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Abstract. We propose an ultra-broadband near- to mid-infrared (NMIR) tunable absorber based on VO2

hybrid multi-layer nanostructure by hybrid integration of the upper and the lower parts. The upper part is
composed of VO2 nanocylinder arrays prepared on the front illuminated surface of quartz substrate, and
VO2 square films and VO2/SiO2/VO2 square nanopillar arrays prepared on the back surface. The lower part
is an array of SiO2/Ti/VO2 nanopillars on Ti substrate. The effects of different structural parameters and
temperature on the absorption spectra were analyzed by the finite-difference time-domain method. An average
absorption rate of up to 94.7% and an ultra-wide bandwidth of 6.5 lm were achieved in NMIR 1.5–8 lm.
Neither vertical incident light with different polarization angles nor large inclination incident light has a signif-
icant effect on the absorption performance of the absorber. The ultra-broadband high absorption performance
of this absorber will be widely used in NMIR photodetectors and other new optoelectronic devices.
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1 Introduction

Metamaterials (MMs) have gained a lot of attention in
recent years as a kind of artificially designed and manufac-
tured rational structures with unique physical properties
that cannot be achieved by ordinary materials. It consists
of special functional unitary structures that are densely
embedded in a medium [1]. As an electromagnetic material,
its unitary structure can be designed to couple with incident
electromagnetic waves and achieve the absorption of the
electromagnetic waves [2–4]. Based on these special proper-
ties, metamaterials are widely used in sensors [5], high-
performance antennas [6], stealth materials [7, 8], and other
electromagnetic devices [9, 10]. The application of metama-
terial structures in the field of electromagnetic wave absor-
ber has become one of the current research hotspots.
Compared with conventional absorbers, metamaterial
absorbers have better absorption performance and can be
miniaturized and integrated. The size and shape of different
material structures in metamaterial absorbers can be
adjusted to resonate with specific wavelengths of electro-
magnetic waves [11]. Therefore, metamaterial structure
absorbers targeting the perfect absorption of different wave-
lengths of electromagnetic waves are emerging [12–16].

In addition to the realization of fixed-band electromag-
netic wave absorption, dynamically tunable absorbers have
also gained importance. Dynamic tunability of absorbers
can be achieved by electrical [17], thermal [18], optical
[19], and mechanical tuning [20]. Thermal tuning can be
achieved by combining metamaterials with phase change
materials. VO2 has phase change properties that are well
suited for application in this study. It can change from
the insulating phase to the metallic state at about 68 �C.
During the phase change, the electrical conductivity
increases by several orders of magnitude with temperature
and the process is reversible [21]. The phase transition
changes the dielectric environment in the metamaterial
structure, which enables the tuning of the absorption
spectrum [22]. Cao et al. introduced a broadband tunable
metamaterial absorber based on different radii of VO2 rings
loaded on the dielectric layer. Based on the insulator-to-
metal phase transition characteristics of VO2 under thermal
excitation, the dynamic adjustment of the absorption by
the external temperature is achieved [23]. Ban et al. propose
a convertible metamaterial device with triple-band and
broad-band characteristics based on bulk Dirac semimetal
(BDS) and VO2. When VO2 is in the fully insulating state,
the proposed convertible device presents three distinctive
absorption peaks in terahertz (THz) range with absorp-
tance >98%. When VO2 is in the fully metallic state, the* Corresponding author: liyi@usst.edu.cn

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

J. Eur. Opt. Society-Rapid Publ. 2023, 19, 3
� The Author(s), published by EDP Sciences, 2023
https://doi.org/10.1051/jeos/2022017
Available online at: jeos.edpsciences.org

RESEARCH ARTICLE

Journal of the European Optical
Society-Rapid Publications

RESEARCH ARTICLE

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1051/jeos/2022017
jeos.edpsciences.org/


convertible device expresses a broad-band absorption [24].
Song et al. reported a meta-surface absorber with switch-
able spectral response. The device is constructed by
combining VO2 and a naturally hyperbolic materials
(hexagonal boron nitride, hBN), at different thermal condi-
tions in the same system. The switch between narrow-band
near-perfect absorption at � 7:2 lm and wide band absorp-
tion at 8–12 lm is realized [25].

