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Multiresponsive Dielectric Metasurfaces Based on Dual
Light- and Temperature-Responsive Copolymers

Chengjun Zou, Purushottam Poudel, Sarah L. Walden, Katsuya Tanaka,
Alexander Minovich, Thomas Pertsch, Felix H. Schacher,* and Isabelle Staude*

Tunability is essential for unlocking a range of practical applications of high-
efficiency metasurface-based nanophotonic devices and systems. Increased
research efforts in this area during recent years led to significant progress
regarding tuning mechanisms, speed, and diverse active functionalities. How-
ever, so far almost all the demonstrated works are based on a single type of
physical stimulus, thereby excluding important opportunities to enhance the
modulation range of the metadevices, the available design options, as well as
interaction channels between the metadevices and their environment. In this
article, it is experimentally demonstrated that multi-responsive metasurfaces
can be realized by combining asymmetric, highly resonant metasurfaces with
multi-responsive polymeric materials. The respective copolymers combine

light- and temperature-responsive comonomers in an optimized ratio. This work
demonstrates clearly reversible light-responsive, temperature-responsive, and
co-responsive tuning of the metasurface optical resonance positions at near-
infrared wavelengths, featuring maximum spectral resonance shifts of nearly
twice the full-width-at-half-maximum and accompanied by more than 60%
absolute modulation in transmittance. This work provides new design freedom
for multifunctional metadevices and can potentially be expanded to other types
of copolymers as well. Furthermore, the studied hybrid multiresponsive systems
are promising candidates for multi-dimensional sensing applications.

1. Introduction

Metasurfaces made of subwavelength
resonators arranged in a plane have revo-
lutionized the design options for optical
components and system integration.!
Various applications in imaging,??"
holography,*°! sensing,®”! and commu-
nication®? were demonstrated within
the past decade. Recently, inverse design
methods!'®M and metasurface-based dif-
fractive deep neural networks['>" have
further expanded the range of meta-
surface applications to areas such as
optical signal processing™® and all-
optical computing.”! Although tremen-
dous research efforts were invested into
metasurface-based applications, most of
these static designs with “hard-coded”
functions are still only significant in
laboratory demonstrations rather than
real-world applications. From a practical
application perspective, realizing efficient
tuning of the optical responses of metas-
urfaces is the key, which will ultimately
unlock their full capabilities in arbitrary
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wavefront shaping, programmable spatial light modulations,
optical switching, and controlled emission processes. '8

The realization of tunable metasurfaces requires the appli-
cation of external physical stimuli to modify the resonance
properties of the metasurface itself or its immediate surround-
ings.®2% Various tuning mechanisms have been demon-
strated. For example, mechanical deformation®?% can lead to
large tuning effects but usually with limited modulation speed.
Carrier injection?>?¥ and field effects,!* in contrast, are fast
and promising in high-speed modulations, though compro-
mised by limited efficiency. Integrating phase-changing mate-
rials can be used for long-term reversible tuning.[?6-2%] Finally,
integrating nematic liquid crystals (LCs) with metasurfaces
has been widely studied,?*-*2l motivated by the strong achiev-
able tuning contrast, convenient electrical compatibility, and
established LC-on-silicon technology. So far, however, with few
exceptions,334 the reported tunable metasurfaces are respon-
sive to a single type of physical stimulus only. Multi-responsive
tuning of metasurfaces, on the other hand, provides additional
design options and allows for wider functionalities and inter-
actions with the environment. In a previous work, we already
reported a multiresponsive dielectric metasurface design via an
integration with LCs and applying both thermal and electrical
stimuli.?3 However, LCs are limited regarding the number
of different stimuli and the possibility to tailor the respective
responses. The integration of the metasurface with stimuli-
responsive polymers>>3% offers a general strategic advantage by
means of multiple adjustable control parameters for achieving
tunability. On the one hand, these polymers are capable of
altering their chemical and/or physical properties upon expo-
sure to external stimuli, for example, temperature, light, pH, or
electric and magnetic fields.’’%] On the other hand, different
from plasmonic structures, the integration with dielectric meta-
surfaces can guarantee both high-efficiency and flexible capa-
bilities of light manipulation.

Among the available triggers, temperature is the most applied
and extensively investigated, with various studies exploiting the
lower critical solution temperature (LCST) of different poly-
mers.’*##]The LCST is the temperature at which temperature-
induced demixing occurs, hence, below the LCST the polymer
chains are homogeneously dissolved, whereas above the LCST,
phase separation happens through an entropically driven
process. Some prevalent examples of such polymers include
poly(N-isopropylacrylamide)  (NIPAM),0#]  poly(triethylene
glycol acrylate) (TEGA),* poly(2-oxazolines)*>% and poly(oligo
(ethylene glycol)acrylates).’*? Besides temperature, light has
also attracted considerable attention as a versatile trigger in
the field of stimuli-responsive polymers. Importantly, by using
light of different wavelengths as a stimulus, the polymers can
be controlled with high temporal and spatial precision. Light
responsive materials can react reversibly by isomerization or
irreversibly by photo-cleavage upon exposure to light. Among
the different photo-responsive molecules, azobenzenes,3>3]
spiropyrans,*#! and diarylethenesl® have been extensively
investigated because of their high potential for applications
such as data storage, light-switchable devices, optical sensors,
or optical memory.’>>¢ Furthermore, the combination of two
or more stimuli-responsive materials allows the synthesis of
multi-stimuli-responsive polymers. However, the selection
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and preparation of the orthogonally addressable groups can
be challenging. For example, dual light- and temperature-
responsive copolymers can be synthesized by incorporating
light-responsive comonomers into any temperature-responsive
polymer. Such copolymers respond orthogonally to distinctly
different stimuli through light-driven isomerization and tem-
perature-driven phase separation.’”#0#4] Despite their rich
chemistry and attractive properties, tunable hybrid systems that
integrate dielectric metasurfaces with multi-stimuli-responsive
polymers for high-efficiency optical applications, so far remain
underexplored.

