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Numerical study of a dual-band metamaterial absorber
in near infrared region based on cavity and electrical resonances
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Abstract . In this paper, we present the design, numerical simulations and analysis of a metamaterial absorber with
two broad and flat absorption bands, including a cavity resonance band and an electrical resonance band. The elec-
trical resonance band reveals a blue-shift with the width of cavity (d) or spacer thickness ( H) increasing, while
the cavity resonance band exhibits a red-shift with d or H increasing. Furthermore, electrical and cavity resonance
bands can be coupled together at the same resonance wavelength to realize a single absorption band through optimi-
zing the structure design. Finally, the effects of the variation of angles of incidence on electrical and cavity reso-
nance bands were simulated. This method of utilizing different resonant modes for absorption bands at different

wavelengths offers a simple approach to modulate dual absorption bands to single absorption band.
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Introduction

Metamaterial is an artificial array of subwavelength
structure that can be designed and produced to achieve
non natural material properties, such as negative refrac-
tive index, negative permittivity, etc. Since Smith et al
experimentally demonstrated the negative refractive in-
dex, metamaterials have been studied on different de-
signs,, and manufactured in a wide range of applications,
such as cloak, imaging, emitters, and perfect electro-
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magnetic absorbers''”'. Metamaterial absorber has be-
come a popular topic since it was firstly reported by
Landy et al. "* in 2008. Metamaterial absorbers have
displayed near perfect or perfect absorption in targeted
frequency region, such as microwave, visible, terahertz
(THz) and infrared (IR) frequencies'®'?'. To date,
metamaterial absorbers have been widely studied in mi-
crowave and THz region compared with IR and visible
frequency region, because their large feature sizes of sin-
gle unit cell that are easier to be designed and fabrica-
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ted. Even though, IR perfect metamaterial absorbers are
also expected to achieve broad band in recently, owing to
the increasing demands in the applications of IR metama-
terial absorbers, such as solar cells, IR detectors, chem-
ical sensing*"!. For dual- and multi-band TR perfect
metamaterial absorbers, most of the structure design
strategies employ the electrical resonance or plasmonic in
the top metal layer, either through adopting single struc-
tured pattern layer with respect to the polarization, or
through utilizing two or more metal and dielectric layers
in a single unit cell"*"’. First of all, the metamaterial
absorbers that were reported above are generally difficult
to be designed and fabricated, due to that they consist of
multiple layers or adopt exotic materials. Secondly, sim-
pler absorbers which consist of single metamaterial pat-
tern layer with split symmetry are always polarization sen-
sitive, which hinds their practical applications. Most of
structures of the above IR metamaterial absorbers adopt
either silver or gold as the material of top and bottom
structural layers. Meanwhile, self-assembly, electron
beam lithography, or focused ion beam are usually used
for fabrication process.

In this paper, we designed and simulated a dual-
band metamaterial absorber with a modified fishnet struc-
ture. The modified fishnet structure consists of a single
top metal unit cell layer and a bottom reflector metal lay-
er separated by a single spacer dielectric layer. Molybde-
num ( Mo) is used as the top and bottom metal layers,
while Calcium carbonate (CaCO3) is used as the spacer
dielectric layer. Two absorption bands are achieved cor-
responding to electrical and cavity resonance modes at
different wavelengths, respectively. The cavity resonance
mode is achieved from the dielectric layer cavity formed
between the top and bottom metal layers, while the elec-
trical resonance mode is obtained due to the coupling of
modes excitation in the top and bottom metal layers. The
dual-band metamaterial absorber can be modulated to be
a single band absorber by optimizing geometric parame-
ters to excite these resonance modes at the same wave-
length.

1 Unit cell design and its absorption
spectrum

Figure 1 shows the geometry of the designed absorb-
er structure which consists of top silver layer, SiO, spac-
er and bottom Mo layer. All dimensional parameters of
the compound structure are as following: H =345 nm, P
=3 500 nm, d =2 500 nm, w =260 nm, s =215 nm.
The Mo ground plane is thick enough that the designed
structure does not allow any electromagnetic transmit,
which leads to the transmission T(A) very close to zero.
The absorption could be calculated as A(A) =1 - R
(A), where A(A) is the wavelength-dependent absorp-
tion, and R(A) is the wavelength-dependent reflection.
Ansofts HFSS 13. 0 was applied to investigate the rela-
tionship between the resonance wavelength and the inten-
sity of current distributions. The Mo layer follows the
Drude model .
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Here, , =1.37 x 10" s~
=9 x10" s™" is the collision frequency'® . The complex
permittivity of the lossless CaCO, layer is set to 2. 102 5.
In our simulation, two ideal magnetic conductor planes
and two ideal electric conductor planes were applied on
the boundary normal to the x axis and y axis >). The
simulated absorption spectra for the dual-band metamate-
rial absorber are shown in Fig. 1(¢). In Fig 1 (c¢), the
absorption band width is defined as: AA = A, —A,,,
the range between A, (the higher-wavelength point at
which 95% energy is absorbed by the designed struc-
ture) and A, (the lower-wavelength point at which 95%
energy is absorbed by the designed structure). A low-
wavelength absorption band ( the bandwidth is AA, =
0.12 pm, the average absorption magnitude is 96. 1% )
and a high-wavelength absorption band (the bandwidth is
AAyy, =0.12 pm, the average absorption magnitude is

