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Tunable Environment-Enhanced Mid-Infrared
Absorber Based on Voltage Modulation

Gongli Xiao , Zifan Lai , Hongyan Yang , Bing Wang , and Haiou Li

Abstract—In this paper, we propose a design of a mid-infrared
Metamaterial Absorber (MIMA). The MIMA is composed of a
thin metamaterial nanostructure of period array of cross-circular
structure of Ti with continuum graphene layer and bottom film is Al
substrate, the middle dielectric layer is a stack of Si3N4 and SiO2.
The coupling of surface plasmon resonance (SPR) of graphene,
metal Ti and dielectric layers and the intrinsic absorption of the
material enhance broadband absorption. The MIMA maintains
97% average absorption in the 3.8∼6.5 µm in the background
refractive index of 1.33. MIMA maintains 80% average absorption
within an incidence angle of 50 and it is polarization insensitive.
Dynamic tuning of the MIMA absorption bandwidth by chang-
ing the Fermi energy level of graphene by applying a voltage to
the graphene surface. The absorption bandwidth can broaden in
complex environments (water, ice, alcohol). The proposed research
shows excellent applications in thermal emitter and photocatalysis,
infrared camouflage in complex environment.

Index Terms—Environment-enhanced, metamaterial absorber,
mid-infrared, tunable, voltage.

I. INTRODUCTION

M ETAMATERIALS are a class of man-made materials
with special properties not found in nature and which

have properties that cannot be achieved with conventional ma-
terials. Researchers are able to tune their permittivity (ε) and
permeability (µ) through physical structure design to achieve
new properties that break the limits of natural laws and obtain
extraordinary physical properties, quantum information [1], [2],
For example, metamaterials can modulate light and electro-
magnetic waves, because the size of its structure is smaller
than the wavelength at which it acts, the special nanostructure
of the light-manipulating metamaterial is able to scatter light
in a specific way [3], [4]. Metamaterial absorbers (MAs) are
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the important application of metamaterials. MAs based on the
theory of surface plasma resonance(SPR) gradually be used for
solar energy harvesting [5], photoelectric detection [6], sensor
[7] etc. Broadband strong absorber is critical for the domain of
energy harvest and infrared camouflage. According to the field
of application. MAs also can be divided by visible [8], infrared
[9] and terahertz absorbers [10].

In 2008, Landy et al. [11] proposed a near-perfect proposed
a near-perfect absorber, introducing the concept of MIMA for
the first time, which led to subsequent research on metamaterial
perfect absorbers. Then with the discovery of new materials,
researchers designed MAs based on various MIMs. MAs also
can be designed based on 2D materials such as graphene [12],
black phosphorus [13],combined structures of graphene and
black phosphorus [14].

Graphene is a unique 2D material with only atomic thickness.
It has zero bandgap and unique electrical and optical properties
that hold promise for a wide range of applications. The surface
conductivity can be controlled by doping and tuning that Fermi
energy level (EF) and thus dynamically controlling the SPR [15].
The EF of graphene can be dynamically tuned by externally ap-
plied voltage and chemical doping. Graphene-based plasmonic
excitonic resonance can be fabricated with extremely high speed,
low drive voltage, low power consumption and compact size
for a wide range of applications from visible light to terahertz
wavelengths. [16]

Although some MAs have achieved high performance. Such
as, Fann et al. [17] designed a metal Ti, dielectric layer of SiO2,
and substrate of metal Al structure for a far-wave mid-infrared
(8∼16 μm) broadband perfect absorber, it maintains a broad-
band absorption of 94% at 8∼13 μm. In 2022 Huang et al. [18]
proposed a absorber with random Au-Al2O3-Au-SiO2 struc-
ture. the MA maintains an absorption of over 90% in the
8.33∼15.09 μm, with an overall average absorption of 95.17%.
Most of them only focus on increasing the absorption rate in
air. However, improving absorption performance and dynamic
tunable absorption bandwidth considering MA in complex envi-
ronments are very lack. Therefore, the application of MIMA in
complex background environments and tune absorption band-
width of MIMA by voltage have become a new research di-
rection. In recent years, many researches have provided many
methods to dynamically tune the absorption bandwidth. Based
on the characteristic mode theory, Suo et al. [19] theoretically
proposed a flexible transparent absorber with broadband ab-
sorption, which can achieve absorption bandwidth extension
by inputting current to the resistor on the absorber. In 2022
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Fig. 1. (a) Schematic diagram of the graphene cross-circular array structure.
(b) x-y plane of a single structure, and (c) x-z plane of a single structure.