In this article, we propose and experimentally demon-
strate multi-responsive tuning of dielectric metasurfaces
via integration with multiresponsive polymer materials.
The herein employed copolymers respond to both tem-
perature and irradiation with light. Specifically, the light-
responsive poly(azobenzene) (PAZO), temperature-responsive
poly(triethylene glycol monomethyl methacrylate) (PTEGA),
and dual light- and temperature-responsive P(TEGA-co-AZO)
were synthesized using radical polymerization, respectively.
This method also allows synthesis of many other types of
polymers (e.g., responsive to pH, electric potential etc.) into
one copolymer for tunable metasurfaces. Here we designed and
fabricated metasurfaces consisting of geometrically asymmetric
unit cells, which support several types of quasi-bound states
in the continuum (quasi-BIC) modes®’*®! and other types of
high-Q resonancesP” in the near-infrared wavelength range. By
integrating the copolymer with the fabricated metasurface and
applying light, temperature, or both as stimuli to the sample,
clear reversible tuning of the resonance wavelengths could be
observed. The maximum resonance shift reaches nearly two
times of the full width at half maximum (FWHM) and fea-
tures more than 60% absolute transmittance modulation. Our
work opens new opportunities for the design of multifunc-
tional metadevices. Furthermore, the demonstrated multi-
dimensional interactions of the metasurface system with the
surrounding environment is promising in applications such as
ultrasensitive multivariable sensing.

2. Results and Discussion

2.1. Metasurface Design and Optical Characterizations

Figure 1a shows a sketch of a single unit cell of the designed
metasurface. It consists of two rectangular silicon nanobars on a
silica substrate. The unit cell is repeated in the x- and y-direction
with the same period p = 770 nm. There are several symmetry
breaks in the unit cell, which can lead to several quasi-BIC
modes. The nanobars have slightly different designed lengths
(L =380 nm and L, = 350 nm). The center-to-center distance of
the nanobars is g = 360 nm, which is smaller than p/2 = 385 nm.
The designed resonator height is h = 280 nm and the two nano-
bars also share the same width of W; = W, = 200 nm. Note
that the design already considers a 500 nm P(TEGA-co-AZO)
polymer coating layer, whose properties are discussed in the
Supporting Information (SI) in detail. We fabricate the design
with electron beam lithography (EBL) and inductively coupled
plasma etching (see Experimental Section for details). During
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Figure 1. The metasurface and its transmittance spectra. a) Unit cell
structure of the designed metasurface. b) Scanning electron micrograph
of the fabricated metasurface, viewed at an azimuthal angle of 52°.
c,d) Measured (green line) and calculated (orange line) transmittance
spectra for the metasurface under c) x- and d) y-polarized normal inci-
dence before the copolymer integration.

fabrication, eight EBL doses were adopted, resulting in a corre-
sponding number of metasurfaces with varying feature sizes to
be very different from the designed values. A scanning electron
micrograph (SEM) image of the metasurface sample selected for
tuning experiments is presented in Figure 1b.

First of all and before covering the silicon nanobars with the
polymer coating layer, we characterized the optical transmit-
tance of the fabricated metasurface in the near-infrared range
using a customized setup (see Experimental Section). The
measured spectra (green lines) are presented in Figure 1c,d for
x-polarized and y-polarized light at normal incidence, respec-
tively. For x-polarized incidence, two relatively broad resonance
dips are observed at 1105 and 1251 nm. Two sharper but not so
pronounced resonances occur at 1181 and 1319 nm. For y-polar-
ized incidence, apart from a broad resonance at =1400 nm, sev-
eral narrow dips were observed between 1250 to 1400 nm. To
better understand the measured results, we performed full-wave
numerical simulation of the metasurface transmittance spectra
using the frequency-domain solver of the commercial software
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package CST Microwave Studio for a single unit cell with peri-
odic boundary conditions. In order to optimize the agreement
with the measured results, we obtained the metasurface size
parameters from SEM and further optimized them within
the limits of fabrication and measurement accuracy, yielding
best agreement for L; = 421 nm; W, = 245 nm; L, = 384 nm;
W, = 248 nm; h = 273 nm. The unit cell period p = 770 nm
and center-to-center distance g = 360 nm were kept unchanged
since they are usually accurately defined during fabrication. A
shallow over-etch of 20 nm into the glass substrate observed in
experiment was also included in the simulation. The calculated
spectra are presented as red lines in Figure 1c,d, which capture
all the measured features except the small dip at =1180 nm for
the y-polarized results (marked by a black circle). In general,
the y-polarized simulation shows a slightly better agreement
with the measured spectrum than that for the x-polarization.
The measured resonances are also less sharp than the simu-
lated ones, which is likely caused by fabrication inaccuracies,
such as surface roughness resulting in higher radiative losses.
We label the main resonance features as X1 to X4 and Y1 to Y4
in Figure 1c,d, which are induced by the structural asymmetry.
The near fields of these modes are presented and discussed in
Section S1, Supporting Information. Moreover, by numerically
varying the structural asymmetries, the quasi-BIC nature of
these modes is studied in the Supporting Information, too.