95.4% ) can be observed, as shown in Fig 1(c).
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Fig.1 (a) Top view of a unit cell. (b) Side view of a unit
cell on the xoz plane. The yellow part is Mo layer, the green
part is CaCO, layer, (c¢) Simulated absorption and reflection
spectra. (d) Equivalent LC circuit for the designed metamaterial
absorber at electrical resonance
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In order to understand the mechanisms behind these
absorption bands, patterns of the current distributions on
the xoz plane were investigated, which would offer an in-
sight into the influence of electromagnetic responses on
absorption bands. The simulated current density distribu-
tions inside of two absorption bands'*! are shown in Fig.
2. In the low-wavelength band, a resonant wavelength
was selected, such as A =2.1 pum, a reverse current can
be observed in the top and bottom Mo layers obviously,
which indicates that the low-wavelength band is excited
by the cavity resonance'®) | as shown in Fig. 2(a-b). In
the high-wavelength band, another resonant wavelength
was also selected, such as A =2.45 pm, the majority
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surface current is concentrated on the top Mo layer and a
weaker surface current is concentrated on the bottom Mo
layer, which indicates that the high-wavelength absorp-
tion band is excited through the electrical resonance be-
tween the top and bottom Mo layers'® | as shown in
Fig. 2 (c-d). These two resonance modes are the mecha-
nisms which lead to the dual absorption bands in Fig. 1
(c¢). In the following sections, the two absorption bands
are named as the “cavity resonance band” and the “e-
lectrical resonance band” for convenience.
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Fig.2 Cavity resonance, A =2.1 pm: (a) surface current
distribution in the top Mo layer , (b) simulated surface current
distribution in the bottom Mo layer. Electrical resonance, A =
2.45 pm: (c) simulated surface current distribution in the top
Mo layer, (d) simulated surface current distribution in the bot-
tom Mo layer
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2 Study on geometrical variation

To get inside into dual absorption bands because of
the electrical resonance and cavity resonance, two sets of
simulations were carried out-one varying the width of cav-
ity (d) at fixed thickness ( H) of the dielectric layer,
while other varying H at fixed d.

2.1 Effect of the width of cavity (d)

To study the effect of the variation in d on these ab-
sorption bands, the first set of simulations was carried
out: d is increased from d =2 500 nm to d =2 620 nm,
while other geometrical parameters unchanged. Fig. 3
shows the simulated absorption spectra. It reveals that
the central wavelength of the electrical resonance band
exhibits a shift from A =2.45 um(d =2 500 nm) to, A
=2.37 wm (d =2 620 nm). However, the band width
of the electrical resonance band increased slowly. This is
due to that the intensity of the coupling and interaction of
electrical resonance modes between the top and bottom
Mo layers are almost unchanged, which implies that the
intensity of current is almost unchanged. A lumped e-
quivalent LC circuit of the designed unit cell structure
was carried out to exploit the effect of d on the central
wavelength of the electrical resonant band, as shown in
Fig. 1(d). The resonant wavelength of this LC circuit

can be described as follows >?"’ .

