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Once the metalenses are fabricated, the functions of most metalenses are invariable. The tunability and reconfigura-
bility are useful and cost-saving for metalenses in realistic applications. We demonstrate this tunability here via a novel
hybrid metalens with the strategic placement of an ultra-thin VO2 layer. The hybrid metalens is capable of dynamically
modulating the focusing intensity of transmitted light at a wavelength of 1550 nm, and demonstrate a 42.28% focusing
efficiency of the incident light and 70.01% modulation efficiency. The hybrid metalens’ optothermal simulations show an
optothermal conversion process of dynamic focusing, and a maximum laser density of 1.76×103 W/cm2 can be handled at
an ambient temperature lower than 330 K. The hybrid metalens proposed in this work, a light-dose sensitive tunable smart
metalens that can protect other instruments/systems or materials from being damaged, has its specific applications such as
in anti-satellite blinding, bio-imaging, etc.

Keywords: temperature-responded, tunable metalenses, phase change material VO2
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1. Introduction
Lenses are one of the most important components in op-

tical systems, such as cameras, microscopes, projective litho-
graphic machines, spectrometers, triggering off a wide inves-
tigation of optics and photonics.[1] Traditional lenses based on
refractive or reflective principles have some limitations in inte-
gration, weight, chromatic aberration, etc., which restricts the
development of multifunctional optical devices.[2] Recently,
metalens technology based on metasurfaces, which control the
wavefront of light by using subwavelength nanostructures, has
shown peculiar optical performance with micrometer thick-
ness. Therefore, metalenses have been investigated widely to
replace the bulk devices with thin, flat, lightweight devices.[3]

However, the functions of most of metalenses are invariable
once they are fabricated. For being harnessed in more applica-
tions with lower cost, the tunability of their performance be-
comes important.

To date, two common approaches have been exploited
to tune metalenses. One is based on the reconfigurability of
unit cells,[4,5] such as physical dimensions, interspace between
unit-cells[6–8] and shapes,[9–11] to actively manipulate the out-
put wavefront.[12] This tuning is typically accompanied by
some forms of overall spatial variation of the devices, which,

however, is not always desirable for some highly compact pho-
tonic devices.[3] The other is to integrate active materials into
metalenses.[13] The active materials’ optical properties can be
tuned by external excitation, such as thermal,[14] electrical,[15]

or optical stimuli.[12] Owing to the resonances of unit cells be-
ing highly sensitive to the dielectric background, the placed
active material can control the metalenses’ optical response.
This allows the controlling of metalens without reconfiguring
their structures.

Among these active materials, phase change and phase
transition materials (PCMs and PTMs) are good candidates to
provide widely tunable capabilities.[16] The PCM materials,
such as germanium–antimony–tellurium (GST) and antimony
sulfide (Sb2S3), are irreversible, that is, nonvolatile, and will
remain in a fixed state of the matter unless an input excita-
tion “resets” it back to its original state. Yin et al. proposed
a bifocal zoom metalens, focusing position can be controlled
actively according to the requirement.[17] Bai et al. designed
an actively tunable metalens array by patterning the GST res-
onators. The metalenses array shows excellent broadband per-
formance, and the “on” or “off” state of each metalens can be
actively controlled manually.[18] Besides, Bai et al. designed a
tunable duplex metalenses, which can focus the incident light

†Corresponding author. E-mail: yexin@caep.cn
‡Corresponding author. E-mail: group ye@163.com
§Corresponding author. E-mail: zhurihong@njust.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

054216-1

http://dx.doi.org/10.1088/1674-1056/ac3cad
yexin@caep.cn
mailto:group_ye@163.com
mailto:zhurihong@njust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 31, 054216 (2022)

at any position by actively controlling the state of GST.[19]

Chen et al. designed multifunctional metalens with dual work-
ing modes based on bilayer geometric phase elements consist-
ing of low-loss phase change materials (Sb2Se3) and amor-
phous silicon (a-Si).[20] The above-mentioned metalenses’ fo-
cus position or intensities can be actively tuned to a great ex-
tent, but they are difficult to dynamically control in real-time
due to PCMs requiring new excitation to “reset” it back to
its original state.[16] The PTM material, e.g., vanadium diox-
ide (VO2), is naturally reversible and will return to its initial
state if the external stimulus is discontinued. Therefore, VO2

is more suitable for the equipment whose performance needs
controlling in real-time, e.g., intelligent temperature control
systems. Recently, Chen et al. realized a reflected metalens in
the far-infrared band by combining a geometrical metasurface
and a VO2 film.[21] The metasurfaces work as a reflective lens
with a protective function from strong light. However, the tun-
able focusing and photothermal interaction of metalens have
not been investigated previously.