2.2. Experiments for Light and Temperature Tuning

After examining the spectral features of the fabricated metas-
urface, we further investigate the metasurface integrated with
stimuli-responsive polymers, aiming to tune the optical prop-
erties of the resulting hybrid systems by both light and tem-
perature. Before doing this, the material properties of the
stimuli-responsive polymers are discussed. The light-respon-
sive PAZO, temperature-responsive PTEGA and dual light-
and temperature-responsive P(TEGA-co-AZO) copolymers
were synthesized by free-radical polymerization initiated with
2,2-azobis(isobutyronitrile) (AIBN). Further details regarding
the copolymer synthesis can be found in Experimental Sec-
tion. The polymers and copolymers were characterized by
using a combination of size exclusion chromatography (SEC)
and nuclear magnetic resonance spectroscopy (NMR), and
their responses to both light and temperature were investigated
using irradiation and/or heating by UV-vis spectroscopy. The
SEC analysis of PAZO and PTEGA revealed a molar mass (M,)
of 6500 and 26 000 g mol™ with rather broad dispersities (D)
of 2.5 and 2.9, respectively (Table S1, Supporting Information).
This fairly low M,, of PAZO for a free radical polymerization is
in agreement with previously reported values.[®¥ Subsequently,
a dual light- and temperature-responsive P(TEGA-co-AZO) was
synthesized by copolymerization of TEGA with AZO using a
feed ratio of 1:1 (Figure 2a). The copolymer (M, = 16 000 g mol™
and D = 2.1) revealed the expected incorporation of both mon-
omers and contained 36% AZO based on 'H-NMR analysis
(Figure S5, Supporting Information). It is known that PTEGA
exhibits a lower critical solution temperature (LCST) at = 57 °C
which can be adjusted by varying the chain length and attaching
hydrophilic or hydrophobic (end)groups. The cloud-point
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Figure 2. Copolymer synthesis. a) Synthesis of P(TEGA-co-AZO) in 1,4-dioxane by free radical copolymerization. b) Trans-cis isomers of the AZO side
chain and photo-induced interconversion. c) Schematic diagrams show the thermoresponsive behavior of the PTEGA attached surface upon heating

above or cooling below the LCST.

measurement of P(TEGA-co-AZO) revealed the reduction of
the LCST from 57 to 30 °C as expected by the integration of
the hydrophobic AZO- moiety in the copolymer (Figure S9,
Supporting Information). To understand the light-response in
general, a spin-coated copolymer film (on glass substrate) was
characterized by UV-vis spectroscopy upon a UV (365 nm)/
visible light (450 nm) irradiation cycle (Figure S7, Supporting
Information). The absorption spectrum of the as-prepared film
exhibits the two characteristic bands: a high intensity 7 — 7*
band in the UV region (A, = 322 nm) and a low-intensity n —
m*band in the visible region (A, = 440 nm). The UV irradia-
tion at 365 nm leads to a gradual decrease in the absorbance at
322 nm and an increase in the intensity of the band at 440 nm.
This indicates a transition from the trans- to the cis- form of the
AZO-moiety. After 40 min of UV radiation (intensity details in
Experimental Section), no further change was observed and a
film preirradiated for 40 min with UV light was subsequently
exposed to different times of visible light irradiation at 450 nm
to switch back to the trans- form. When the visible light expo-
sure reaches 20 min, the spectrum of the as-prepared film is
fully recovered. In addition, a similar behavior was observed
in tetrahydrofuran (THF) solutions (Figure S8, Supporting
Information).

We would like to also briefly discuss the thermo-responsive
behavior of polymers in solution and in solid thin films in gen-
eral. In an aqueous solution, for a given polymer concentra-
tion, the thermo-responsive polymer coil is found in a highly
hydrated, swollen, and hydrophilic state below the lower critical
solution temperature (LCST). Heating above LCST results in a
drastic increase in hydrophobicity and dehydration, facilitating
a coil-to-globule transition. Unlike in solution, the solid thin
film is not completely swollen with water since only the sur-
face of the film is exposed to air, and the polymer chains are
also constrained by the interfacial interactions. Several reports
indicate that the temperature-responsive polymer film can
absorb and store water from the air, thus causing swelling and
a change in thickness with thermal treatment under atmos-
pheric conditions.[®™-%3 This implies that when the temperature
decreases below the LCST, water molecules can be adsorbed by
the hydrophilic groups of P(TEGA-co-AZO) and the thin film
partially swells. At the same time, the surface of the film is
hydrophilic, whereas above LCST, a hydrophilic-to-hydrophobic
transition occurs at the film surface.

Next, we spin-coated the synthesized polymers onto silicon
substrates and characterized their optical refractive indices
with ellipsometry for different material phases. Here, in situ
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measurements with exposure to either UV (365 nm) or blue
light (450 nm) and a feedback-controlled heating process were
adopted (Figure S10, Supporting Information). In general, all
the polymers show a decrease in their refractive indices with
UV exposure or heating above their LCST, respectively. The
changes in their refractive indices are in the order of 1072,
which is expected to induce a resonance blueshift if coated
onto our metasurface sample. When combining UV exposure
and heating as co-stimuli, the P(AZO-co-TEGA) copolymer
demonstrates a reduction of almost 0.04 in its refractive index.
When illuminated by the blue light and allowed to cool down
to room temperature (RT), the copolymer changes back to
the initial phase with higher refractive index. Note that in the
index fitting, the slight thickness variations were not consid-
ered and the resulting effects were included into the fitted data.
The variations in polymer refractive indices observed here are
small compared to those reported in other works (mainly elec-
trochemically responsive polymers!®#©°l). However, the material
losses are also negligible for polymers used in this work, ena-
bling high-efficiency optical applications.