Although the above absorbers achieve perfect absorp-
tion, but it is difficult to achieve the high tunability with
both perfect absorption and wide absorption bandwidth.
For this reason, we propose an ultra-broadband tunable
infrared absorber based on VO2 hybrid multi-layer nanos-
tructure. The dynamic tunability of different phase states
of VO2 is achieved by the upper and lower parts operating
at different temperatures. The absorber achieves efficient
absorption rate in the wavelength range of 1.5–8 lm (the
average absorption rate exceeds 90%). The absorber can
obtain 51.6% of the maximum absorption modulation
depth under different operating conditions. In addition,
the absorber has polarization-independent properties and
achieves high absorption of incident light at large inclina-
tion angles in both TE and TM polarization states.

2 Geometry and methods

As shown in Figure 1, the tunable ultra-broadband infrared
absorber consists of a hybrid integration of the upper and
the lower parts. Figure 2a shows the structure of the unit
cell of the absorber. The upper part includes a quartz plate
and the nanostructures on its front illuminated and back
surface. A VO2 nanocylinder array is prepared on the front
illuminated surface of the quartz substrate. The back
surface is the periodically prepared VO2 square films at
positions 1, 2, 3 and 4 of Figure 2a and the SiO2/VO2
square nanopillars on the VO2 square film at positions 2
and 4. The lower part is the SiO2/Ti/VO2 square nanopil-
lars prepared on the Ti substrate at positions 1 and 3.

The upper and lower parts are integrated at a certain inter-
val to form a complete absorber. And after the integration,
the center of each structure at the same position in positions
1, 2, 3 and 4 is located in the same line, as shown in Figure 2.
For example, the center of the VO2 nanocylinders on the
front illuminated surface of the quartz substrate at posi-
tions 2 and 4 and the centers of the VO2 square films and
SiO2/VO2 nanopillars on the back surface of the quartz sub-
strate are in the same straight line. Naturally, positions 1
and 3 in Figure 2 are also the same. The absorber with cen-
trosymmetric properties allows it to absorb incident light
with different polarization angles [26].

In Figure 2b, the cross section of the unit cell of the
absorber with the design structural dimensions indicated
is shown. The thicknesses of the quartz substrate and the
Ti substrate are d1 and d2, respectively. The spacing
between the upper and lower parts is Dh. The height of
the VO2 nanocylinder array on the front illuminated surface
of the quartz substrate is h, and its radius is r. The thickness
and side length of the VO2 square films are h1 and L, respec-
tively. L is also the side length of the SiO2/VO2 square
nanopillars. The height of the VO2 and SiO2 square
nanopillars in the upper part are h2 and h3, respectively.
The SiO2/Ti/VO2 nanopillar prepared on the Ti substrate
is similar to the upper part, their side length is L, and their
heights are h2, h1, h3, respectively. Figure 2c is a top view of
unit cell for the absorber. The period of each cell is p in both
x and y directions, which allows the absorber to operate in
the NMIR band.

Different temperatures, defined as T1 and T2, are given
to the quartz substrate and Ti substrate by the temperature
controller, respectively. Different temperatures allow VO2
films at the upper part and the lower part to exhibit different
properties due to thermally induced phase transition. The
reason is that VO2 has a critical phase transition
temperature of 68 �C, where it behaves as an insulator at
20 �C (<68 �C) and changes completely to themetallic phase
at 80 �C (>68 �C). We accordingly refer to these two differ-
ent operating states as VO2 (I) and VO2 (M). The optical

Figure 1. Schematic diagram of absorber by hybrid integration of the upper and lower parts.
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constants of the VO2 insulating and metallic phases are
taken from the data in refs. [27, 28]. Titanium is a refractory
material with low mass density and good stability. In addi-
tion, the studies have shown that metamaterials made of
titanium (Ti) have broadband absorption properties [29].
Due to its large loss in the imaginary part of the dielectric
constant, the absorption loss of light is very high, so it can
produce high light absorption in a wide band [30].

