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Abstract: Active metasurfaces, in which the optical property
of a metasurface device can be controlled by external stimuli,
have attracted great research interest recently. For optical
switching and modulation applications, high-performance
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active metasurfaces need to show high transparency, high
power efficiency, as well as ultrafast switching and large-
scale fabrication capability. This paper reports Au/VO,-based
active metasurfaces meeting the requirements above.
Centimeter-scale Au/VO, metasurfaces are fabricated by
polystyrene sphere colloidal crystal self-assembly. The de-
vices show optical modulation on-off ratio up to 12.7 dB and
insertion loss down to 3.3 dB at 2200 nm wavelength in the
static heating experiment, and AT/T of 10% in ultrafast
pump-probe experiments. In particular, by judiciously
aligning the surface plasmon resonance wavelength to the
pump wavelength of the femtosecond laser, the enhanced
electric field at 800 nm is capable to switch off the extraor-
dinary optical transmission effect at 2200 nm in 100 fs time
scale. Compared to VO, thin-film samples, the devices also
show 50% power reduction for all-optical modulation. Our
work provides a practical way to fabricate large-scale and
power-efficient active metasurfaces for ultrafast optical
modulation.

Keywords: all-optical modulation; metasurface; phase
change materials; surface plasmon resonance; VO..

1 Introduction

The development of metasurfaces in the past decade has
reformed the way we manipulate the light. Metasurfaces are
two-dimentional (2D) metamaterials, which control the
amplitude, phase and polarization of light at the sub-
wavelength scale [1-10]. By carefully designing the shape,
location and spacing of meta-atoms, the far-field wave front
of the propagating light can be efficiently controlled, creating
innovative 2D photonic devices such as flat lens, perfect ab-
sorbers, nonreciprocal metasurfaces and nonlinear meta-
surfaces, just to name a few [1, 2, 4, 5, 11-19]. Besides,
metasurfaces are also demonstrated to modulate near-field
surface wave or surface plasmon modes [20-24]. Despite of
these progresses, most metasurface devices demonstrated
today are passive, with fixed optical properties after design

3 Open Access. © 2020 Tongtong Kang et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0

International License.


https://doi.org/10.1515/nanoph-2020-0354
mailto:qinjun@uestc.edu.cn
mailto:denglj@uestc.edu.cn
mailto:bilei@uestc.edu.cn
mailto:zhigaosheng@hmfl.ac.cn
https://orcid.org/0000-0002-5456-0850
https://orcid.org/0000-0002-2698-2829
https://orcid.org/0000-0002-2698-2829
mailto:kangtt@std.uestc.edu.cn
mailto:201821020431@std.uestc.edu.cn
mailto:201921021124@std.uestc.edu.cn
mailto:442437912@qq.com
mailto:201811022306@std.uestc.edu.cn
mailto:weiyan@std.uestc.edu.cn
mailto:201921021123@std.uestc.edu.cn
mailto:mazongwei@hmfl.ac.cn
mailto:liyaoliyao8@163.com
mailto:shenjian@hainanu.edu.cn
mailto:3134299474@qq.com

910 — T. Kang et al.: Large-scale, power-efficient Au/VO, active metasurfaces

and fabrication. Active metasurfaces, which allow tuning of
the optical properties by an external stimulus, have attracted
great research interest recently. One way to fabricate an
active metasurface is to integrate active photonic materials
as part of the meta-atoms. Under electrical [25, 26], magnetic
[27], thermal [28, 29] or optical stimuli [30, 31], the optical
constants of the active photonic materials can be modulated,
leading to modulation of the near-field modal profile, and
consequently the far-field optical properties of the meta-
surfaces. A variety of active photonic materials are proposed
for active metasurface applications, such as phase change
materials [29, 32, 33], epsilon-near-zero materials [34, 35],
liquid crystals [28, 36, 37], magnetooptical materials [27],
metals via electrochemical reactions [38] and 2D materials
[25, 39]. Novel functionalities based on these devices are also
demonstrated, including optical switching and modulation,
beam steering, tunable structural color and thermal camou-
flage, etc [26, 29, 33, 36, 40-45].