After characterizing the refractive indices of the copoly-
mers, we spin-coated PAZO, PTEGA, and P(TEGA-co-AZO)
onto the fabricated sample and subsequently characterized the
corresponding tunable transmittance. The resulting coating
layers are expected to have thickness values of 400 to 500 nm
according to the spin-coating recipe. First, we examined the
tuning performance by integrating the sample with single-
responsive polymers PAZO and PTEGA, respectively. For
PAZO integration, UV light (365 nm; max. power 1290 mW;
M365L3 Thorlabs) and blue light (450 nm; max. power 100 W)
were employed as the stimuli. The UV light was located =13 cm
from the sample and the light was collimated by a convex lens
(f = 20 mm). The blue light broadly illuminated the sample
without a focus. For PTEGA-integration, the temperature con-
trol was implemented using a 15 Ohm heating resistor and a
PT100 RTD temperature sensor feedback system controlled via
a temperature controller (LDT-5980, Newport) for high temper-
ature (above critical temperature T;) and RT control. The meas-
ured results are summarized in Figure 3, where three cycles of
light-exposure/heating-cooling were adopted, showing that the
respective tuning processes were reversible. More switching
cycles were carried out for the case of copolymer integration,
which are discussed in later sections. The obtained spectral res-
onance features look different from those of an uncoated meta-
surface, which is due to the optical properties of the coating
layer. The structural asymmetry in the metasurface design
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Figure 3. Cycled measurements for the metasurface integrated with a,b) the light-responsive polymer AZO and c,d) the temperature-responsive polymer
TEGA under a,c) x- and b,d) y-polarized normal incidences. The results for the first and the second cycles are offset by 1.2 and 0.6, respectively, for clarity.

induces sharp resonances, which are highly sensitive to vari-
ation in the refractive index of the surrounding material (see
Section S2, Supporting Information for a numerical study of
the metasurface transmission spectra for a systematic variation
of the refractive index of the coating layer). The observed reso-
nance features of the coated metasurface shown in Figure 3 are
labeled X3, X4 and Y1 to Y4, corresponding to the same modes
for the uncoated metasurface. For PAZO coating, exposure
to UV light causes the refractive index of the PAZO layer to
decrease, leading to the resonance X3 to undergo a blueshift
from 1458 to 1455 nm for x-polarization, nearly 50% of the
resonance linewidth. The maximum transmittance modulation
reaches 0.47 at 1454 nm. With blue light exposure, the dip shifts
back to 1458 nm. Similar shifts were observed for the dip X4,
and resonances Y1-Y3 for the y-polarization. For PTEGA inte-
gration, the modes X3 and X4, as well as Y3 occur at shorter
wavelengths compared to these with PAZO coating, indicating
a lower refractive index of PTEGA compared to PAZO. Upon
heating of the sample beyond T, of PTEGA, the dip X3 of the
x-polarized incidence presented in Figure 3c, blueshifts from
1426 to 1423 nm, achieving a maximum transmittance modu-
lation of 0.52. The dip recovers to the original position after
cooling to RT. For y-polarization, the dip Y3 is less pronounced,
but demonstrates a blueshift from 1538 to 1534 nm. The modes
Y1 and Y4 merge in this case and cannot be distinguished. The
results here clearly show that the phase-changing polymers
can effectively tune the optical responses of metasurfaces. Also
note that local heating effects from UV/blue light exposures
are not observed during this work. The metasurface is not on
resonance in the UV-blue range and the incident intensities are
very low, leading to negligible local heating effects. Compared
to other tunable metasurfaces integrated with electrically tun-
able polymers (such as PEDOT)%%] or phase changing mate-
rials (GST or VO,),12% the absolute spectral shifts in our work
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are much smaller due to the comparatively small refractive
index variations. However, different from the high material loss
of PEDOT and GST, the material losses of PAZO and PTEGA
are very small, and thus the transmittance modulation achieved
here is higher. In addition, the high-Q quasi-BIC modes pre-
sented here can be well supported and tuned.