As to the fabrication of the proposed structure, the
nanopillars and nanocylinder array can be prepared by thin
film deposition, photolithography and etching techniques
[27]. The polymer bumps with height are fabricated on
the edges of the upper part and the lower part to realize
the hybrid integration of the upper and the lower parts
[31], as shown in Figure 1. Finally, the upper and lower
parts are hybridly integrated using interferometric align-
ment techniques [32], and the center of the VO2 nanocylin-
der is aligned with the center of the square nanopillar below
it by double side alignment lithography technology [33].

The absorption spectra in the band range of 1.5–8 lm
were simulated by Lumerical software using the FDTD
solution, data for Ti and SiO2 were obtained from the
PALIK database [34]. The incident light is set as a planar
electromagnetic wave incident along the negative direction

of the z-axis. When the light is incident positively, periodic
boundary conditions are used for the x and y directions.
For oblique incidence, the broadband fixed-angle source
technique (BFAST) is used. Z direction is always used
with a perfectly matched layer (PML) to eliminate the
scattered diffraction at the boundary. The reflected spec-
trum is recorded by a two-dimensional frequency domain
power monitor placed behind the incident source, and
another power monitor is set below the Ti substrate to
record the transmission spectrum. According to energy
conservation, the sum of absorption rate A(x), reflectance
R(x) and transmittance T(x) is 100%, i.e., A(x) +
R(x) + T(x) = 1. The absorption rate can be obtained
by A(x) = 1 � R(x) � T(x). The electric and magnetic
fields are monitored by the frequency profile monitors.

3 Simulation result

3.1 Geometry influence on the absorption

Based on the absorber working principle, the structural
parameters determine the absorption performance of the
absorber. Firstly, the thicknesses of the two substrates of

Figure 2. (a) Schematic of the unit cell of the absorber. (b) The cross-sectional view of the absorber. (c) Top view of the unit cell for
the absorber.
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the upper and lower parts need to be determined. The
thickness of the substrate does not have much influence
on the absorption performance by simulation. Considering
the fabrication process, the two substrates need to have a
certain strength, so the thicknesses of the quartz substrate
and the Ti substrate are set to 200 lm. Through extensive
simulations, the initial structural parameters and operating
temperatures are set as follows: L = 1.1 lm, h1 = 0.05 lm,
h2 = 1 lm, h3 = 1 lm, p = 3 lm, Dh = 0.1 lm, T1 = 80 �C,
T2 = 20 �C.

The effect of each geometric parameter on the absorp-
tion rate of the absorber without the uppermost VO2
nanocylinder array was first investigated to obtain the
optimal structural parameters. Figure 3a reflects the effect
of the thickness h1 of the VO2 (M) square film in the upper
part and the Ti film in the lower part on the absorption rate.
The variation of the absorption curve can be observed to
show that the absorption rate is very sensitive to the thick-
ness of themetal film. It can be seen clearly that the absorber
gets the best performance when h1 = 0.02 lm and the
absorption bandwidth decreases with both increasing and
decreasing film thickness. The reason for this phenomenon
is that the resonant cavity formed by a too thin film is too
small, and when the thickness of the film is too thick, the
coupling electric field on its surface is weakened. h2 is the
height of the VO2 nanopillar in the upper part and the
SiO2 nanopillar in the lower part, and the effect of their
height on the absorption performance is shown in Figure 3b.

As the height of the VO2 nanopillar in the upper part
increases, the absorption spectrum is red-shifted due to the
increase in the height of the metal and the light energy is
confined more in the metal [28]. The decrease in absorption
rate is related to the thickening of the SiO2 nanopillar in the
lower part that reduces the absorption of light energy by the
metal–insulator–metal (MIM) structure below. By simula-
tion, the absorption rate in the wavelength range of 6–
8 lm decreases when h2 is less than 0.8 lm. The absorption
curve is optimal when h2 = 0.8 lm.

