaneously, when
light first propagates through the LC medium and then
interacts with the metasurface. Combined effects of oblique
incidence of light and electrical switchable optical birefringence
properties of the LCs could explain this observation. The
reorientation of the LC molecules with applied voltage affects
the light propagation inside the LC medium. In general, the
maximum change in the average refractive index of a nematic
LC is observed when the applied voltage is between 1 and 3
V,46 and specifically, under oblique incidence, the incoming
light sees some degree of optical birefringence of LC at these
applied voltages. Therefore, due to these cumulative effects,
the incoming linear polarized light may change into partially
elliptical polarized light, which interacts with the metasurface
and excites polarization-dependent resonances of the gold
nanoantenna arrays (Figure 6a−d). The y-polarized light
component excites short axis LSPR centered at 600 nm,
whereas the x-polarized light component excites the SLR with
modified amplitudes, simultaneously. The effect of reorienta-
tion of the LC molecules on the strength of SLR dips is
observed in both samples (Figure 6a−d). At applied voltage V
= 2 V, the SLR dip is electrically modulated by ≈45%
(modulation with respect to the dip at V = 0 V) in the PVA-
LC sample, whereas for the same excitation conditions, the
SLR dip is significantly electrically modulated by ≈55% in the
LC sample, as indicated in Figure 6a−d. In addition, some
extra features are also observed at longer wavelength parts in
the transmission spectra of the LC samples. This is may be due
to the excitation of lossy mode resonances in the thin ITO
layer or cavity-induced interference in the multilayered
structure.

■ CONCLUSIONS
We have studied, experimentally and numerically, LC switch-
able SLR modes supported by gold nanoantenna arrays
fabricated on top of the thin ITO film and embedded in
different dielectric environments of air, LC and PVA-LC layers.
We showed a comprehensive and comparative study on the
formation as well as electrical modulations of the SLR modes.
In addition, the angle-dependent dispersions of the SLR modes
are measured and analyzed by using calculated positions of
Rayleigh anomalies of the diffractive orders at both the glass/

PVA-LC and the glass/LC interfaces. The experimental results
on SLR dispersions are in good agreement with calculated
results. In addition, we showed that the SLR modes are highly
sensitive (appears and disappears) to symmetric and
asymmetric dielectric environments of PVA-LC and LC
superstrate media. Moreover, evidence of switchable inter-
action of the SLR with ITO resonances is found. Switching
voltage as low as 2 V leads to >50% modulation of the
transmission through the structure, which may be further
optimized by design and different incidence conditions. We
showed that the excitation and modulation of such SLRs in an
active LC-plasmonic metasurface platform could be possible
simultaneously from both the top and bottom substrate sides
as well as in the horizontal and vertical directions. Such an
electrically switchable SLR-LC-based metasurface platform can
be utilized to construct a variety of high efficiency and high Q-
factor dynamic devices and may be of great interest for future
development of switchable and multifunctional devices at the
nanoscale.

■ EXPERIMENTAL METHODS
Fabrication of Plasmonic Metasurface Containing

Gold Nanoantenna Arrays. At first, an indium tin oxide
(ITO)-coated glass substrate (Sigma-Aldrich, ≈30 nm-thick
ITO layer) was cleaned and then spin-coated with a positive e-
beam resist poly(methyl methacrylate) (PMMA) followed by
baking at 180 °C on a hot plate for 2 min. The square arrays
(50 μm × 50 μm) of nanostructures (rod-shaped) were written
by an electron-beam lithography system (Raith 150 II)
followed by developing the patterns. A 40 nm thin layer of
gold along with a 1.5 nm Ti thin layer was deposited using an
E-gun evaporator, and then, a lift-off process was carried out by
soaking the sample in acetone.
Preparation of Metasurface PVA-LC and LC Samples.

In the PVA-LC sample, the bottom substrate with the gold
nanoantenna arrays was first spin-coated with an alignment
layer of PVA of approximately 500 nm thickness. Another
ITO-coated glass used as the top substrate was spin-coated
with an alignment layer of PVA at the same 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 by using a soft velvet
cloth in the antiparallel directions to each other to promote a
homogeneous planar alignment of LC molecules. Here, the
rubbing direction was chosen to be parallel to the long axis of
each nanoantenna. After this, a 12 μm-thick Mylar spacer layer
(Sigma-Aldrich) was used between substrates and then it was
assembled together by using a UV-curable adhesive (NOA61)
followed by UV curing. The nematic LC 5CB (Sigma-Aldrich)
was infiltrated into the cell by capillary action. During the LC
infiltration procedure, the fabricated device was kept on a hot
plate, which maintained a temperature of 50 °C. At this
temperature, the 5CB LC is in its isotropic phase, which has a
lower viscosity than its nematic phase, and therefore, it can be
easily infiltrated into the gap. The filled PVA-LC cell was
cooled down to room temperature for approximately 2 h, and
then, the two open sides were sealed using the same UV-
curable adhesive. At last, a conductive silver epoxy was used to
make electrical connection by using aluminum wires to the
ITO surface of each substrate. A similar fabrication process was
used to fabricate the LC sample, except that no PVA layer was
spin-coated on the bottom substrate (containing the metasur-
face). Here, a PVA layer was only spin-coated on the top ITO-
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coated substrate followed by mechanical rubbing, in the
parallel direction to the long axis of nanoantenna, to promote
homogeneous planar alignments of the LC molecules.
Experimental Setups and Optical Measurements. The

optical response of the PVA-LC and LC samples was
characterized for vis−NIR transmission spectra at normal
incidence as well as oblique incidence by using linearly x-
polarized incident light. A broadband supercontinuum white-
light source (SuperK COMPACT, NKT Photonics) was used
to excite SLRs in the NIR region, with emission wavelengths
between 450 and 2400 nm. For the excitation of SLRs, the
polarization was set to be parallel to the long axis of the
nanoantenna. The zero order transmission from the gold
nanoantenna array was collected with an infinity-corrected
NIR objective lens (20×/NA = 0.40) and then directed to an
imaging spectrometer. The vis and NIR transmission spectra
were measured by two spectrometers Andor Shamrock (SR-
303i-B) and Ocean optics (NIRQuest-512), respectively. The
obtained data were combined and plotted in a single plot
showing the full vis−NIR transmission spectrum. Here, we
mention that, in all measurements, the transmission spectrum
was normalized with respect to the clean area in the respective
samples, with no metasurface, under the same excitation
conditions. Then, two kinds of experiments were performed to
study the SLR excitation: (i) the excitation of SLRs when
incident light was impinging from the bottom substrate side
(containing the metasurface). (ii) The excitation of SLRs when
incident light was impinging from the top substrate side where
incident polarized light first travels through the LC layer and
then interacts with the plasmonic metasurface. For the
measurement of SLR dispersions at varying oblique angles of
incidence, the samples were placed on a motorized xyz-
rotational stage (Thorlabs). For the electro-optic character-
ization, both samples were connected to a signal/function
generator (Stanford Research Systems DS345, 30 MHz) to
provide an alternating current (AC) square signal wave of
frequency of 1 kHz to modulate the optical properties of the
LC molecules. The electrical modulation of the SLRs was
calculated from the transmission spectra and is defined as the
ratio of the transmission value (in percentage) between the
SLR dips at their corresponding applied voltages.
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