and 2021, Xiong et al. [20], [21] designed a dual-controlled
terahertz bandwidth tunable absorber based on graphene and
Dirac semimetals and a dual-tuned bandwidth material absorber
based on bulk Dirac semimetals and water, respectively. The
above work provides inspiration and ideas for our work, we try
to research in the mid-infrared band. It is possible to harvest the
thermal energy of mid-infrared wavelength radiation from space
[22], [23]. The wavelengths of 3∼8 µm mid-infrared band cov-
ers the most important transparent window of the atmospheric
infrared (3∼5 µm), where people can perform infrared detection
by metamaterial absorbers (MAs) [24]. At the same time, MAs
can effectively capture electromagnetic waves radiated by high-
temperature objects in this band, which is beneficial for thermal
imaging and infrared camouflage.

In this paper, we propose an MIMA that operates in the range
of 2.5∼8 μm. In a refractive index of 1.33, it maintains an av-
erage absorption of 97% at 3.8∼6.5 μm. Broadband absorption
is enhanced by the SPR of graphene, Ti, and dielectric layers
with the intrinsic absorption of the material. The absorption
bandwidth of MIMA can be dynamically tuned by changing
the EF of graphene and it will expand in complex environments
(water, ice, alcohol). It maintains 80% average absorption within
an incidence angle of 50 degree and polarization insensitive. It is
beneficial for infrared camouflage, thermal emitter, photocatal-
ysis, and infrared detection in complex environments.

II. STRUCTURE AND SIMULATION

The array structure of the MIMA is shown in Fig. 1(a), and
its x-z plane and x-y plane views are shown in Fig. 1(b) and
(c), the structure is based on an Al substrate of height h1, the
dielectric layer is a joint stack of SiO2 at h2 height and Si3N4

at h3 height. Continuous coverage of 2D material graphene on
the dielectric layer, and the top layer is a cross-circular structure
including P, t, L, W, and D. P is 1600 nm, t is 80 nm, L is
1200 nm, W is 200 nm, D is 600 nm, h1 is 250 nm, h2 is
350 nm, h3 is 200 nm. A 3D FDTD method (Ansys Lumerical
Photonics Simulation & Design Software) was used for the
simulation, with periodic boundary conditions in the x and
y directions and anti-symmetric boundary conditions in the x
direction and symmetric boundary conditions in the y direction,
and set to PML (Perfect Match Layer) boundary conditions in

the z direction. We set the background environment refractive
index to 1.33 to mimic the water environment. A TM polarized
plane light source in the wavelengths of 2.5∼8 μm is placed
directly above the array structure, reflectance and transmittance
monitors are placed above the plane light source and below the
structure, respectively, to obtain reflectance and transmittance
data.

Although this is a simulation work, we tried to explore the
possibility of its fabrication. First, we grow an Al film on
the substrate by evaporation through vacuum coating. [25] The
chemical vapor deposition (CVD) method is used to deposit a
certain thickness of SiO2 by chemical reaction between SiH4

and O2 gases at high temperatures. [26] The gas source was
then replaced with silicon source gas and ammonia as reactants
in the same way, and Si3N4 was generated on a large scale in
high temperature conditions. Then, Graphene layer is uniformly
coated on Si3N4 surface using ionic gel. [27] Finally, the pat-
terned Ti is etched using reactive ions on the Ti film based on
an anodic aluminum oxide (AAO) template. [28]

The refractive index data of Ti and Al are from Rakic’s
experimental data [29], SiO2 is from Palik [30], and Si3N4 is
from Kischkat [31].The surface conductivity of graphene can
be measured directly [32]. The formula for the conductivity of
graphene can be described by the Kubo formula based on the
intra band and inter band contribution: [33]

σG = σintra + σinter, (1)

σintra = i
e2KBT

π�(ω + i/τ)

[
EF

KBT
+ 2 ln

(
e
−EF

/
KBT + 1

)]
,

(2)

σinter = i
e2

4π�
ln

[
2EF − (ω + i/τ)�

2EF + (ω + i/τ)�

]
, (3)

Where e is the electron charge, � is the reduced Planck’s
constant, KB is Boltzmann’s constant, T is the temperature in
Kelvin, EF is the fermi level, μ = 10000 cm2/(V · s) is the
carrier mobility, The relaxation time can be expressed as τ =
μEF /eV

2
F , where VF = 106 m/s is the Fermi potential. In the

infrared wavelength, the surface conductivity can be expressed
as a Drude-like model [34].