Figure 3c shows the impact of the height h3 of the SiO2
nanopillar in the upper part and the VO2 nanopillar in the
lower part on the absorption spectra. The SiO2 nanopillars
and the VO2 nanopillars are the intermediate dielectric
layer in the MIM structure. There is little change in the
absorption spectrum in the 1.5–5.5 lm band with the
increase of h3. In the mid-wave band of 5.5–8 lm, when
the height of the intermediate dielectric layer increases,
the absorption rate decreases and the resonance absorp-
tion peaks are red-shifted. This is because the height of
the dielectric layer is the key factor controlling the maxi-
mum absorption value and reflection coefficient of the
metamaterial absorber [35]. Based on the simulation results
in Figure 3c, the highest average absorption rate was found
in the wavelength range of 1.5–8 lm for h3 = 0.8 lm.
Figure 3d shows the effect of the side length of the nanopil-
lars in the upper and lower part on the absorption
performance. When the side length L is small, the air gap

Figure 3. (a) Absorption change with h1. (b) Absorption change with h2. (c) Absorption change with h3. (d) Absorption change
with L.
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between the nanopillars is large and the light cannot be
absorbed well. However, when L is too large, the light is
reflected out and cannot be absorbed either. L = 1.3 lm
is chosen as the optimal structure parameter. As can be
seen from the four figures in Figure 3, the absorber has a
higher absorption rate in the mid-wave band of 6–8 lm
without the uppermost VO2 nanocylinder array.

When the VO2 nanocylinder array is prepared on the
front illuminated surface of the quartz substrate, the overall

absorption rate is significantly increased. It is because the
uppermost cylindrical array can absorb reflected light that
cannot be highly absorbed by the hybrid multi-layer nanos-
tructure. The VO2 nanocylinders are in metallic state, and
the surface plasmon polaritons (SPPs) are generated at
their junctions with SiO2. The metallic cylindrical arrays
exhibit strong light absorption due to robust coupling to
the waveguide and surface plasmon (SP) modes of the indi-
vidual columns [36]. Figure 4a illustrates the relationship

Figure 4. (a) Absorption change with L when the VO2 nanocylinder array is prepared on the front illuminated surface.
(b) Absorption change with the radius of the VO2 nanocylinder array r. (c) Absorption change with the height of the VO2

nanocylinder array h. (d) Absorption change with the structural spacing Dh. (e) Absorption change with the variation of individual
cycle size p.
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between the nanopillar side length and absorption rate
when the VO2 nanocylinder array is prepared in the upper
part. It can be found that the absorption rate in the short

wavelength band is significantly improved. The high
absorption in the entire wavelength band is achieved at
L = 1.3 lm. Figure 4b shows the effect of the radius of

Figure 5. Calculated absorption spectrum.

Figure 6. (a) The electric field distribution in XY plane. (b) The magnetic field distribution in XY plane. (c) The electric field
distribution in XZ plane. (d) The magnetic field distribution in XZ plane.
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the VO2 nanocylinder array on the absorption rate. It can
be seen that the absorption peaks are red-shifted when r
increases. And the absorption rate is very sensitive to r in
the wavelength range of 1.5–3.5 lm. Obviously, there is
the best absorption performance when r = 0.3 lm. From
Figure 4c, it is evident that the height of the VO2
nanocylinder array has a weak effect on the absorption rate.
When h = 0.55 lm, the absorber has the highest average
absorption rate in the wavelength range of 1.5–8 lm.
The variation of absorption rate with different structural
spacing Dh has little effect, as shown in Figure 4d. The

smaller the spacing, the better the absorption performance.
Considering the heat conduction of the upper and lower
parts and the difficulty of the fabrication process,
Dh = 0.2 lm is chosen as the best value. The change of indi-
vidual cycle size p also influences the absorption rate of the
absorber, as shown in Figure 4e. A small array cycle will
make the adjacent gap too small, which is not conducive
to light absorption, while a large array cycle will make
the distance among the structures too far and the light will
reflect out of the absorber. Therefore, p = 3 lm is chosen as
the optimal array period.