In the following, we focus on the multi-responsive properties
of the metasurfaces integrated with the P(TEGA-co-AZO) copol-
ymer. Figure 4 summarizes the measured multi-responsive
transmittance under x- and y-polarized incidence for the hybrid
metasurface coated with the P(TEGA-co-AZO) copolymer. For
the x-polarized results, the spectra in the range from 1250 to
1500 nm are presented, in which several main resonance fea-
tures are observed. These resonance dips resemble the features
observed with the single-responsive polymers, with an addi-
tional, weak dip = 1465 nm that was not observed with single-
responsive polymers. Small but distinct shifts can be seen in
the resonance features following the application of different
types of external stimuli. Here we mainly describe the shifts of
the sharp resonance dip at = 1450 nm. The black solid line rep-
resents the measured transmittance of the hybrid metasurface
for the coated polymer in its initial phase at RT. Under these
conditions, the minima of the sharp resonance are situated at
1451.6 nm. First we investigated the temperature-responsive
behavior of the hybrid metasurface under the same conditions
as that of the single-responsive tuning. For the P(TEGA-co-
AZO) copolymer, a phase transition (TEGA-part) occurred at
temperatures above the LCST (=40 °C). The sample was heated
to 45 °C (above T) and the corresponding transmittance was
recorded and presented as the solid yellow line in Figure 4a.
The sharp resonance blueshifts by 1 nm compared to the ini-
tial phase. Furthermore, when cooling the sample back to
RT, the measured transmittance (dashed yellow line) shows a
perfect overlap with the transmittance at the initial condition.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Experimentally measured transmission spectra of the metasurface covered with multi-response P(TEGA-co-AZO). Spectral shifts due to heat,
UV light, and the dual application of heat and UV light are shown as solid lines, the spectra measured after the respective reverse stimuli (cooling,

blue light) are shown as dashed lines.

Compared to the PTEGA-integration, the thermal-tuning range
from the copolymer-integration is reduced, likely caused by
the reduced TEGA portion, as well as smaller variations in the
polymer layer thickness. Next, the sample was illuminated by
UV light for 15 min. The light source was located 13 cm from
the sample and was collimated by a lens with a focal length of
20 mm. After UV exposure, the sharp resonance (solid orange
line) shifts to 1448.8 nm. Subsequent exposure to blue light for
2 min (450 nm, 100 W, located 15 cm away from the sample)
produced a spectrum that overlaps with the transmittance of
the hybrid metasurface in its initial state (orange dashed line),
demonstrating the fully reversible, light-induced switching of
the AZO units in the copolymer. Last but not the least, we inves-
tigate the light-temperature dual-responsiveness. For this, the
sample was first illuminated with UV light for 15 min. When
approaching such an illumination time, the sample was simul-
taneously heated to 45 °C. Both stimuli were then continuously
applied while measuring the transmittance spectra. The result
is represented by the dark red solid line in Figure 4a. Com-
pared to the initial phase, application of both stimuli results in
a blueshift of the sharp resonance of 4.8 nm to a final wave-
length of 1446.8 nm, nearly twice of the FWHM. Interestingly,
such a blueshift is wider than simply the combination of light-
responsive (2.8 nm) and thermal-responsive (1 nm) stimuli
only. The associated maximum absolute transmission modula-
tion reaches 0.62 at 1451.6 nm. Although the resonance shifts
in wavelengths are smaller compared to our previously reported
multiresponsive metasurfacel3¥l using LC integration, the abso-
lute transmittance modulation is larger. We observed similar
tuning effects for the broad resonance =1320 nm, as well as for
the less pronounced resonant feature =1408 nm, however the
corresponding transmission modulations and spectral shifts of
these resonances are smaller compared to the dip =1450 nm.
Additionally, we characterized the reverse tuning process by
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illuminating the sample again with blue light for 2 min at
45 °C, the measured spectra (dark red dashed line) coincides
with the yellow solid line, indicating that the fully reversible
tuning of the AZO units is preserved at elevated temperatures.

For the y-polarized results in Figure 4b, the measured
spectra are shown in a range from 1300 to 1600 nm, which
covers the respective resonance modes of interest. The right-
hand-side of the plot shows a close-up of the spectral region
around the sharp resonance feature between 1570 to 1584 nm.
Altogether, a similar multi-responsive tuning behavior to that of
the x-polarized case was obtained. The maximum blueshift of
6.2 nm from the initial state, observed for simultaneous appli-
cation of both light and temperature as stimuli, is even larger
than for x-polarization, reaching more than twice the FWHM
of the resonance and realizing a high absolute transmission
modulation well exceeding 0.4 at 1580 nm. For the broad reso-
nance and less pronounced resonant features, similar tuning
behavior was also observed.

2.3. Reversibility of the Stimuli-Response

After allowing the sample to cool to RT, we further evaluated
the reversibility of the response of this hybrid system (Figure 5).
First, five cycles of RT-T, thermal tuning were performed and the
results in Figure 5a show excellent reversibility of the resonance
shifts. Subsequently, we continuously heat the sample with the
temperature controller for 100 min, during which the sample
temperature periodically oscillated between 32.6 to 44.4 °C. To
implement the temperature variation, we made use of the tem-
perature feedback control mechanism of the employed heater,
which approaches a set target temperature in an oscillatory
fashion. Note that as time progresses, the temperature varia-
tion is reduced to an interval from 35.5 to 40.5 °C as the system
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Figure 5. Cycled temperature and light responsive tuning measurements on copolymer integrated metasurfaces. a) Five cycles of temperature tuning
with full temperature range. b) Transmittance spectra of the sample at elevated temperature oscillated in between 32.6 to 44.4 °C. c) Measured trans-
mittance spectrum of the sample recovered to RT. d) Transmittance spectra for cycled UV-blue light exposure. €) Absorbance characterization with

UV-vis spectroscopy for cycled UV-blue light exposures.