In this paper, we propose a tunable metalens based on a
hybrid structure combined with a VO2 film and Si nanocylin-
ders. The hybrid metalens works at 1550 nm and provide real-
time tunability by using thin PTM layers. The temperature-
dependent transmitted amplitude can be controlled within a
certain range in which the system can work normally. Fi-
nally, the optothermal simulations are conducted to estimate
the optothermal conversion progress of dynamic focusing, and
the maximum laser density that the hybrid metalens can han-
dle. The light-dose sensitive tunable smart metalens presents a
new approach to the application of anti-satellite blinding, bio-
imaging, etc.

2. Materials and methods
Figure 1(a) shows the schematic diagram of our design.

It comprises two films and an array of nanocylinder unit cells
within a square lattice array. The materials of these layers
from the bottom to the top are silicon oxide (SiO2), vana-
dium oxide (VO2), and silicon (Si), respectively. The period

of unit cells is P = 600 nm. The nanocylinder’s height is op-
timized to be H = 750 nm. The diameter of the nanocylin-
der is D. The phase difference of the transmitted light can be
tuned by changing the diameter of nanocylinder. The optical
components’ phase profiles can be achieved by the unit cells
of nanocylinders if the phase difference can cover the entire
range of 0–2π . Nanocylinder is polarization independent due
to its structural symmetry.[22]

In this study, the three-dimensional (3D) finite-difference
time-domain method is used for optical simulations, and the
discontinuous Galerkin time-domain method is used for ther-
mal simulations. In optical simulations, the incident optical
source is set to be a plane wave. The direction of propa-
gation is along the z axis, and the polarization direction is
along the x axis. The boundaries around the unit cell are pe-
riodic boundary conditions, and the top and bottom perfectly
matches with the layer boundary conditions. The mesh ac-
curacy is set to be 3. In thermal simulations, the x/y axis
boundaries are set to be “closed”, and the z axis boundaries
are set to be “shell”. The source and all objects are modeled
as shown in Fig. 1(a) and limited in the optical/optothermal
simulation region. The condition mode of boundaries is set
to be the steady-state with a temperature of 330 K, and the
temperature boundary is set to be at the bottom of the simu-
lation region. The VO2 permittivity’s real and imaginary part
are illustrated in Figs. A1(a) and A1(b) in Appendix A, re-
spectively, and the data are cited from Ref. [23]. The con-
stants of heat transport properties and electronic properties
are cited from Refs. [24,25]. For the VO2 material in an
insulating state, the electrical conductivity, density, heat ca-
pacity, and thermal conductivity are set to be 221.8045 S/m,
4570 kg/m3, 6560 J·kg−1·K−1, and 3.5 W·m−1·K−1, respec-
tively. For the VO2 material in a metallic state, the electrical
conductivity, density, heat capacity, and thermal conductivity
are set to be 94586.4662 S/m, 4650 kg/m3, 7800 J·kg−1·K−1,
and 6 W·m−1·K−1, respectively. The ambient temperature is
set to be 330 K. The real parts and imaginary parts of SiO2 and
Si are cited from Ref. [26].
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Fig. 1. Design of unit cells, showing (a) 3D view of unit cells, (b) transmission, and (c) phase for nanocylinders varying with nanocylinders’
diameters.
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3. Results and discussion

3.1. Optical properties of nanocylinders

The diameter-dependent transmission and phase differ-
ence of nanocylinders are illustrated in Figs. 1(b) and 1(c).
The results (λ = 1550 nm) of unit cells can cover the entire
range of 0–2π , which is the fundament of constructing metal-
ens. In this research, the high transmission is obtained, when

the height H = 750 nm, the lattice constant P = 600 nm. To
realize the phase control of the metasurface (x, y) position, the
appropriate diameters of the nanocylinders with high transmis-
sion in the range of 0–2π are selected. The phase modulation
and the transmission corresponding to different nanocylinder
sizes are shown in Table 1. These 8 high-transmission unit
cells that entirely cover the range of 0–2π can be used to con-
struct the metasurface.

Table 1. Dimensions of nanocylinders covering phase range of 0–2π .