σG =
ie2EF

π�2(ω + i/τ)
, (4)

EF is the fermi level, e is the electron charge, ω is frequency.
� is the reduced Planck’s constant. The relaxation time can be
expressed a τ = μEF /eV

2
F .

III. RESULTS AND ANALYSIS

Fig. 2(a) shows the absorption spectrum of the MIMA, the
result is shown that the high absorption of 97% is maintained
in the NIR band from 3.8 μm to 6.5 μm. Absorption can be ex-
pressed as A= 1-T-R, where the transmittance T= |S21|2 and the
reflectance R = |S11|2. S11 and S21 are the scattering parameters
associated with the reflection and transmission coefficients. the
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Fig. 2. (a) Absorption spectrum of MIMA; (b) the real and imaginary part of
the effective impedance (Zeff) and Reflection coefficient|S11|.

Fig. 3. Magnetic field distribution for the MIMA resonance wavelength of
(a) λ1, (b) λ2 of x-z plane, and (c) λ1, (d) λ2 of x-y plane.

reflection-related S11 infinitely tends to zero, so the absorption
can be written as A = 1-R = 1-|S11|2.

We calculated the equivalent impedance of the absorber by
S-parameter evolution as shown in :

Zeff =

√
(1 + S11)

2 − S2
21

(1− S11)
2 − S2

21

(5)

Description of the broadband absorption of MIMA can be
explained by impedance matching theory (IMT). Fig. 2(b) shows
the real and imaginary part of impedance (Zeff ) of MIMA with
wavelengths. The Zeff is closer to the intrinsic impedance of
the free space in the high absorption region (4∼6 μm), while the
reflection coefficient is also the lower than other wavelengths.
The error stems from not perfect absorption in the wavelengths.

To further investigate the physical mechanisms, Fig. 3(a) and
(b) show the magnetic field distribution of the MIMA with
graphene layer at resonance wavelength band between λ1 and
λ2 in Fig. 2. At λ1, the enhancement of the magnetic field is
distributed the upper and the lower of Ti film and the left and right
bottom corners of the dielectric layer, it is the characteristics of
propagation surface plasmon resonance (PSPR). The effect of
the metamaterial geometry parameters of the absorber on the

PSPR can be expressed as:

Ksp = K0 sin θ + i · 2π
P

(6)

At λ2, the enhancement of the magnetic field occurs in the
cavity of top Ti film and Al bottom film (not significantly
enhance), showing the characteristics of local surface plasmon
resonance (LSPR). Its resonant behavior can be represented by
the LC circuit model [35], its resonance wavelength is expressed
as:

λ = 2π
√

LC/2 (7)

L = Lr + Lb,Lr is the motion inductance of the resonator
and Lb is the motion inductance at the substrate Al. C =
Ce + Cn,Ce is the capacitance of the neighboring resonators,
Cn is the capacitance between the two metal parallel plates. The
capacitance of the adjacent resonator PSPR and LSPR combined
to result in broadband absorption of the MIMA in detail. At the
same time, a larger magnetic field is generated at the center
of the cross-circular structure, producing ohmic heat effect and
achieving strong absorption in x-y plane, as shown in Fig. 3(c)
and (d).

We try to predict the optical response using an equivalent
circuit theory (ECT). The metal Ti resonator combined graphene
can be described by a series RLC circuit model [36], [37].
Magnetic field enhancement will create current. As a result,
the equivalent resistance (R) in the magnetic field enhancement
region must be considered when implementing the equivalent
LC model. The surface resistance of graphene is Rs and it is
connected in parallel with the RLC circuit

ZFSS =

[
R− j

(
1− ω2LC

ωC

)]
//Rs (8)

R is the surface resistance of metal Ti. L and C are related to
the shape of Ti. The dielectric layer impedance can be expressed
as:

Zd = jZd1 tan(β1d1) (9)

Where Zd1 = Z0/
√
εr1and β1 = k0

√
μr1εr1, K0 is free

space wave number, d1, εr1, μr1are thickness, relative permit-
tivity, relative permeability of dielectric layer respectively. The
substrate Al is approximately completely reflecting the electro-
magnetic wave and is seen as a wire in the circuit model and its
impedanceZb = 0. According to the ECT, the total impedance
can be expressed as

Zeff =
ZFSS · Zd

ZFSS + Zd
(10)