moves closer to the set target temperature. The corresponding
transmittance of the metasurface was recorded every 23 s and
the results are shown in Figure 5b, which demonstrates peri-
odic oscillation of the resonance wavelengths. Finally, the meta-
surface transmittance was characterized again after the sample
cooled down to RT and the corresponding spectrum (Figure 5c)
returns to the initial position, indicating long time reversibility
of the TEGA units of the copolymer. As a next step, we carried
out cycled light tuning measurements, where we also character-
ized the transmittance spectra with five cycles of UV-blue light
exposure. In Figure 5d, the corresponding results demonstrate
clearly that reversible spectral tuning of the resonance dip is
possible. Afterward, the same sample underwent ten cycles
where the corresponding absorbance was oscillated between low
and high values, corresponding to the cis- and trans-state of the
azobenzene units. From the whole set of data shown here, no
obvious degradation of the copolymer material is visible.
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2.4. Resonance Shift Kinetics

To fully characterize the light-responsive tuning speed, we
record the resonance X3 shifting kinetics for UV and blue
light exposure for the P(TEGA-co-AZO) coated metasurface.
Please note that for these measurements the sample was
freshly coated, which leads to slightly different resonance wave-
lengths due to a small variation in the coating layer thickness
(Figure 6). The measured light intensities were 0.38 W cm™2 for
the UV irradiation and 0.12 W cm? for the blue light. For UV
exposure, the sharp resonance undergoes a hypochromic shift
from Ay, = 1461.4 nm to A,;, = 1458.6 nm (A4 = 2.8 nm). It can
be seen that 50% (1461.4 to 1460 nm) of the shift was achieved
within the first 20 s. Similar kinetic features are seen for the
blue light exposure. Therefore, it is expected that by increasing
the illumination intensity, the switching speed can be largely
accelerated.

1461.5 T T .
o0000000cc0c000e
1461 | °
°
14605 ® !
g 08
'E 1460 o é 06
14595 | 5 o4
Q .
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Figure 6. Kinetic tracking of the shift in the x-polarized transmission resonance at 1461.4 nm upon illumination with (left) 365 nm and (right) 450 nm
light. Complete recovery of the initial peak position is obtained after 2 min of irradiation with blue light.
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Figure 7. Numerically calculated transmittance spectra of the hybrid metasurface assuming ellipsometrically determined optical properties for the

multiresponsive copolymer P(TEGA-co-AZO) layer in its different states.

2.5. Discussion and Analysis

To further analyze the measured tuning results, we performed
numerical simulations of the hybrid metasurfaces, assuming
a coated copolymer layer of 500 nm on the metasurface. We
modeled the coating layer with the ellipsometrically deter-
mined refractive indices for the corresponding phase states of
the multi-responsive polymer. Here, only the case of copolymer
integration is numerically studied, and the resonance modes
are the same for PAZO and PTEGA integrations. The simu-
lated layer thickness was taken to be 500 nm. We did not fit the
layer thickness since varying it only spectrally shifts the wave-
lengths of the observed dips. When the coating layer exceeds
600 nm, no further shift in the simulated spectra is observed.
Figure 7 presents the simulated transmittance spectra of the
integrated metasurface. Qualitatively, the simulated spectra are
in excellent agreement with the experimental data (see Figure 4)
regarding the resonance structure of the metasurface sample.
A general blueshift of all resonance positions is observed with
respect to experimental data, likely due to discrepancies in the
characterized copolymer refractive indices and coated layer
thickness. To identify the nature of the different resonances, we
furthermore study the near-field profiles at the corresponding
resonance wavelengths and present them in Figure 8. For the
x-polarization, three main resonances are observed in the wave-
length range of interest. The broad resonance =1310 nm is iden-
tified as an electric dipole (ED) resonance. The other two sharp
resonances initially located =1407 and 1440 nm, and labeled
as X4 and X3, respectively, are the same modes as labeled in
Figure 1c. It can be seen that X4 is an in-plane antiferromag-
netic (AFM) order with an out-of-plane ED moment induced
in-between the two nanobars. X3 is an out-of-phase coupled
out-of-plane ED pair, which induces a magnetic dipole (MD)
moment between the two bars. Note that here the highest
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E-fields occur in the shallow glass pedestal marked by the blue
ellipse, caused by over-etching into the silicon layer during fabri-
cation, while the field intensity is lower in the resonators. When
applying the refractive index measured for the polymer after UV
exposure to the coating layer in the simulations, the resonance
positions shift to 1405 and 1437 nm (Figure 7, orange line). Blue
light exposure brings them back to the initial position (Figure 7,
orange dashed line). Next, when assigning the coating layer the
refractive index for the case of heating above the critical tem-
perature, the two resonances shift to 1404.5 and 1435.5 nm
(Figure 7, yellow line). Finally, with the refractive index of the
coating layer set to the values measured for simultaneous appli-
cation of both stimuli, the two resonances shift to 1402.5 and
1432 nm (Figure 7, dark red line). Overall, we can conclude that
the resonance shifts obtained by the model are consistent with
experimental demonstrations. For the y-polarized results, the
simulation also qualitatively captures all the essential measured
features. Again, by conducting an analysis of near-field profiles
of the relevant modes (Figure 8), we can identify the relatively
broad resonance at 1455 nm as a MD mode and labeled other
sharp features as Y1 to Y4, which are in consistent with modes
denoted in Figure 1d. The near-field profiles of Y1 to Y4 are also
displayed in Figure 8. We briefly describe the resonances from
short to long wavelengths. First of all, Y2 corresponds to an out-
of-phase coupled pair of in-plane MDs. Y1 and Y4 are identified
to be the out-of-plane MDs mainly supported by the bigger and
smaller nanobars, respectively. Y3 represents an out-of-plane
MD resonance, created by the in-plane ED moment asymmetry
in the two bars. The maximum enhancements for these reso-
nances are all astonishingly high, which results from two fac-
tors: first, the small asymmetry in the two bar lengths and inter-
bar distance; and second, the additional confinement mediated
by the coating layer. However, the averaged enhancements in
the metasurface volume are much lower.