Phase change materials, like VO,, GST, GSST, can
provide a large refractive index contrast for active meta-
surface applications [46-49]. Among these materials, VO,
has several advantages. First, compared to GST/GSST, de-
vices based on VO, require lower energy or temperature to
induce the insulator-metal phase transition (IMT) [46].
Second, the IMT of VO, is volatile, so it can be used for
devices requiring dynamic modulation. Third, the IMT
process of VO, can be triggered in the femtosecond time
scale by photon excitation. This ultrafast IMT process is
attributed to a Mott-Hubbard type phase transition caused
by photocarriers induced Mott band gap collapse without
crystal structural change [50-52]. A recent experiment
shows such a phenomenon takes place within 30 fs [53].
Therefore, VO, has been recognized as a promising phase
change material for active metasurface applications. VO,
shows IMT at the temperature of 68°C [54-56], accompanied
with significant optical constant variation in the visible to
THz frequency range. Various VO,-based active nano-
photonic devices have been developed for applications
including tunable polarizers [57], all-optical switching
[58-61], tunable structural colors [62], adaptive camouflage
and tunable perfect absorbers [63], etc. Energy-efficient
phase transitions have been observed in Au/VO, hybrid
plasmon structures [56, 64, 65]. However, many of these
devices show relatively low transmittance due to high loss
plasmonic resonance modes such as localized surface
plasmon resonance [56, 65], which is not desired for optical
modulation. Besides, VO,-based plasmonic devices usually
require expensive top-down fabrication methods such as
electron-beam lithography and focused ion beam etching,
limiting the device size to small areas.

Here, we report fabrication and characterization of a
large-scale, power-efficient Au/VO,-based active metasur-
face for ultrafast optical modulation applications. Using a
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bottom-up self-assembly method, we fabricated centimeter-
scale Au/VO,-based active metasurfaces showing unprec-
edented high device performance compared to similar
structures reported before. The device shows a high on-off
ratio up to 12.7 dB and low insertion loss down to 3.3 dB at
2200 nm wavelength in the static heating experiment, based
on the extraordinary optical transmission (EOT) effect. We
also demonstrate ultrafast all-optical switching capability
by femtosecond laser excitation. All-optical switching
amplitude up to AT/T = 10% is observed in the femtosecond
time scale at the highest transmission wavelength of
2200 nm. Compared to VO, thin films, up to 50% optical
switching power reduction is observed both in the femto-
second and picosecond time scale. This is achieved by
judiciously aligning the Au surface plasmon resonance
excitation wavelength with the pump laser wavelength
at 800 nm, achieving efficient plasmon enhanced light
absorption and hot-electron injection in VO, in the
femtosecond time scale, as well as plasmon enhanced
photothermal effect in the picosecond time scale. Both
mechanisms lead to efficient IMT of VO, and all-optical
modulation of the metasurfaces.

2 Results and discussion

Figure 1A shows a sketch of the device structure. The de-
vice consists of a 90-nm-thick VO, thin-film layer and a
30-nm-thick perforated Au thin film deposited on a double
side polished SiO, substrate. The VO, thin films are firstly
deposited by pulsed laser deposition (PLD) (see Methods).
Temperature-dependent Raman spectrum and optical
constants measurements showed the crystal structure
change and IMT process of VO, (see Figure S1 of Supple-
mentary Materials). Then, a monolayer colloidal sphere
mask using PS spheres was self-assembled on the VO, thin
film. Oxygen plasma is used to downscale the size of the PS
spheres from 550 nm to 400 nm. Subsequently, Au thin
films were deposited on the sample by sputtering, followed
by a lift-off process to form the perforated nanohole
structure (see Methods and Figure S2 of Supplementary
Materials). Figure 1B shows a 20 x 15 pm’ SEM image of the
metasurface device. For even larger samples, we present a
photograph of a 2 x 2 cm? metasurface sample fabricated
by self-assembly, as shown in Figure 1C. We can appar-
ently observe the diffracted light of the sample, which
means the formation of periodic structures like in
Figure 1B. We see different colors with mosaic pattern on
the scale of millimeters across the sample. This is due to
different azimuth angles between different locations of the
periodical structure shown in Figure 1B, which shows
different colors for glanced incidence [66]. Although in-
homogeneity is observed in large-scale, the optical
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transmittance spectrum is homogeneous across the sample
under normal incidence (see Figure S3 of Supplementary
Materials). The Au nanoholes form a hexagonal lattice
structure, with hole diameter of d = 390 + 10 nm and hole
period of p = 550 + 50 nm, resembling the reverse pattern
of the self-assembled PS spheres. The period has a larger
standard deviation because the PS spheres are relatively
displaced from the periodical lattice during the
fabrication process (see Figure S4 of Supplementary
Materials). Figure 1D shows surface morphology of the
metasurfaces measured by atomic force microscopy
(AFM). The surface root-mean-square (RMS) roughness
of the Au thin film at flat areas is 1.5 nm, indicating a
smooth Au thin film deposited on VO, thin films. The
optimization and design process of the device is shown
in Figure S5 of Supplementary Materials.