Fig. 4(a) and (b) show schematic of the circuit model and
a plot of ZFSS and Zd complex impedance with wavelengths.
Im(ZFSS) is closer to zero, 1

ωC is nearly equal to ωL, it
is close to impedance matching condition in 4.5∼6.5 um.
WhileRe(ZFSS) becomes smaller in this wavelength, the sur-
face current becomes larger, producing a stronger absorption in
MIMA, which corresponds to the smaller reflection coefficient
in Fig. 2(b). The impedance of the Zd layer can be adjusted by
varying the thickness (d) and material to regulate impedance to
modulate absorption.
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Fig. 4. (a) MIMA equivalent circuit schematic; (b) The complex impedance
of ZFSS and Zd.

Fig. 5. (a) MIMA absorption spectrum in four parts (Ti+graphene, Ti, sub-
strate Al, and SiO2+Si3N4); (b) Absorption spectrum of the cross-circular
resonator for Al, W, Ag, Ge and Ti.

IV. MATERIAL AND STRUCTURE PROPERTIES

In order to investigate the contribution of the absorption of
various parts of MIMA, we divided MIMA into three parts: one
part is the top layer (Ti + graphene), one part is the middle
dielectric layer (SiO2+Si3N4), and the last part is the bottom
Al. And we simulate the absorption of these three parts as
shown in Fig. 5(a). red curve is the absorption spectrum of
top layer (Ti+graphene), blue curve is the absorption spectrum
of middle layer (SiO2+Si3N4), black curve is the absorption
spectrum of bottom Al. The top layer occupies the majority
absorption of MIMA in 4∼5 μm wavelengths. The result is
shown that the combined effect of loss of metal Ti and SPR
effect between metal Ti and dielectric layer produces >90%
average absorption at 4∼5 μm. It is worth mentioning that it
is located in the transparent window of 3∼5 μm atmospheric
effective radiation, so it has practical physical application. In
the wavelength of 3∼5 μm, infrared radiation has a good match
with the thermal radiation of the ground, MIMA can be applied to
thermal emitters and photothermal conversion [38], [39]. Middle
layer (SiO2+Si3N4) provides a part of absorption in MIMA
in 5.5∼8 μm. This is controlled by the intrinsic absorption of
the material the refractive index of the imaginary part of Si3N4

controls the excitation of the intrinsic absorption of incident
light at target wavelengths, and SiO2 (n = 1.45) can control
the resonant bands at target wavelengths [40]. In addition to
reflect electromagnetic waves, the substrate Al also dissipates
a small portion of electromagnetic waves, this will also cause
slight absorption in substrate Al.

Furthermore, we focused on absorption spectrum of the top
layer, red curve is the absorption spectrum of the top layer with
graphene, green curve is the absorption spectrum of the top layer
without graphene. We found that the addition of graphene in top
layer can significantly increase the absorption of the MIMA top
layer in the environment of water. Graphene has good thermal
conductivity, thereby the addition of graphene can enhance SPP
between metal Ti and graphene in environment of water and
simultaneous excitation of strong thermal effects.

Fig. 5(b) shows the comparation of the effect of different metal
materials on the absorption spectrum, the black curve is Al, the
red curve is W, the blue curve is Ag, the green curve is metal Ge
and the purple curve is Ti. It is shown that the overall average
absorption of Ge metal in the NIR band is less than 20%, the
plasma resonance is lower. In contrast, for metals Al, W and Ag,
they have a narrow absorption peak in the near to mid-infrared
band of 1∼3.8 μm. Because W, Ag and Al are high-Q metals,
the conductivity deviates increasingly from ideal conditions with
wavelengths, and they meet the impedance matching condition
only in a small wavelength range. [41] While in the mid-infrared
band of 4∼8μm, they produce broadband absorption peaks with
low absorption. This is because different metal materials affect
the bandwidth and absorption of MA. It is determined by the
inherent dispersion properties of the metal, and Ti is a high
loss metal, so the impedance matching condition is satisfied at
the appropriate thickness, which then excites the low Q-factor
cavity, resulting in superior absorption performance [42].