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 8. Numerically calculated near-field profiles at the center of the two nanobars on the x-z plane for the sharp resonance features marked in
Figure 7. Red and blue arrows are used to denote the electric and magnetic moments.

The resonance shifts are larger in simulation than that in
the measured results. Particularly, the temperature-responsive
resonance shifts (Figure 7, yellow lines) are significant in sim-
ulation, even larger than the simulated light-responsive shifts
(Figure 7, orange lines), contrary to the experimental results.
We infer that possible inaccuracy in the refractive indices of the
copolymer exists and leads to the results. As the slight thick-
ness variations due to the TEGA units were not considered in
the ellipsometry, it is likely the obtained index variations were
overestimated and thus results in a larger thermal-responsive
blueshift in simulation. Moreover, the maximum transmit-
tance modulation is over 90% in the simulations, due to the
larger resonance shifts and higher resonance Q-factors com-
pared with the measurements. This is expected since the
simulation model did not include the possible large parameter
asymmetries, shape roughness, as well as a possible nonuni-
form coating layer in the fabricated sample, which can largely
increase the radiative losses and decrease the Q-factors. To
achieve larger transmittance modulation and resonance shifts,
different polymer materials or synthesized copolymers can be
used. The metasurface design and the polymer integration pro-
cess can also be further optimized.

3. Conclusion

In conclusion, we demonstrated that hybridization of a meta-
surface with a multi-responsive copolymer allows tuning of
the metasurface resonance frequencies using light, tempera-
ture, or a combination of both as external stimuli. Specifically,
we spin-coated an asymmetric silicon metasurface supporting
high-Q resonances, including quasi-BIC modes, with a multi-
responsive P(TEGA-co-AZO) copolymer. By applying either
UV exposure or a thermal stimulus only to the hybrid metas-
urface, small resonance blueshifts were observed, which were

Adv. Optical Mater. 2023, 11, 2202187 2202187 (9 of 12)

in good agreement with results from accompanying numerical
simulations. By simultaneously applying both the UV exposure
and heating over the critical temperature for the temperature-
triggered phase transition of PTEGA, an even larger resonance
shift could be observed, reaching almost twice the FWHM of
the resonance. This shift is accompanied by an absolute trans-
mission modulation exceeding 0.6. Furthermore, we demon-
strated the full reversibility of the tuning by performing more
than ten cycles of switching experiments for integration of the
metasurface with the copolymer, and no obvious degradation
is observed. Our work opens a new access route toward multi-
responsive metasurfaces and devices, which are promising for
metasystems that can adapt to a complex environment as well
as for highly compact multi-dimensional sensing applications.

4. Experimental Section

Metasurface ~ Fabrication: For the fabrication of the silicon
metasurfaces, standard electron beam lithography was performed in
combination with reactive ion etching. As a first step, amorphous silicon
thin films situated on a glass substrate (Tafelmaier Diinnschicht Technik
GmbH) were etched by argon-ion beam etching to the target silicon
thickness (270 to 280 nm) and covered with a conductive chromium
layer. After that, a negative electron-beam resist (100 nm EN038, Tokyo
Ohka Kogyo Co., Ltd.) was spin-coated onto the sample, exposed by a
variable-shaped electron-beam lithography system (Vistec SB 350), and
selectively dissolved in a developer (OPD 4262). After transferring the
exposed pattern to the chromium layer by ion-beam etching (Oxford
lonfab 300), the silicon layer was etched through the chromium mask
by reactive ion etching (RIE-ICP, Sen-tech SI-500 C). As a final step, the
remaining resist and the chromium mask were removed in acetone and
ceric ammonium nitrate-based solution, respectively.

Transmittance Measurements: The transmittance spectra of the
metasurfaces were characterized with a custom-built optical setup as
shown in Figure 9. A halogen lamp was used as the white light source,
with the condenser lens collimating its emission. The diaphragm plane
was in conjugation with the sample plane and was used to define the
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Figure 9. Optical setup for transmittance measurements under UV/blue light exposure. The focal lengths of the marked lenses L; to L; are: 7, 50, 100,

50, 50, 50, and 200 mm.

measurement area. An aperture in the Fourier plane was used to limit
the spread of incidence angles and ensure near normal incidence (within
+1°). The two optical paths denoted by the dashed blue and red lines
denote the transmittance measurement path and the sample imaging
path, respectively. The removable mirror was used for selecting the
imaging path (for sample alignment) or the actual measurement path.
Finally, a Yokogawa AQ6370D optical spectrum analyzer was employed
to record the spectra at near infrared wavelengths. For light-responsive
tuning experiments, the illuminating LEDs (blue or UV) were positioned
aside without focusing.

Polymer Synthesis and Characterization—Chemicals: 4-Phenylazophenol,
acryloyl chloride (97.0%), and 2, 2-Azobis(isobutyronitrile) (AIBN)
were purchased from Sigma-Aldrich (Munich, Germany). AIBN was
purified by recrystallization from ethanol and stored in the freezer until
use. Triethylene glycol acrylate (TEGA 97%) were purchased from TCl
(Zwijndrecht, Belgium) and purified using either inhibitor remover
(Sigma-Aldrich) or by passing through a short aluminum oxide column.
All other reagents were used as received.