Figure 7. (a) Steady state temperature field distribution of the absorber. (b) Transient temperature change of the absorber. (c)
Absorption change with alignment deviation. (d) Absorption change with T1 and T2. (e) Absorption change with ambient
temperature T.
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3.2 Absorption performance

From the above simulation results, the optimal structural
parameters are obtained: L = 1.3 lm, h1 = 0.02 lm,
h2 = 0.8 lm, h3 = 0.8 lm, p = 3 lm, Dh = 0.2 lm. The best
absorption spectrum of the proposed broadband tunable
absorber based on VO2 multi-layer nanostructure are illus-
trated in Figure 5. The temperature of the upper part is
controlled at 80 �C, so the VO2 in the upper part transforms
to the metallic state. The VO2 of the lower part is 20 �C and
remains in the insulating state. In the 1.5–8 lm band range,
the absorber achieves an average absorption rate of 94.7%,
and a peak absorption rate of 99.5% at the wavelength of
6.61 lm.

To study the physical mechanism of the absorber, the
electric and magnetic field distributions in the case of
vertical positive incidence are simulated. Figures 6a and
6b show the electric field distribution and the magnetic
field distribution in the XY direction, and (c) and (d) are
the electric and magnetic field distributions in the XZ
direction, respectively. The data in Figure 6 were extracted
at the wavelength of 6.61 lm. As can be observed from
Figures 6a and 6c, the electric field is mainly distributed
in the gap of the nanopillar due to the surface plasmon
polaritons (SPPs). And the electric field is most intense at
the position of VO2 (M) and the top corner of Ti metal.
The SPPs is generated near the metal corner, which couples
the energy of light into the gap of the nanopillar and the
junction with the surrounding medium. Figures 6b and 6d
reflect that the magnetic field is concentrated in the dielec-
tric layers like SiO2 and VO2 (I). The propagating surface
plasmon (PSP) resonance exists around the interface
between VO2 (I) and Ti substrate. The VO2 in the insu-
lated state has high dielectric loss, and the absorber binds
the electromagnetic wave energy to the center of each unit
VO2 dielectric layer due to the localized surface plasmon
(LSP) resonance and converts it into thermal energy, form-
ing a perfect absorption. On the other hand, the magnetic
field in the Ti–VO2 (I)–Ti structure is the strongest, form-
ing a MIM structure. When the incident light penetrates
the upper metal, the lower metal acts as a mirror that
reflects the LSP excited at the lower metal-dielectric inter-
face, and the LSP between the upper and lower metal-
dielectric interface undergo phase extinction interference
thereby exciting the resonant cavity mode, leading to a
strong absorption of light [37, 38]. Similarly, the uppermost
VO2 (M) cylinder–SiO2 substrate–VO2 (M) film and VO2
(M) film–SiO2 nanopillar–VO2 (M) nanopillar also form a
MIM structure. The absorption mechanism of the whole
absorber is a hybrid mode including SPPs, PSP, LSP and
resonant cavity modes, where SPPs primarily dominate
the absorption.

3.3 Thermal tuning and tolerance

Since the absorber is integrated by the upper and the lower
parts operating at different temperatures, there will be heat
diffusion during the heating process. The high temperature
of the upper part may affect the working condition of the
lower part, so the heat distribution of the absorber is
analyzed by ANSYS workbench thermal analysis module

