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Active metasurfaces whose optical properties can be tuned by an external stimulus have attracted great research
interest recently. Introduction of VO2 phase change material in all-dielectric metasurfaces has been demonstrated
to modulate the resonance wavelength and amplitude in the visible to near-infrared wavelength range. In this
study, we report a mid-infrared active metasurface based on Si∕VO2 hybrid meta-atoms. By incorporating VO2
thin films in different locations of Si∕VO2 all-dielectric nanodisks, we demonstrate different modulation ampli-
tude of the electric or magnetic resonance scattering cross sections, leading to drastically different transmission
spectrum upon VO2 insulator to metal phase transition. The physical mechanism is originated from the field
profiles of the resonance modes, which interact with VO2 differently depending on its locations. Based on this
mechanism, we experimentally demonstrated a large modulation of the transmittance from 82% to 28% at the
4.6 μm wavelength. Our work demonstrates a promising potential of VO2-based active all-dielectric metasurface
for mid-infrared photonic applications such as infrared camouflage, chemical/biomedical sensing, optical neuro-
morphic computing, and multispectral imaging. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.445571

1. INTRODUCTION

All-dielectric metasurfaces enabling light manipulation in two-
dimensional photonic nanostructures have attracted great
research interest recently. Compared to plasmonic devices,
all-dielectric metasurfaces show characteristics of low optical
absorption and unique Mie resonant modes [1–6]. A variety of
novel photonic devices based on all-dielectric metasurfaces have
been developed, including metalens [7–10], beam steerers
[11–13], polarizers [14], and optical holography [15–21]. In
the mid-infrared wavelength range, all-dielectric metasurfaces
are promising for sensing, multispectral imaging, emissivity
control, and infrared camouflage applications [22–27].
Nevertheless, most all-dielectric metasurfaces in the mid-
infrared are static with fixed optical properties by design, which
limit their application for tunable photonic devices.

Recently, active metasurfaces based on phase-change materi-
als have attracted great research interest [28–37]. Phase-change
materials such as Ge2Sb2Te5 (GST) and VO2 show large
refractive index change (Δn ≈ 1) in the visible to far-infrared
wavelength range upon phase transition (PT). For GST, the
large refractive index contrast is attributed to the nonvolatile
process, which has been widely utilized for reconfigurable meta-
surfaces, including tunable color display [38], varifocal metal-
enses [7,39], beam-steering devices [40], switches [41], and
tunable thermal absorbers [42], etc. Compared to GST, the
PT process of VO2 is volatile, which also shows much lower
PT temperature than GST (68°C versus 600°C). Therefore,
VO2 is better fitted for the photonic devices requiring dynamic
and continuous modulation. For instance, VO2 has been ap-
plied for adaptive thermal camouflage [43], optical modulators
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[34,44], and tunable absorbers/emitters [45,46]. Recently,
VO2-based active all-dielectric metasurfaces have been devel-
oped. VO2 is either used as the only material to form Mie res-
onators, or incorporated in Si∕VO2 Mie resonators as the
substrate or superstrate. Tunable Mie resonances based on
VO2 nanodisks in the visible wavelength range were reported
[47]. Optical limiting effect based on Huygens’metasurfaces us-
ing VO2∕Si nanodisks was experimentally observed [4].
Amplitude or spectral tuning was demonstrated in VO2∕Si-
based all-dielectric metasurfaces [48]. Apart from the phase
change materials, other active materials are also employed to
the reconfigurable metasurface devices, such as liquid crystal
[49], graphene [50,51], InSb [52], and magnesium [53].
These devices show excellent tunability of the transmission spec-
trum in the visible to near-infrared, highlighting a promising
potential for future device applications.

Here, we report a VO2-based active all-dielectric metasur-
face in the mid-infrared wavelength range. Compared to pre-
vious reports, we made a step further by experimentally
incorporating VO2 thin films in different locations of a silicon
nanodisk Mie resonator and demonstrated its tunable transmit-
tance spectrum in the mid-infrared. We show experimentally
and theoretically that the insulator to metal phase transition
(IMT) of VO2 influences the scattering cross section of Mie
resonance modes differently, which strongly depends on the
VO2 film locations. By judiciously designing and fabricating
VO2 at the bottom or the middle of the Si Mie resonators,
we show selective modulation of the scattering cross section
of magnetic dipole or electric dipole resonances, respectively.
We experimentally demonstrated a large modulation of the
transmittance from 82% to 28% at 4.6 μm wavelength. These
results indicate a promising potential of VO2-based active
metasurface for mid-infrared photonic device applications, such
as infrared camouflage, chemical/biomedical sensing, optical
neuromorphic computing, and multispectral imaging.