To demonstrate the optical modulation properties, we
first characterized the temperature-dependent transmission
spectrum of the metasurface samples. The measurement
results are shown in Figure 2A and B. The static trans-
mittance curves are normalized to air. The bare SiO, sub-
strate shows transmittance of 90% at around 2000 nm
wavelength. For comparison, control samples with only VO,
thin films deposited at the same time on quartz substrates
were also measured, as shown in Figure 2C and D. Both
samples were measured for the heating and cooling process.
As varying the device temperature between 30-80°C, we
notice significant modulation of the transmittance spectrum
in the near infrared for both samples due to the IMT process
in VO,. Three major differences are observed. First, in the
wavelength range of 750-1250 nm, the metasurface sample
shows much lower transmittance compared to the control
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Figure 1: Design and fabrication of the Au/VO, active metasurfaces.
(A) Sketch of the VO,-based active metasurface device. An 800-nm
wavelength femtosecond pump light (blue) is used to trigger the IMT
of VO,, which is probed at around 2200 nm wavelength. (B) Top-view
SEM image of the metasurface showing a 20 x 15 pm? size area.
(C) Photograph of 2 x 2 cm? active metasurface sample. (D) AFM
surface morphology of the Au/VO, metasurfaces.
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sample. This corresponds to the excitation of the SPR mode,
which enhances the electric field at the interface between
the metal and VO, film. Second, at around 2200 nm
wavelength, a maximum transmittance is observed in the
metasurface sample. Despite of a gold thin film on the
metasurface device, the sample shows only slightly lower
transmittance compared to the bare VO, thin film, showing a
low insertion loss of 3.3 dB. This wavelength corresponds to
the EOT effect as observed in periodic plasmonic nanohole
structures, where SPR modes are excited and hybridized on
both surface of the perforated Au film. The SPR modes
couple to radiation modes [67-70], leading to a low trans-
mission loss [71, 72]. Third, the off state of the metasurface
devices shows much lower transmittance compared to the
VO, thin film across the whole near infrared wavelength
range. This can be better observed in Figure 2E, which shows
the optical transmittance hysteresis at 2200 nm as a function
of temperature. Both samples show similar IMT temperature
range between 30 and 80°C. A clear increase of the on/off
ratio for the metasurface sample can be observed from this
figure. In static heating experiment, the extinction ratio of
the metasurfaces reaches 12.7 dB, whereas the thin film
sample reaches only 7.8 dB. To better show the difference
between the metasurfaces and the VO, thin-film samples,
we simulated the modulation depth of VO, films with
different thicknesses, as shown in Figure 2F. Here, the
thickness of VO, films varied from 90 to 150 nm. We
extracted the transmission loss at 2125 nm wavelength both
for the metallic and the dielectric states and compared with
the metasurface sample, as shown in Figure 3A. We notice
higher loss in thicker VO, films (above 120 nm) in the
dielectric state, as well as a lower extinction ratio until the
VO, film thickness reaches above 150 nm. Therefore, a
higher on/off ratio is always achieved in the metasurface
sample, despite the VO, is the thinnest (90 nm).

To understand the optical modulation mechanism, we
used finite element methods (COMSOL MULTIPHYSICS®)
to simulate the transmission spectrum and modal profiles.
The optical constants for VO, at this wavelength range are
characterized by ellipsometry (J. A. Woollam). In the sim-
ulations, light incidents from the Au thin film side with
polarization along the y axis, as shown in Figure 3A.
Figure 3B shows the simulated and experimental trans-
mission spectra of the metasurfaces for the dielectric and
metallic states, respectively. The simulation quantitatively
matches well with the experimental results measured at
both dielectric and metallic states. From Figure 3B, we
observe a transmittance dip around 1000 nm and peak
around 2200 nm, as the star markers shown. There is a
small difference of the peak wavelength between experi-
ment and simulation, which may be resulted from the
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Figure 2: Temperature-dependent transmittance spectra of the metasurfaces for (A) increasing temperature and (B) decreasing temperature,

respectively. Temperature-dependent transmission spectra of VO, thin

films for (C) increasing temperature and (D) decreasing temperature,

respectively. (E) Transmittance of the metasurfaces and the VO, thin film as a function of temperature at 2200 nm wavelength. (F) Simulated
transmission loss as function of VO, thickness for VO, films and Au/VO, metasurfaces.

