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Abstract— In this paper, we present the design, fabrication and characterization of a polariza-
tion insensitive and omnidirectional broadband planar metamaterial perfect absorber (MPA) in
the min-infrared regime. Multi-sized resonators are employed to excite the broadband absorption,
and the absorption bandwidth is efficiently broadened compared with the single-sized absorber.
Geometric effects on the resonance wavelengths are studied in detail by using the equivalent
circuit model. Experiment result shows that greater than 70% absorption is obtained within a
waveband of 0.67 µm, which is in reasonable agreement with the simulation. The electromagnetic
response of the MPA is theoretically investigated to reveal the intrinsic absorption mechanism.
The broadband planar MPA is polarization insensitive and the absorption retains quite high even
at large incident angles. The proposed structure holds promise for many applications, such as
sensitive detecting, energy harvesting, and thermal modulating.

1. INTRODUCTION

Metamaterial perfect absorbers (MPAs) have recently gained considerable attention due to their
potential applications in research of sensitive sensors [1], solar cells [2], thermal emitters [3], and
imaging devices [4, 5]. MPAs are artificially constructed “atoms” that composed of sandwiched
multilayers, where the top layer is the metallic resonators separated from the bottom metallic film
by a dielectric interlayer. The great absorption works relying on the coupling between metallic
components of the sandwiched structure at the resonant frequency. The tunable and controllable
effects of MPAs afford them incomparable advantages to the naturally existing materials. Neverth-
less, for the resonant nature of metamaterials, most MPAs could only absorb the light in a very
narrow waveband. Therefore, some efforts have gone into obtaining broadband MPAs by vertically
stacking metallic resonators with different geometric dimensions [6, 7]. The complex design and
fabrication process, however, have restricted their wide applications in the relevant fields.

In this paper, we design and fabricate a planar broadband metamaterial absorber in the min-
infrared regime. Our design approach exhibits significant asvantanges to previous studies [6, 7],
which does not need to precisely align metallic resonators between the layers. The absorption
bandwidth is effectively broadened by the superposition of all resonances in the multi-sized planar
metallic resonators. The proposed broadband MA is polarization insensitive and the absorption
magnitude is still very high even at large incident angles for both transverse electric (TE) and
transverse magnetic (TM) waves.

2. STRUCTURE DESIGN AND SIMULATIONS SETUP

The designed and fabricated broadband MA is shown in Fig. 1. It consist of a layer of 0.1µm
thick aluminum resonators and a 0.2µm thick aluminum gound plane, separated by a 0.22µm
thick Al2O3 dielectric layer. The metallic resonators are composed of the elaborately arranged
rectangular disks in a two-dimensionally symetric structure surrounding the cetral square disks.
The period of the planar broadband MA is P = 4.5µm for both the x and y directions. The Al
resonators have the dimensionally dispersed geometry parameters of t1 = 1.7µm, t2 = 1.6µm, and
t3 = 1.5µm.

Numerical simulations were performed with the CST microwave studio [8], which is based on
the Finite Integration Time Domain (FITD) algorithm. In the simulations, the dielectric constant
(εd) of Al2O3 is set to 2.28 [9], and the complex permittivity of Al is described by the Drude model
with the plasma frequency ωp = 2π×2895THz and the collision frequency ωγ = 2π×15.5THz [10].
Periodic boundary conditions were employed for the x-y plane, and a plane wave of TM polarization
(with magnetic field H perpendicular to the x-z plane) was normally incident upon the structure
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as the excitation source. The frequency-dependent absorption was obtained from the S-parameters
by A(ω) = 1−T (ω)−R(ω) = 1−|S21|2−|S11|2, where T (ω) and R(ω) are the frequency-dependent
transmission and reflection, respectively. Furthermore, because the bottom metallic ground plane
with a thickness of 200 nm is thick enough to suppress all the transmission light (T (ω) = 0), the
calculation of the absorption could be simplified as A(ω) = 1−R(ω).