2. EXPERIMENTAL PROCEDURE

Figure 1(a) shows the schematic of the VO2-based metasurfa-
ces. The device consists of an array of hybrid α-Si∕VO2 nano-
disks fabricated on a double side polished CaF2 substrate. Two

devices with VO2 at different locations of the meta-atoms were
fabricated, namely hybrid metasurface with VO2 at the bottom
of α-Si/HMB, and hybrid metasurface with VO2 in the middle
of α-Si∕HMM, respectively. The hybrid Mie resonators were
fabricated by e-beam lithography (EBL) and deep
reactive ion etching (DRIE) after deposition of VO2 and α-Si
films on CaF2, as shown Fig. 1(a) (see details in Appendix A).
Figures 1(b) and 1(c) show the scanning electron microscope
(SEM) images of the two fabricated devices. The period p of the
nanodisks is 2.5 μm for both devices. The thickness t of VO2

for both cases is 100 nm. The disk radius r for both metasur-
faces is 0.62 μm. The height h for the HMB device is 0.9 μm,
whereas the up and bottom silicon film thicknesses h1 and h2
for the HMM device are 570 nm and 330 nm, respectively.

3. RESULTS AND DISCUSSION

Figures 2(a) and 2(c) show the simulated transmittance spectra
of the HMB and HMM. Considering the trapezoid shape of
the fabricated nanodisks shown in Figs. 1(b) and 1(c), the struc-
tures of our simulation are optimized to well match with the
experiment results. The spectrum shows two dips at 3.6 μm
and 4.2 μm, corresponding to the electric dipole resonance
(ED) and magnetic dipole resonance (MD) modes, respectively.
We observe the disappearance of the MD mode at the wave-
length of 4.2 μm when VO2 changes from the dielectric to the
metallic state, as shown in Fig. 2(a). For the ED mode, only
a slight blueshift of the resonance peak and linewidth broad-
ening are observed upon dielectric to metal phase transition.
Figure 2(b) shows the transmittance spectra of the HMB device
measured using a Fourier transform infrared (FTIR) spectrom-
eter (see Appendix B), which matches with the simulation very
well. For dielectric state VO2, the ED and MD modes are ob-
served at 3.7 μm and 4.2 μm wavelengths, respectively. After
phase transition of VO2 to the metallic state, the MD mode
disappears and the ED mode shifts to a shorter wavelength of
3.6 μm with a broader linewidth, which are consistent with the
simulation results. The results are quite different for the HMM
device. Figure 2(c) shows the simulated transmittance spectra
for the HMM device. The ED mode disappears when VO2

changes from the dielectric to the metallic state, whereas the

Fig. 1. Device structure and process flow. (a) Process flow and schematics of the two hybrid α-Si∕VO2 metasurfaces with VO2 at the bottom and
center of the α-Si nanodisks. SEM images of the (b) HMB and (c) HMM devices. Inset shows the top-view SEM image.
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MD mode remains. The resonance wavelength of the MD
mode redshifts from 4.2 μm to 4.5 μm with a slight linewidth
broadening. Figure 2(d) shows the measured transmittance
spectra for the HMM device, which also match with the sim-
ulation results. Upon insulator to metal phase transition, the
ED mode disappears, whereas the MD mode redshifts from
4.2 μm to 4.5 μm. Here, the shift of the MD upon phase tran-
sition in our experiment is comparable to the simulation re-
sults, demonstrating that VO2 was not influenced by the
etching process. Wavelength shift of the MD mode leads to
a large intensity modulation amplitude from 82% to 28%
at 4.6 μm wavelength. Interestingly, if we compare the trans-
mittance spectra at the dielectric state for HMB and HMM
samples, both in simulation and experiment, we notice they
are almost the same. This is because VO2 and α-Si show similar
index of refraction at the mid-infrared wavelength range.
Therefore, the transmittance spectrum shows little dependence
on the VO2 thin film location. However, after insulator to
metal phase transition, the two samples show drastically differ-
ent transmittance spectra. This result highlights that engineer-
ing the VO2 film location in the meta-atom can significantly
influence the optical property of the active metasurfaces. The
simulated transmission phases of both metasurfaces are shown
in Figs. 2(e) and 2(f ). MD and ED resonances disappear for the
HMB and HMM devices, respectively, resulting in clear phase
modulation around the resonance wavelengths.