A B

1000 nm dielectric |E/Eq

Incident Light
0.5} — Exp. dielectric
- - Exp. metal 2
§ 0.4 —sim. dielectric
.g 03 | = -Sim 1
€
z a 0.2 0
2 0.1 ) |E/Eql
R X ——
O'0500 1000 1500 2000 2500 2
Wavelength (nm)
C D 1
0.5 5500 —pes0 1800 p— 0
© 04l—P 700 p 750 ,g 1600 o Simul a'tlon o
e "l _p8oo—pss £ [ —— Analysis |E/Eq|
;g 0.3t+—pP 900 £ 1400¢
c 2
202 S 1200}
S ./ g z 1
= 0.1 £ 1000} ’[ 100 nm SiO,
0.0 1000 1500 2000 2500 600 700 800 900 y
Wavelength (nm) Period (nm)

Figure 3: Far-field and near-field analysis of the metasurfaces.

(A) Schematic of the periodic unit cell for our simulation. (B) Simulated and experimental transmittance spectra at dielectric and metallic state.

(C) Simulated transmittance spectra with period changing from 600 to

900 nm. (D) Resonant wavelength of SPR as a function of period for

simulation and analytic method. (E) Electric field distributions of an SPR mode, EOT at a dielectric state and EOT at a metallic state in y-z plane,

respectively.

different material optical parameters used in our simula-
tion. Firstly, to clarify the resonant mode around 1000 nm
wavelength, we simulate the transmittance spectra as a
function of period, as shown in Figure 3C. As the period
changing from 600 to 900 nm, the dip wavelength shifts to

longer wavelength, which is the characteristic of the SPR
mode. To further confirm the SPR mode at around 1000 nm
wavelength, we use the dispersion relationships for the
thin film, which can be derived based on the coupled
modes theory [73, 74]:
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Where o, = k;, - €aky, a2, =k, —€nk, 0 =kg, -
emkf) and kg, = ko sin(0)cos (@) + nG, £ mG,. ko is the free-
space wavenumber, 0 is incident angle, ¢ is azimuth angle
of the polarization, &4 is the permittivity of the coating
dielectric layer (air), &4, is the permittivity of the cladding
dielectric layer (VO, and SiO,) and t is the thickness of Au.
We note that &4, is also different from pure VO, as part of
the field penetrates into SiO,. Here, the effective &4, is
around 4.8+i *1.3. Using the same geometric sizes and
material parameters as the simulation, we obtain the
resonant wavelength by the Equation (1), which is
consistent with the simulated results, as shown in
Figure 3D. Therefore, the resonance at 1000 nm wave-
length is corresponding to the hybrid SPR mode. Secondly,
for the resonant peak at around 2200 nm wavelength, the
mode also shows a red shift as increasing the periods from
600 to 900 nm, which is the characteristic of EOT effect. For
EOT, except for satisfying Equation (1) of the SPR mode, the
momentum matching condition between the propagating
SPR mode and SPR scattered by the holes also need to be
satisfied [75, 76].

|ko sin(B)cos (@) +nGy + mG,|«P +arg(t+p) =21 (2)

Where kg is the free-space wavenumber, fis incident angle,
¢ is azimuth angle of the polarization, G,;, is lattice
reciprocal vector equal to 2rt/Pyy, P is the period, m, nand 1
are integers and arg(r+p) is the phase shift due to the SPR
scattered by the air holes, which is related to the hole size.
Therefore, the EOT wavelength will show the same char-
acteristic as SPR mode. The radius dependence is also
presented in Figure S6 of Supplementary Materials. In the
top of Figure 3E, we simulate the modal profiles of the
normalized electric field amplitude |E/Ey| at 1000 nm
wavelength, where E, is the incident electric filed intensity
in free space. The electromagnetic field is mainly concen-
trated on the edges of Au nanoholes, indicating the exci-
tation of the SPR mode [77]. The modes are plotted in the y-z
plane at the center of the hole. Significant field attenuation
is observed after propagating through the metasurfaces
into the substrate side. In the middle of Figure 3E, for the
dielectric state of VO,, we observe the electric fields
concentrating at the Au nanohole edges of the Au/air and
Au/VO, interface at EOT wavelength. Thanks to the very
thin thickness of Au film (30 nm), these two modes couple
to each other and radiate through the Au layer, leading to
the EOT effect [67-70]. In contrast, when VO, is in the
metallic state, the SPR mode is much weaker especially at
the Au/VO, interface. Metallic VO, film reflects most of the
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incident light, and the EOT channel closes, leading to a
high extinction ratio of the off state, as shown in the bottom
of Figure 3E.