V. ENVIRONMENT EFFECT

Then, we analyzed the effect of special environment such as
real environment, incident angle and polarization angle. Fig. 6(a)
illustrates the refractive index data for air (purple), water (blue)
[43], ice (green) [44], and alcohol (orange) [45], the solid line
represents the real part of the refractive index of the liquid (n)
and the dashed line represent the imaginary part of the refractive
index of the liquid (k).These parameters are proposed to be
close to reality in the simulation. Fig. 6(b) shows the absorption
spectrum of MIMA in environment of air (purple solid line),
water (blue solid line), ice (green solid line), and alcohol (orange
solid line). The result is shown that MIMA exhibits superior
performance in various liquid backgrounds compared to air.
Absorption bandwidth extends to both sides. It is interesting
to note that the average absorption in the 3∼4 µm wavelength
is significantly increase when MIMA is placed in a special
environment, and it maintains a high average absorption in the
3∼5 µm wavelength range. Mid-Infrared wavelength of 3∼5 µm
can transmit through substances such as water and glass, and the
3∼5 µm band is also an important atmospheric infrared radiation
window. MIMA is more suitable for 3∼5 µm IR windows in
special environment and benefits infrared sensing and detection
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Fig. 6. (a) The spectrum of the real (solid line) and imaginary (dashed line)
parts of the refractive index with air, water, ice, and alcohol; (b) MIMA’s ab-
sorption spectra in different environments, including air, water, ice, and alcohol;
(c) the MIMA’s incident angle dependence curves; (d) MIMA absorption spec-
trum in the case of background refractive index (n = 1∼1.6); (e) the graph of
MIMA absorption spectrum with polarization angle (0∼90°).

in special environments. The same type of work has been less
reported before.

Fig. 6(c) shows the MIMA incident angle dependence curve.
As the incident angle increases from 0 to 50°, the absorption
bandwidth gradually expands while the average absorption grad-
ually decreases. Overall average absorption remains above 80%.
Fig. 6(d) shows absorption spectrum by changing the refractive
index of environment changes from 1 to 1.6. As the ambient
refractive index increases from 1 to 1.6, the result is show that
the absorption bandwidth expands to longer wavelengths while
maintaining an average absorption of 97%. The correlation of
polarization is due to the symmetry of the shape of the metamate-
rial and the anisotropy and isotropy of the material conductivity.
Because the cross-circular Ti structure is centrosymmetric, the
conductivity model of Ti is derived from the Drude model and
conductivity is isotropic. The conductivity model of graphene
is taken from the Drude-like model and conductivity is also
isotropic. Therefore, it is polarization independent as shown in
Fig. 6(e).

VI. VOLTAGE MODULATION

Fig. 7(a) shows the absorption spectrum of MIMA when
changing the EF of graphene. As the EF increases, the bandwidth
progressively narrows while remains high average absorption.
Due to the dynamic tunable characteristic of Graphene’s EF,

Fig. 7. (a) the absorption spectrum for varying different EF from 0.1 to 0.9 eV.
(b) the bandwidth with different EF.

TABLE I
COMPARISON OF INFRARED ABSORBERS WITH OUR WORK IN RECENT YEARS

the bandwidth tunability of MIMA is reversible. The Curve of
average absorption and Bandwidth with vary of EF is shown
in Fig. 7(b), the absorption bandwidth increases from 2.5 μm
to 4.2 μm as the EF of graphene decreases from 0.9 eV to
0.1 eV, while the average absorption maintains 97%. The usage
of ionic gels can reduce the real modulation voltage of graphene.
[27] This demonstrate the dynamic tunability of the bandwidth
of this MIMA. The behavior of dynamically modifying the
bandwidth while maintaining the average absorption in complex
environment is special among previous published researches.
This provides ideas for dynamically tunable optical devices in
background environment.

Finally, we compare our work with other previous mid-
infrared absorber work as shown in Table I, our work has
the advantage of tunable bandwidth, large bandwidth and high
absorption.

VII. CONCLUSION

In conclusion, based on the FDTD method, we proposed
an environment-enhanced mid-infrared metamaterial absorber
based on the SPR effect and graphene-Ti coupling structure. The
proposed MIMA exhibits a nearly perfect average absorption of
97% in the wavelengths of 3.8∼6.5 μm in background refractive
index of 1.33. Broadband absorption is enhanced by the SPR
of graphene, Ti, and dielectric layers, as well as the material’s
intrinsic absorption. MIMA can enhance the absorption band-
width in the special background environment (water, ice and
alcohol). The bandwidth can also be tuned by changing the EF of
graphene. MIMA maintains 80% average absorption within an
incident angle of 50 degree and it is polarization insensitive. The
graphene is insoluble in water, Ti and Al are chemically stable,
the research results are hopeful for infrared camouflage, infrared
detection, thermal emitter and photocatalyst applications.
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