In order to study the mechanism of the active metasurface,
near-field modal distributions of both the HMB and HMM
devices are simulated, as shown in Fig. 3. Figure 3(a) shows
the normalized electric field profiles of the ED mode at around
3.6 μm wavelength in the x–z plane of the HMB device. The
color contour indicates the electric field profile. The white

arrows indicate the electric field vector distribution. When
VO2 is at the dielectric state (left), the electric field is centered
in the nanodisk and mostly points along the x direction. Only a
small amount of the electric field is distributed in the VO2

layer. Therefore, after IMT, the electric field becomes only
slightly weaker in the Si nanoresonator, as shown by the right
panel of Fig. 3(a). The higher absorption loss of the metallic
VO2 also causes a broader linewidth of the ED mode, as shown
in Figs. 2(a) and 2(b). The case is different for the MD mode,
as shown in Fig. 3(b). The electric field forms current loops
which are largely confined in the VO2 layer for the dielectric
state. After IMT, the electric field is mostly absorbed by the
metallic VO2, as shown in the right panel of Fig. 3(b). The
electric current loops disappear, causing the disappearance of
the MD resonance mode. Similarly, we simulated the modal
profiles of the HMM device, as shown in Figs. 3(c) and 3(d).
When VO2 is at the dielectric state [the left panels of Figs. 3(c)
and 3(d)], the electric field distribution is similar to the HMB
devices. This explains the similarity of the measured transmit-
tance spectra between Figs. 2(b) and 2(d). However, when the
VO2 changes to the metallic state, the modal profile is very
different for the HMM device. As shown by the right panel
of Fig. 3(c), the electric field is strongly attenuated because
VO2 is located at the antinode of the electric field, causing
the disappearance of the ED mode. For the MD mode shown
in the right panel of Fig. 3(d), the electric field is only partly
absorbed by the very thin VO2 metallic film. The electric cur-
rent loop and the MD mode still remain. The MD mode is
redshifted due to a higher refractive index of the metallic
VO2. Similarly, due to the absorption loss of the metallic
VO2, a broader linewidth is observed for the MD mode, as
shown in Figs. 2(c) and 2(d).

Fig. 2. Tunable optical properties of HMB and HMM configurations. (a) Simulated and (b) measured transmittance spectra of the HMB con-
figuration at dielectric and metallic states. (c) Simulated and (d) measured transmittance spectra of HMM configuration at dielectric and metallic
states. Simulated transmission phase spectra of (e) HMB and (f ) HMM configurations at dielectric and metallic states.
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We further applied the multipolar decomposition method
to analyze the scattering cross sections of the ED and MD
modes [1]. The scattering cross sections are calculated based
on the simulated polarization current in the Si∕VO2 nanore-
sonators using COMSOL Multiphysics (see Appendix C).
Figure 4(a) shows the scattering cross section as a function
of wavelength for the HMB device. For the dielectric state,

the two peaks at 3.5 μm and 4.4 μm are mostly originated from
electric and magnetic dipole scattering, respectively. For the
metallic state, the ED scattering cross section decreases to 1/3
that of the dielectric state, whereas the MD scattering cross sec-
tion almost disappears. For the HMM device, the scattering
cross section is almost the same as the HMB device for the
dielectric state, as shown in Fig. 4(b). For the metallic state,

Fig. 3. Modal profiles of the HMB and HMMdevices at ED and MDwavelengths, for both the dielectric state (D state) and the metallic state (M
state). (a) Electric field distributions of ED mode at the dielectric state (left) and the metallic state (right) for the HMB device. (b) Electric field
distributions of MD mode at the dielectric state (left) and the metallic state (right) for the HMB device. (c) Electric field distributions of the ED
mode for the dielectric state (left) and the metallic state (right) of the HMMdevice. (d) Electric field distributions of MDmode for the dielectric state
(left) and the metallic state (right) of the HMM device.