to exclude the mutual influence of the upper and lower
temperatures. There are three main modes of heat transfer
between the upper high-temperature part and the lower
low-temperature part: heat conduction, heat convection
and heat radiation. In the ANSYS simulation, the ambient
temperature T is 23 �C and the air convection coefficient is
set to 8 W/(m2�℃), the thermal conductivity and specific
heat capacity of VO2 and SiO2 at different temperatures
are from refs. [39, 40]. Figure 7a shows the simulated stea-
dy-state thermal distribution. An external temperature
controller is used to heat up the upper quartz substrate
at 80 �C and to control the lower Ti substrate at 20 �C.
When reached the steady state, the upper and lower parts
can maintain their respective temperatures and are not
affected by each other, so they can maintain the original
operation. Figure 7b shows the transient thermal analysis
of the heating process. The upper VO2/SiO2/VO2 nanopil-
lar can be heated to the working temperature of 80 �C in
1 ms, and the lower part can be lowered to 20 �C in
0.1 ms, while VO2 can undergo phase change in the picosec-
ond range, so the heating and cooling processes of the absor-
ber will not affect the phase change process of VO2, and the
thermal tuning rate of the absorber will not be affected
much. After the heating and cooling process, the absorber
can also maintain the working temperature stably and
achieve stable absorption.

During the fabrication process of hybrid integrating the
upper and lower parts, the two parts may have alignment
deviations, which also have an impact on the absorption
performance of the absorber. Similarly, the alignment devi-
ations in the preparation of the uppermost VO2 nanocylin-
der array also have an impact. Figure 7c reflects the
absorption spectra for these two alignment deviation cases.
Dx1 and Dy1 are the deviations of the upper part with
respect to the standard positions in the x and y directions,
respectively. The deviations of the uppermost VO2
nanocylinder array with respect to the standard positions
in the x and y directions are represented by Dx2 and Dy2.
From the results, the alignment deviations in the hybrid
integration have little effect on the absorptance of the
absorber. This proves that the absorber has a good
tolerance.

Figure 8. Absorption spectra at different polarization angles.
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Different operating temperatures also have an effect on
the absorption performance of the absorber. Figure 7d
shows the variation of absorption spectra for the upper
and lower parts of the absorber at different operating
temperatures. It can be found that when the temperature
of the upper part is kept at high temperature T1 > 68 �C
and the lower part T2 < 68 �C, the different operating tem-
peratures have little effect on the absorption performance of
the absorber. This is attributed to the fact that VO2 films of
the upper part and the VO2 films of the lower part are in
metallic and insulating states respectively, the absorber
can maintain the original working state. When the temper-
ature of the upper part T1 < 68 �C, the VO2 nanopillar in
the upper part changes from the metallic phase to the insu-
lating state, leading to the destruction of the absorption
mechanism of the absorber and a decrease in the absorption
rate. When T1 = 80 �C and T2 = 20 �C, the average
absorption rate of the absorber in the 1.5–8 lm band range

is 94.7%. At T1 = 20 �C and T2 = 80 �C, the average
absorption rate is 44.3%. The absorber can obtain 51.6%
of the maximum absorption modulation depth (defined as
h(k) = |Amax (k) � Amin (k)|). The absorber is dynamically
tunable because the thermal phase transition of VO2 is
reversible. Figure 7e shows the effect of the ambient temper-
ature on the absorption spectrum from the absorber when
the temperature controller controls T1 = 80 �C and
T2 = 20 �C. It can be seen that the ambient temperature
has only a small effect on the performance of the absorber
for operating states.

3.4 Optical properties of the absorber at different
polarizations and incident angles

Here, we investigate the effect of the polarization and the
different angles of incidence on the absorption rate of the
absorber. Figure 8 shows the contour plot of the absorption

Figure 9. (a) Absorption spectra at different incident angles under TE. (b) Absorption spectra at different incident angles under
TM.

Table 1. Comparison of works on the broadband absorbers in the NMIR range in recent years.