Next, we characterized the ultrafast all-optical
modulation properties of the metasurfaces using the
pump-probe method. The device was pumped using a
Ti:sapphire laser at 800 nm wavelength and probed with
an infrared pulse at around 2200 nm wavelength generated
by an optical parametric amplifier (OPA) (see Figure S7 of
Supplementary Materials). We can see good endurance of
the device from the ultrafast pump-probe experiment itself
in Figure 4. For these measurements, each point on the plot
indicates the average transmittance for 300 times pump-
probe experiments at a certain time delay. Therefore, these
samples can endure at least 1 million all-optical switching
cycles based on these measurements. We also repeated the
pump-probe measurements, and the ultrafast modulated
transmission spectrum can reproduce itself. At 800 nm
wavelength, the pump light excited the SPR, which leads to
three consequences, i.e., enhanced optical field and ab-
sorption in VO,, hot carrier injection in VO,, as well as the
photothermal effect. The first two mechanisms took place
in the femtosecond time scale, and the third mechanism
dominated at longer time of the picoseconds to nanosec-
onds [78]. Figure 4A and C show the transient modulated
transmissivity probed at 2200 nm wavelength for the met-
asurfaces and the VO, thin film, respectively. Trans-
missivity profile for a longer time is shown in Figure 4B and
D. The pump fluences for the metasurfaces and the VO, thin
film were 2.7 to 13.9 mJ cm™ and 5.3 to 25.2 mJ cm™
respectively. We set this fluence range to be across the
threshold fluence Frg of photoinduced IMT in VO, of
9 mJ cm™ [50, 79]. Below this threshold, the ultrafast
photoinduced response is attributed to a nonthermal
transient IMT [50-52], in which the Mott band gap closes
due to the photon absorption of VO,, creating extra holes at
the valence band top which modulates the Coulomb in-
teractions. The material structure at this state has been
recently characterized by ultrafast electron diffraction as a
metastable metallic monoclinic (mM) phase [50-52]. With
the carrier cooling and redistribution, the material returns
to the insulating monoclinic phase at a longer time scale. In
this fluence range, we observed much lower power
required to switch the metasurface device compared to the
VO, thin film. In particular, for achieving 1% transmittance
variation, the power required for switching the meta-
surfaces and the VO, thin film was 2.7 and 5.3 mJ cm™
respectively, corresponding to 49% lower pump energy.
This phenomenon can be compared with SPR-induced
enhancement of the optical field, absorption and photo-
carrier generation in VO,. Simulation of the modal profiles
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at 800 nm (see Figure S9A of Supplementary Materials)
indicates 1.8 times field enhancement at the Au/VO,
interface compared with bare VO, thin films, which is
consistent with the observed fluence difference. Mean-
while, SPR-induced hot-carrier injection is also observed to
contribute to the nonequilibrium carrier concentrations in
VO, in previous reports, which could further reduce the
pump energy in the metasurface sample [64, 80].

For fluences above Frg, the photon-induced heating is
strong enough to cause structural phase transition of VO,
from the insulating/metallic monoclinic phase to the
metallic rutile phase [45]. For the metasurface sample, this
range corresponds to pump fluences of 5.3, 9.3 and
13.9 mJ cm 2, whereas for VO, thin films, this range is 11.9,
18.6 and 25.2 mJ cm 2. This scenario is supported by the
appearance of a second transmission minimum due to
structural phase transition at around 100-200 ps for both
samples, as shown in Figure 4B and D. Again, the meta-
surface sample shows lower all-optical switching fluence.
For 10% transmission modulation, the metasurfaces needs
13.9 mJ cm fluence, which is 45% less compared to VO,
thin film of 25.2 mJ cm™. This trend can be well explained
by numerical simulations (COMSOL Multiphysics) by
considering the photothermal effect (see Figure S9B of
Supplementary Materials). The local electromagnetic field
was absorbed by Au and VO,, which are considered as a
heat source during the simulation. The temperature profile
at 200 ps can be simulated after 100 fs pump laser pulse
radiation at 800 nm wavelength. Compared to VO, thin
films, the metasurfaces only needs about half of the laser
pulse energy to reach the IMT temperature of 68°C,

therefore agreeing again with the experimental results in
the 200 ps time scale.