Fig. 4. Multipolar decomposition of the scattering cross sections. Scattering cross-section spectra of ED and MD modes of (a) HMB and
(b) HMM configurations at the dielectric and metallic states. Simulated and fitted transmission spectra of (c) HMB and (d) HMM configurations
for different metallic fractions of VO2.
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the MD scattering cross section decreases to 70% that of the
dielectric state, whereas the ED scattering cross section disap-
pears. We further used the temporal coupled-mode
theory (TCMT) to analyze the evolution of the resonance
modes during the phase transition. The transmittance can
be determined as [54]

t � �jω − jω1 � Γi1��jω − jω2 � Γi2� � κ2

�jω − jω1 � Γi1 � Γe1��jω − jω2 � Γi2 � Γe2� � κ2
,

(1)

where ω1∕ω2, Γe1∕Γe2, and Γi1∕Γi2 are the resonance angular
frequencies, radiative decay rates, and nonradiative decay rates
of the ED/MD modes, respectively. κ represents the direct cou-
pling coefficient between the ED and MD modes. In Figs. 4(c)
and 4(d), the fitted and simulated transmittance spectra for dif-
ferent metallic fractions of VO2 are shown for both the HMB
and HMM devices. The fitting parameters of the ED and MD
modes are shown in Tables 1 and 2, respectively. Based on the
characteristic parameters provided in Table 1, both the radia-
tive (Γe1) and nonradiative (Γi1) decay rates of ED modes show
small increase as the metallic fractions of VO2 change from 0%
to 100%, indicating a minor change in loss for both ED mode
in HMB and MD mode in HMM devices. On the other hand,
the radiative (Γe2) and nonradiative (Γi2) decay rates show large
or weak enhancement, respectively, for the MD mode in the
HMB device. Therefore, the disappearance of the MD mode
is mainly attributed to the strong absorption of the metallic
VO2 layer. For the HMM device, according to the data in
Table 2, the disappearance of the ED mode is also mainly
attributed to the optical absorption loss of metallic VO2.
From the above analysis, we can conclude that placing VO2

thin films at different locations of the meta-atoms causes selec-
tive absorption of different Mie resonance modes upon phase
transition, leading to different transmittance spectrum of the
metasurface.

4. CONCLUSION

In summary, we demonstrate a mid-infrared active metasurface
based on Si∕VO2 hybrid nanoresonators. By incorporating
VO2 at the bottom or middle of α-Si nanoresonators, we show
similar transmittance spectra of the two metasurfaces for the
dielectric state, but drastically different transmittance spectra
for the metallic state. Based on modal analysis, multipolar de-
composition and TCMT fitting, we show that varying the lo-
cation of VO2 thin films induces different absorption loss of the
Mie resonance modes, leading to almost independent tuning of
the Mie resonance scattering cross sections for the ED and MD
modes. The VO2-based active all-dielectric metasurface is
promising for mid-infrared photonic applications such as infra-
red camouflage, chemical/biomedical sensing, optical neuro-
morphic computing, and multispectral imaging.

APPENDIX A: SAMPLE FABRICATION

The Si∕VO2∕SiO2 multilayer thin films were deposited on
double polished CaF2 substrates by magnetron sputtering
(Leybold, UNIVEX400CF), pulsed laser deposition (TSST),
and plasma-enhanced chemical vapor deposition (PECVD,
Trion). To promote adhesion, a 10 nm thick SiO2 film was
first deposited on the CaF2 substrate by magnetron sputtering
under 3.7 mTorr Ar ambient at room temperature. A 100 nm
thick VO2 thin film was then deposited on the SiO2 film by
pulsed laser deposition at room temperature using a 248 nm
KrF excimer laser. The laser fluence was 3 J=cm2. The depo-
sition oxygen partial pressure was 14 mTorr. After deposition,
the VO2 film was crystallized by in situ annealing at 480°C
temperature and under 1.2 Torr oxygen partial pressure for
1 h. The Si film was deposited on VO2 by PECVD under
2.5 Torr SiH4 ambient and at 300°C temperature.

The hybrid meta-atoms were fabricated by EBL and
inductively coupled plasma-reactive ion etching (ICP-RIE).
First, a 120 nm thick hydrogen silsesquioxane resist layer was
spin-coated on the multilayer films with a spin speed of
4000 r/min. The sample was then baked on a hot plate for
1 min at 150°C. Then the nanodisk patterns were exposed
by EBL using an acceleration voltage of 10 kV and an average
dose of 2000 mC=cm2. After exposure, the sample was devel-
oped in a mixed solution of NaOH∕NaCl∕H2O (1/4/100) for
3 min and rinsed in de-ionized water for 1 min. After that, the
top Si film was first etched in Cl2 plasma in an ICP-RIE sys-
tem under 7.5 mTorr pressure. The powers of ICP and RIE
were 500 W and 40 W, respectively. Finally, the VO2 film
was etched in a SF6, CHF3, and O2 plasma mixture under
35 mTorr pressure with an RIE power of 20 W.