Works Device
configuration

DB (lm) A FOM
(lm)

Tuning
method

h(k) � DB
(lm)

Materials
involved

Maximum
incidence
angle

[29] MIM tri-layer 0.4–2 (1.6) 91.4% 0.82 N/A N/A Ti, SiO2, Ti 50�
[14] MIM tri-layer 0.1–1.9

(1.8)
93.2% 1.67 N/A N/A Ti, W, SiO2, Au 45�

[43] Planar layered thin
film structures

2–5 (3) 85.3% 2.55 Thermal 1.8 Sapphire, VO2,
PMMA, Au

60�

[44] L-shaped hybrid
nanostructures
MIM tri-layer

4.5–6.5 (2) 92.4% 1.84 Thermal 1.54 Au, VO2, Au N/A

[28] Patterned plasmonic
metasurface
MIM tri-layer

1.6–4.7
(3.1)

93.7% 2.9 Thermal 1.92 Cr, VO2 60�

[45] Hybrid nanodisc array
MIM tri-layer

0.7–1.8
(1.1)

87.6% 0.96 Thermal 0.7 Au, VO2, Au 70�

[42] Nanocolumn array 2–4.8 (2.8) 95.5% 2.67 Thermal 1.4 VO2, SiO2, W,
Al2O3

50�

Our
work

Hybrid multi-layer
nanostructure

1.5–8 (6.5) 94.7% 6.15 Thermal 3.35 VO2, SiO2, Ti 60�
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rate evolution when the polarization angle is varied from 0�
to 90� for the vertical incidence case. In this study, TM
polarization and TE polarization correspond to the polar-
ization angles of 0� and 90�, respectively, i.e., the two cases
of electric field parallel or perpendicular to the incident
plane. It can be seen that as the polarization angle changes,
the absorption rate hardly changes at the same frequency,
which indicates that the absorber is polarization-indepen-
dent. The most obvious reason is that the structure of the
absorber is centrosymmetric.

Figure 9 investigates the absorption variation due to
different incidence angles under TE polarization and TM
polarization. Under TE polarization, the absorption spectra
are not affected much when the incident angle gradually
increases. In contrast, for TM polarization, when the inci-
dent light is at a large angular inclination, some decrease
in absorption rate occurs in the 1.5–2.5 lm band range.
This is related to the fact that the magnetic field rotates
with angle in the case of TM polarization. In conclusion,
even for large angular incidence 60�, the absorber still main-
tains an average absorption rate of more than 80%.

Table 1 shows the comparison of works on the broad-
band absorbers in the NMIR range in recent years. It is
noticeable that the main advantages of our designed absor-
ber are wider absorption bandwidth (1.5–8 lm) and higher
overall absorption rate in the NMIR band. A higher figure
of merit (FOM) of the absorber FOM ¼ �A��B can be
achieved in this work, where �A and DB are average absorp-
tivity and operation bandwidth [41]. Compared with our
previous work [42], the new structural design greatly widens
the operation bandwidth of the absorber while maintaining
an ultra-high absorption rate. It is reasonable to evaluate
the tunability of the absorber by the product of the maxi-
mum absorption modulation depth h(k) and the operation
bandwidth DB as a reference value. The results show that
the designed absorber in this work has relatively good
tunability, polarization insensitivity and wide-angle absorp-
tion characteristics.

4 Conclusion

In conclusion, we propose an ultra-broadband tunable
infrared absorber based on VO2 hybrid multi-layer nanos-
tructure with polarization-independent and wide-angle
absorption characteristics. By controlling the temperature
of the upper and lower parts, the absorber can achieve
tunable ultra-broadband absorption. The physical mecha-
nism of the absorber is elucidated by studying its electro-
magnetic field distribution and absorption performance
comparison. The thermal analysis of the absorber using
ANSYS WORKBENCH further verifies the feasibility
and tolerance of the structure. The simulation results
show that the absorber can achieve an overall absorption
rate close to or higher than 90% in the 1.5–8 lm band
range, with a high absorption bandwidth of 6.5 lm, which
is significantly better than the conventional noble metal
metamaterial absorber. The results provide important
significance for the research and development of thermo-
electric devices that can be widely used in thermal emitters,

micro-radiation calorimeters, thermal coolers and infrared
detectors.
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