Phase 0 π/4 π/2 3π/4 π 5π/4 6π/4 7π/4

T (%) 63.05 71.94 75.45 87.35 87.10 78.54 77.46 82.52
D (nm) 454.00 558.59 287.21 324.95 336.76 355.00 406.61 430.29

3.2. Metalens design and property

According to the phase profiles of metalens ϕ(rλ ) =

−2π/λ (
√
(r2 + f 2)− f ) + ϕ0(λ ), where λ is the target

wavelength in vacuum, r is the radial distance to the metalens
center, and f is the focal length, we construct a metalens oper-
ating at 1550 nm by using the above 8 selected nanocylinders.
The metalens is constructed in the x–y plane, and the center
is located at the coordinate origin. Therefore, r2 = x2+ y2.
Figure 2(a) represents the phase distribution of the metalens
(with aperture D = 87 µm and focal length f = 69.6 µm). The
constructed metalens is illustrated in Fig. 2(b) with the upper
panels showing a top view, and the lower a side view). The

partially enlarged details of the metalens, marked by the red
box in Fig. 2(b), are shown in Fig. 2(c). The power distribution
of the focusing spot on the x–z plane is illustrated in Fig. 2(d).
The focal spot appears at the position of z = 68.6756 µm,
which is slightly different from the designed 69.6 µm. This
difference may be related to the position of the main plane
of the metalens or the height of the nanocylinders.[27] The
power distribution of the focusing spot on the x–y plane is
shown in Fig. 2(e), and the power distribution with y = 0 µm,
z = 68.6756 µm is illustrated in Fig. 2(f). The full-width at
half maximum (FWHM) of the focal spot is 1.3951 µm. Fig-
ure 2(f) shows the focusing efficiency (the power in the fo-
cused spot 3× FWHM) of 42.28% for the incident light.
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Fig. 2. Metalens construction and performance simulations, indicating (a) function of metalens phase distribution in a radial direction, (b) top
and side view of metalens, (c) partially enlarged details of the metalens, marked by the red box in panel (b), (d) power distributions of the
focusing spot in the x–z (y = 0 µm), (e) x–y (z = 68.6756 µm) plane, and (f) full width at half maximum (FWHM) of the focusing spot.

The dynamic focusing performance of the hybrid metal-

ens is explored in detail as shown in Fig. 3. Figures 3(a)–

3(f) show the power distributions of the focusing spot on the

x–z plane at different temperatures (330 K, 339 K, 341 K,

343 K, 345 K, 350 K respectively). The power of the hy-

brid metalens focused spot gradually decreases as the tem-

perature increases. It is seen that the focus wavelength of

the hybrid metalens at different temperatures are almost the
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same, focal distance f = 68.6756 µm. Figure 3(g) illustrates
the power distributions of the focal point on the optical axis
(white dashed line in Figs. 3(a)–3(f)). The FWHMs of the fo-
cal spots are almost the same when the temperature changes.
It proves that the hybrid metalens proposed here can realize
the dynamic focusing of the incident light. Because of our
limited computer source, the diameter of metalens is set to
be 87 µm. By increasing the diameter of the metalens, the
FWHM can be miniaturized.[28] The transmission (T ), reflec-
tion (R), absorption (A), and focusing efficiency (E) of the hy-
brid metalens at different temperatures are shown in Fig. 3(h).
The T , R, and E of the hybrid metalens gradually decrease,
and the A increases as the temperature increases. The T , R,
and E are suppressed due to the strong absorption. As the
temperature increases, the imaginary part of the VO2 permit-
tivity gradually increases, leading the absorption to increase

sharply. The VO2 appears in a full metallic state while the
temperature is well above the transition temperature. Inhere,
the T , R, and E of the hybrid metalens reach the highest values
(T = 59.09%, R = 13.44%, E = 42.28%) and the absorption
reaches the lowest values (A = 27.47%) at 330 K. While the
hybrid metalens at 350 K, the T , R, and E reach the lowest
values (T = 17.25%, R = 0.86%, E = 12.68%) and the ab-
sorption reaches the highest values (A = 81.89%). The mod-
ulation efficiency of T (T350 K/T330 K − 1|) is ∼ 70.81%, R
(|R350 K/R330 K− 1|) is ∼ 93.60%, E (|E350K/E330 K− 1|) is
∼ 70.01%, and A (|A350 K/A330 K− 1|) is 66.46%. As it can
be seen that the hybrid metalens not only dynamically control
the optical intensity, but also protect the speciesin measure-
ment from being overe-exposed when the incident light is too
strong.
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Fig. 3. Metalens properties at different temperatures: 330 K (a), 339 K (b), 341 K (c), 343 K (d), 345 K (e), 350 K (f), respectively, showing [(a)–(f)] power
distributions of focusing spot in x–z (y = 0 µm) plane, with white dashed lines representing focal position, (g) FWHMs of focusing spots, (h) transmission
(T ), reflection (R), absorption (A), and focusing efficiency (E) of hybrid metalens.