APPENDIX B: OPTICAL CHARACTERIZATION

The transmission spectra were measured by an FTIR spectrom-
eter (Perkin Elmer) equipped with a reflective focusing infrared
microscope (Spotlight 2000i). The spot size was
100 μm × 100 μm. To induce the phase transition of VO2,
a hot plate was used to heat the sample in the 20°C–100°C
temperature range.

Table 1. Fitting Parameters of the HMB Device

Metal Fraction λ1∕μm Γi1 λ2∕μm Γi2 κ Γe1 Γe2

0% 3.7 0 4.3 0 0 7.5 5.0
20% 3.7 0.2 4.3 1.2 0 8.5 5.8
40% 3.7 0.5 4.4 2.6 0 8.7 6.1
60% 3.7 0.8 4.4 5.4 0 8.5 7.0
80% 3.6 0.7 — — — 8.8 —
100% 3.6 0.5 — — — 7.7 —

Table 2. Fitting Parameters of the HMM Device

Metal Fraction λ1∕μm Γi1 λ2∕μm Γi2 κ Γe1 Γe2

0% 3.6 0 4.3 0 0 7.8 6.4
20% 3.6 2.1 4.4 0.8 0 10.8 5.5
40% 3.6 4.6 4.5 0.7 0 12.8 5.8
60% 3.6 5.4 4.5 0.8 0 10.8 6.8
80% — — 4.6 0.4 — — 6.3
100% — — 4.6 0 — — 7.6
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APPENDIX C: SIMULATION AND MULTIPOLAR
DECOMPOSITION

The simulation of the transmittance spectra and near-field mo-
dal profiles was performed using the commercial software
COMSOL Multiphysics. Periodic boundary conditions were
used around the nanodisks. The port boundary condition
was used to define the polarization and angle of incidence.
To avoid the effect of scattered light, a perfectly matched layer
was set at the top and bottom layers near the port. The trans-
mittance spectra were calculated using the simulated S param-
eters in COMSOL. The optical constants of VO2 were adopted
from Ref. [55]. The index of α-Si was set to 3.4.

To perform multipolar decomposition, we calculated the
scattering field of the nanodisks embedded in a homogeneous
medium using COMSOL. 3 × 3 periodic nanodisks were used
in our simulation to resemble the scattering field of the periodic
nanodisks. The total electric fields were extracted from
COMSOL, and the displacement current was defined as

J�r� � −iω�ε�r� − εh�E total�r�, (C1)
where ε�r� is the permittivity of the nanodisks, εh is the per-
mittivity of the surrounding host medium, and E total�r� is the
total electric field inside the nanodisks. According to the multi-
polar decomposition theory, the electric and magnetic multi-
pole coefficients a�l,m� and b�l,m� are defined as [1]

a�l,m���−i�l−1kη
2πE0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�l−m�!

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l�l�1��l�m�!

p
Z

exp�−imϕ�

×
�
�ψ 0

l �kr��ψ l �kr��Pm
l �cos θ�r̂ · J�r�

�ψ 0
l �kr�
kr

�
d

dθ
Pm
l �cos θ�θ̂ · J�r�

−
im
sin θ

Pm
l �cos θ�ϕ̂ ·J�r�

��
d3r, (C2)

b�l,m�� �−i�l�1k2η
2πE0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�l−m�!

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l�l�1��l�m�!

p
Z

exp�−imϕ�jl�kr�

×
�
im
sin θ

Pm
l �cos θ�θ̂ · J�r��

d

dθ
Pm
l �cos θ�ϕ̂ · J�r�

�
,

(C3)

where E0 is the electric field of the incident light, jl �kr� is the
first kind Bessel function and Pm

l �cos θ� is the Legendre poly-
nomials. Therefore, the scattering cross sections of the electric
multipole C scatE and magnetic multipole C scatM are defined as

C scatE � π

k2
X∞
l�1

Xl

m�−l

�2l� 1�ja�l,m�j2, (C4)

C scatM � π

k2
X∞
l�1

Xl

m�−l

�2l� 1�jb�l,m�j2: (C5)
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