A, =2mC, ./C,, (2L, +L,,) . (2)
Here, A, is the resonance wavelength, C, is the speed of
light in vacuum, C_,, is the equivalent capacitance that is
between the two opposite edges of the top structured Mo
layer, L,,, is the inductance due to the structured Mo lay-
er, L, is the inductance due to bottom Mo layer. With d
increasing, the value of C_ is reduced, which leads to
the reduction of A, according to Eq. (2) and shift of the
electrical resonant band to lower wavelength, as shown in
Fig. 3(a-c). At the same time, the cavity resonance
shows a red-shift with d increasing. Moreover, the band
width is increased from 0. 12 pwm to 0.28 pm with d in-
crease from C to d =2 620 nm. However, the band width
is reduced to 0. 08 pwm when d =2 620 nm. The maxi-
mum absorption band of the cavity resonance is owing to
that d primarily defines the surface impedance matching
condition of the designed structure. So the increase in d
would lead to a high impedance match between the top
Mo layer and air interface, which results in the reduction
of the reflection at the air-spacer interface with the top
Mo layer and hence increasing the absorption at the reso-
nant wavelength. When d =2 590 nm, the perfect im-
pedance matching condition is reached'®’ and the maxi-
mum absorption band is obtained. When d =2 620 nm,
the cavity resonant band shrinks obviously due to that the
impedance matching condition is destroyed. Moreover,
the cavity and electrical resonant bands becomes close to
each other when d is increased from d =2 500 nm to d =
2 590 nm, which leads to mergence of the cavity and e-
lectrical resonant bands into a single absorption band (d
=2 590 nm), as shown in Fig. 3(d). This implies that
the proposed dual-band metamaterial absorber can be
modulated to be a single band absorber by optimized de-
sign of impedance matched conditions.
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Fig.3 Simulated absorption spectra of the designed metamate-
rial absorber with different samples: (a)d =2 500 nm, (b)d =
2 530 nm, (¢)d=2560 nm, (d)d=2590 nm, (e)d=2 620

nm
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(b)d=2530 nm, (c)d=2560 nm, (d)d=2590 nm, (e)d
=2 620 nm
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2.2 Effect of spacer thickness ( H)

The second set of simulations was carried out: var-
ying H, while other structural parameters fixed. H is in-
creased from H =345 nm to H =435 nm, as shown in
Fig. 4. On the one hand, the electrical resonant band
shows a blue-shift due to that H is increased and the
band width is increased from 0.1 pm(H =345 nm) to
0.22 pm( H =435 nm). The increase of the electrical
resonant band can be understood by Eq. (2). This is
mainly owing to that the strength of the current in the
bottom Mo layer is reduced with the increase of the die-
lectric layer thickness, which leads to the effective in-
ductance in the bottom Mo layer reduce and the absorp-
tion band blue-shift. Thus, the intensity of coupling and
interaction of electrical resonance modes between top and
bottom Mo layers is reduced'”’. On the other hand, the
cavity resonant band shows a red-shift with H increasing.
The cavity resonant band width shows a slow increase due
to the dielectric loss with H increasing'®’. It is interest-
ing that the electrical resonant band and cavity resonant
band merger into one single band as well with H increas-
ing, as shown in Fig. 4(d).
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Fig.4  Simulated absorption spectra of the metamaterial ab-
sorber with different spacer thickness: (a)H =345 nm, (b) H
=375 nm, (c)H =405 nm, (d)H =435 nm
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To thoroughly study the designed structure, the
effects of the variation of angles of incidence was simula-
ted finally. Figure 5 shows the absorption spectra with
normal, 15°, 30° and 45°angles. It can be found that
both the average absorptions of the cavity and electrical
resonant bands reach 85% when the angle of incidence is
larger than 30°. However, the average absorption is re-
duced to 72% when the angle of incidence is 45°. It can
be found that the bandwidths of cavity resonance band
and electrical resonant band are reduced with the in-
crease of the angle of incidence. However, the resonant
wavelengths of these resonant absorption bands are almost
unchanged, which is similar to the proposed work in the
TE case'"”’. Tt should be indicated that the designed
structure in this paper consists a rotational symmetric pat-
tern. Therefore, the performance of the absorption spec-
tra of the designed structure is insensitive to the polariza-

tion of the incident waves, which indicates a superiority
of the designed structure in the real application.
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Fig.5 Absorption spectra of the designed structure with differ-
ent angles of incidence
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3 Conclusion

In this paper, we present the simulations and analy-
sis of the dual band metamaterial absorber. The low-
wavelength absorption band is excited by the cavity reso-
nance, while the high-wavelength absorption band is
mainly due to the coupling and interaction of electrical
resonance between the top Mo structured layer and bot-
tom Mo layer. The absorption band width can be modula-
ted through increasing d or H. On the one hand, the e-
lectrical resonant band shifts to lower wavelength due to
that the value of C_,, is reduced with d increasing, while
the cavity resonance band shifts to higher wavelength be-
cause of the higher impedance matched. On the other
hand , the electrical resonant band demonstrates a shift to
lower wavelength and increase of the band width owing to
that the effective inductance in the bottom Mo layers is
reduced, while the cavity resonant band shows a red-shift
and the band width is increased due to the dielectric
loss. Moreover, these resonant bands could be engi-
neered to merge into a single absorption band by optimi-
zing the structure parameters (d or H).
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