Finally, it is valuable to compare the all-optical mod-
ulation property of our sample to other active metasurface
devices. In ultrafast all-optical modulation experiments,
depending on the switching mechanisms, the relative
modulation depth has been reported varying from 5 to 30%
in literatures [31, 81-84]. For VO, materials and photonic
devices, this value was usually 10-20% limited by the
damaging threshold of VO, [29, 65, 81, 82]. However, it is
possible to achieve a higher all-optical modulation
amplitude by using longer laser pulses or continuous-wave
(CW) lasers [29, 65]. As shown in Figure S8 of Supple-
mentary Materials, using CW lasers, we can achieve mod-
ulation amplitude comparable to the static heating case in
our metasurface sample. Compared to previous reports,
our device shows comparable ultrafast modulation
amplitude, lower switching power, high transparency and
capability for low-cost fabrication. These results indicate a
promising potential of using such devices for all-optical
switching and modulation applications.

3 Conclusions

In summary, we report a large-scale, power-efficient Au/
VO,-based active metasurfaces for all-optical modulation.
By using PS spheres self-assembly, centimeter-scale Au
hexagonal periodical nanohole structures were fabricated.
By switching on-off the EOT effect using the IMT process of
VO,, we observe a steady state extinction ratio of 12.7 dB
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and low insertion loss of 3.3 dB at 2200 nm wavelength in
static heating experiment, and AT/T up to 10% in ultrafast
pump-probe experiments. Using a femtosecond laser
excitation of the SPR mode at 800 nm wavelength, we
achieved ultrafast all-optical modulation of the trans-
mittance in the femtosecond to picosecond time scale with
50% power reduction to trigger the IMT process of VO,. Our
work provides a practical way for low-cost fabrication of
large-scale and high-performance active metasurfaces
based on Au/VO, nanostructures.

4 Methods

4.1 Device fabrication

A 90-nm-thick VO, film was first deposited by pulsed laser deposition
(PLD, TSST) on a quartz substrate with 248 nm KrF excimer laser.
The VO, film was deposited under 14 mTorr oxygen partial pressure
at room temperature. The laser fluence was 3 J cm 2. After deposition,
the VO, film was in situ annealed at 500°C under 1.2 Torr oxygen
partial pressure for 1 h. After VO, thin film crystallization, the PS
sphere was self-assembled on the VO, film. The PS spheres were
then oxidized by oxygen plasma to reduce the diameter. Then, a
30-nm-thick Au film was sputtered on the sample by magnetron
sputtering under 3.7 mTorr Ar partial pressure at a DC power 150 W.
Finally, the PS sphere was lifted off using ultrasonic cleaning in
methylbenzene solution and rinsed in deionized water for 2 min. In
order to improve the quality of the Au film, the sample was annealed
in furnace at 500°C for 20 min under 100 mTorr oxygen partial
pressure.

4.2 Preparation of the monolayer colloidal sphere mask

PS spheres were dispersed in water/ethanol (vol. ratio 1:1) solution with a
concentration 15 wt%. For the self-assembly experiment, the solution
with 15 wt% PS spheres was slowly dropped onto water surfaces using a
pipette. In order to improve a dense self-assembly of PS spheres, a few
drops of 0.1 wt% sodium dodecyl sulfate (SDS) were added. After that, the
dense packed hexagonal spheres were transferred to the sample surface
by slowly pumping out the water. Then, the PS membrane was trans-
ferred onto the VO, film. Finally, the diameter of PS sphere was down-
sized from around 550 nm to 400 nm by oxygen plasma.

4.3 Static heating experiment

For temperature control, we used a homemade resistive heater,
which can be heated using a temperature controller from room
temperature (20 °C) to 100 °C with a resolution of +0.5 °C. The
temperature-dependent transmittance spectrum was measured us-
ing a UV-Visible spectrometer (PerkinElmer, Lambda 750). When
changing the temperature, a 5 min interval was applied to stabilize
the sample temperature between measurements.
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