Although the optical simulations can calculate the dy-
namic focusing efficiency of incident light with the increase
of temperature, they cannot reflect the optothermal conversion
process of dynamic focusing. For the quantitative analysis,
some optothermal simulations are conducted to estimate the
optothermal conversion process of the dynamic focusing, and
the maximum light intensity that the hybrid metalens can han-
dle. Figure 4(a) shows the temperature distribution in the hy-
brid metalens, composed of 19 selected unit cells in Table 1,
illustrated by a plane-wave laser with power 3.64×10−10 W
(the area is 0.6 µm ×11.4 µm = 6.84 µm). We simplify
the original two-dimensional (2D) metalens (D = 11.4 µm,
f = 9.12 µm) into a one-dimensional (1D) one, due to our
limited computing source. The 1D hybrid metalens has a
similar temperature value of 330 K while the laser power is
lower than 3.64×10−10 W. Under the illumination of differ-
ent incident power, the maximum temperature values in the
three-dimensional (3D) volume made of the metalens are re-
ported in Fig. 4(c). It is shown that the temperature of hy-

brid metalens increases gradually as the laser power is higher
than 3.64×10−10 W, the laser density is 5.32×10−3 W/cm2.
Therefore, we believe that the hybrid metalens works normally
while the ambient temperature is lower than 330 K and the in-
cident light power is lower than 5.32× 10−3 W/cm2. As the
laser energy increases, the temperature of the metalens gradu-
ally increases, and the VO2 transits from the insulating state to
the metallic state. It is usually considered that VO2 is a fully
metallic state while the temperature reaches 350 K, or even
higher than 350 K. We suppose that the optical and thermal
constants of VO2, SiO2, Si remain unchanged while the tem-
perature is higher than 350 K. Figure 4(b) shows the tempera-
ture distribution in the hybrid metalens illustrated by a plane-
wave laser with power 1.78× 10−6 W. The temperature dif-
ference between the silicon nanocylinders and the VO2 film is
less than 1 K, just as the temperature is 330 K. The temperature
of the hybrid metalens increases as the laser power increases
as illustrated in Fig. 4(d). It is shown that the hybrid metal-
ens can handle the maximum laser power (1.21×10−4 W per
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6.84× 10−8 cm2), i.e., the laser density is 1.76×103 W/cm2.
The melting point of Si, SiO2, VO2 are 1683 K, 1683 K,
1996 K, 1818 K respectively.
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Fig. 4. Photothermal analysis of the hybrid metalens, indicating [(a), (b)]
temperature distribution in 1D metalens (area: 6.84×10−8 cm2) illustrated
by plane-wave lasers with power 3.64×10−10 W and 1.78×10−6 W respec-
tively, [(c), (d)] the highest temperature in 3D volume of panels (a) and (c)
under the illumination of different incident powers respectively.

4. Conclusions and perspectives
In this work, we introduce a temperature-dependent tun-

able hybrid metalens operating at 1550 nm. Firstly, the ge-
ometrical dependence of the phase and transmittance of an
Si nanocylinder is investigated. And then, a hybrid metalens
is constructed and the temperature-dependent characteristics
are simulated in detail. As the temperature increases, the fo-
cused power, transmission, reflection, and focusing efficiency
of the hybrid metalens gradually decrease, and the absorption
increases. The focusing efficiency of incident light and mod-
ulation efficiency of the focused efficiency are 42.28% and
70.01% respectively. Finally, the optothermal simulations il-
lustrate the optothermal conversion progress of the dynamic
focusing, and the hybrid metalens can handle a maximum laser
density of 1.76×103 W/cm2 at an ambient temperature lower
than 330 K. We believe that the light-dose sensitive tunable
smart metalens proposed in this work can provide a new prac-
ticable platform for realizing the instruments/systems or mate-

rial damage protection, and potential applications in numerous
technologically important fields such as anti-satellite blinding,
bio-imaging, etc.

Acknowledgements
Project supported by the National Natural Science Foun-

dation of China (Grant No. 61875087) and the Innovation and
Development Foundation of China Academy of Engineering
Physics (Grant No. CX20200020).

Appendix A: The figure cited from Ref. [23]
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Fig. A1. Curves of (a) real part and (b) imaginary part versus wave-
length of VO2 permitivity data are cited from Ref. [23].
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