NMR measurements were carried out on a 300 MHz Bruker NMR
spectrometer (Karlsruhe, Germany) CDCl; or CD,Cl, at 298 K. Chemical
shifts are given in parts per million (ppm, dscale) relative to the residual
signal of the deuterated solvents.

SEC measurements were performed on a Shimadzu system equipped
with an SCL-10A system controller, an LC-T0AD pump, and a RID-10A
refractive index detector using a solvent mixture containing chloroform
(CHCly), triethylamine (TEA), and isopropanol (i-PrOH) (94:4:2) at
a flow rate of T mL min™' on a PSS SDV linear M 5 um column. The
system was calibrated using PS (100 to 100 000 g mol~") and PEO (440 to
44700 g mol™) standards.

UV-vis measurements were performed on an Agilent (Santa Clara,
CA, USA) Cary 60 UV-vis spectrometer with a peltier single cell
holder. For the solid-state UV—vis measurements, the solid samples
(deposited on glass substrates) were placed on a custom-made sample
holder. Irradiation sources, two LEDs with 365 nm (0.8 mW) and
two LEDs with 450 nm (22 cd) from Roithner (Vienna, Austria) were
placed in front of the sample, resulting in an estimated light intensity
of 3.4 mW cm™ for the 365 nm light source, and 4.5 mW cm2 for
the 450 nm LED in the setup used. For the cloud point temperature
measurements, the samples were placed in quartz cuvettes and
heated from 20 to 70 °C at a rate of 1 °C min~" without stirring. Cloud
points were determined at A = 600 nm and 50% transmittance. The
transition window (AT) corresponds to the 1% and 99% transmittance
temperature difference.

Thin-Film ~ Preparation: The synthesized homopolymers and
copolymers were dissolved in tetrahydrofuran at 100 °C to form
the solutions of 2.5-5 wt% and filtered with a polytetrafluoroethylene
(PTFE) syringe filter of pore size of =0.22 um. These solutions were
subsequently used for the spin coating to form the films of thicknesses
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(h) ranging from 150 to 450 nm on freshly piranha cleaned silicon
substrates. All the films were spin-coated at a constant rotation speed of
1500 rotations per minute for 5 min.[% The thicknesses of the resulting
polymer films were determined via atomic force microscopy.Synthesis
of 4-Phenylazophenyl Acrylate: 4-Phenylazophenyl acrylate (AZO) was
synthesized as described elsewhere.’l Briefly, 4-hydroxyazobenzene
(0.2 mol) and triethylamine (0.26 mol) were dissolved in diethyl ether
(200 mL). The solution was purged with nitrogen and cooled to 0 °C.
To this solution, acryloyl chloride (0.24 mol) dissolved in 80 mL of
diethyl ether was added dropwise with stirring. The reaction mixture
was allowed to come to room temperature and stirred for 8 h. The
reaction solution was filtered to remove triethylammonium salt, washed
with water, and evaporated. The product was recrystallized twice from
the ethanol-water (3:1) mixture and dried in vacuo. The structure was
confirmed by 'H-NMR (Bruker, 300 MHz, CDCl3). & (ppm) = 6.0-6.9 (m,
3H), 7.3-7.7(m, 5H), 7.8-8.1 (m, 4H)

Synthesis of PAZO and PTEGA Homopolymers: PAZO and PTEGA
were synthesized as follows: 1.0 g of AZO (or TEGA) was dissolved
in 5 mL 14-dioxane. Then 50 mg (5 wt %, 3.04 x 10™* mol) of
2,2-azobisisobutyronitrile (AIBN) was added, and the mixture was
heated at 70 °C for 18 h under argon. The reaction mixture of PAZO was
then precipitated three times in cold hexane and dried at 70 °C for 24 h.
In the case of PTEGA, the reaction mixture was dialyzed against water
and freeze-dried to form a colorless oil. The resulting polymers were
analyzed via SEC and 'TH-NMR.

PAZO: 'H-NMR (300 MHz, CD,Cl)): & = 8.0-7.0 (Ar—H) and
SEC (CHCly): M, = 6500 g mol™, and PDI = 2.5. PTEGA: 'H-NMR
(300 MHz, CDCly): 6= 3.3 (s, 3H, CH;, TEGA) and SEC (CHCly): M, =
26 000 g mol~', and PDI = 2.9.

Synthesis of Dual Light- and Temperature-Responsive P(TEGA-co-AZO):
The copolymers containing light-responsive AZO and temperature-
responsive TEGA (1:1 molar ratio) were synthesized through free radical
polymerization as follows: TEGA (332 mg, 1.52 mmol), AZO (384 mg.
1.52 mmol), and AIBN (5 mg, 0.03 mmol) was dissolved in 1, 4-dioxane
(5 mL). The mixture was deoxygenated by flushing with argon for
30 min and then heated in a sealed microwave vial to 70 °C for 18 h. The
reaction mixture was then precipitated three times in cold diethyl ether.
Finally, the product was dried under a vacuum and a yield of 51% was
obtained. The copolymers were analyzed by SEC and TH-NMR.

TH-NMR (300 MHz, CD,Cl,): 8= 3.3 (s, 3H, CHy, TEGA), and 7.8 (s,
4H, CH, Ar-H) ppm.

SEC (CHCl3): M, =16 000 g mol™, and PDI = 2.1.
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