(a)

(d)(c)

(b)

Figure 1: (a) Schematic view of the broadband MPA. Top view SEM images for (b) the structure combined
of rectangular and square resonators, (c) the structure composed of separated rectangular resonators, (d) the
structure composed of separated square resonators.

3. RESULTS AND DISCUSSIONS

Figure 2(a) shows the simulated absorption spectrum of the present planar broadband MA. It is
seen that there are three absorption peaks aroused at 5.73µm, 5.96µm, and 6.26µm with the
absorption magnitude of 97.4%, 98.8%, and 98.1%, respectively. Because the high absorption of
the three closely positioned resonant peaks, the absorption bandwidth of 97% absorptivity is up to
0.6µm. To explore the origin of the broadband absorption, absorption spectra for the structures
composed of separated rectangular and square resonators were also given in Fig. 2(a). For the
structure with rectangular resonators, the absorption peaks of two resonances at 5.70µm and
6.25µm are 99.9% and 99.5%, respectively. It is also noted that the absorption bandwidth of 80%
absorptivity is 0.88µm for this structure, and there is a deep dip at 5.98µm. For the structure
with the separated square resonators, the single absorption peak reaonant at 5.91µm with the
99.5% absorption. We can see that the emergence of the central square resonators compensent the
absorption dip in the structure composed of separated rectangular resonators. In other words, by
combing these two sperated structures together, the absorption peaks of the two structures are
merged into one high absorption broadband spectrum.

Futher exploring of the geometric effects on the resonant behavior of the resonantor are studied
in detail by using the equivalent circuit model. It is known that when the light incident upon the
MPA structure, antiparallel current will be excited in the metallic resonator and bottom metal
ground plane [11]. As a result, an electric current loop emerges. In this sense, one unit cell of
the MPA corresponds to a “closed” wire loop. The electric current loop can be mimicked by an
LC equivalent circuit model [12]. The resonance absorption is realized when the frequency of the
external light equals the eigenfrequency of these resonators. The eigenfrequency of the resonator can
be quantitatively described by circuit elements of the LC equivalent circuit model, which depends
on the geometrical parameters and dielectric properties of the MPA. Here, we only consider the
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Figure 2: (Color online) (a) Simulated and (b) experimental absorption spectra of the structure combined of
rectangular and square resonators (balck line), the structure composed of separated rectangular resonators
(blue line), and the structure composed of separated square resonators (green line).

Figure 3: (Color online) Comparison between the predicted peak wavelengths by LC equivalent circuit model
and results obtained from the CST simulations for different side length values.

effect of varying the resonator’s side length on resonant behavior. The MPA structure discussed in
our LC equivalent circuit model is composed of square resonators as the same described in Fig. 1(d)
with resonator’s side length l varied from 1.3–1.9µm.

The interaction between the upper resonators and the bottom metallic film can be represented
by a parallel plate capacitor of Cm = ε0εrσeff /d, and a parallel plate inductor of Lm = µ0leff d/(2w),
where ε0 is the permittivity of vacuum, εr is the real part of the relative permittivity of the Al2O3

dielectric layer, σeff is the effective area of the square resonator where charges spread, d is the
thickness of the dielectric layer, µ0 is the permeability of vacuum, leff is the effective length in the
middle of the square resonator under which most of the magnetic field was trapped. The interaction
between the neighboring resonators can be modeled as a gap capacitor of Cg = 0.5ε0lt/g, where g
is the separate distance of the resonators, and t is the thickness of the resonators. Therefore, total
impedance can be expressed as Ztot = iωLm

1−ω2LmCg
+ 2

iωCm
+ iωLm, where ω is the angular frequency.

Then eigenfrequency ωr can be deduced from Ztot = 0, so ωr =
√

Cm+Cg−(C2
m+C2

g)1/2

LmCmCg
.

We then calculated the dependence of resonant peak wavelength against the side length l of
the square resonator. In Fig. 3, it can be clearly seen that the resonance peak wavelength linearly
rises with the increasing of side length l. Moreover, we carried out the numerical simulation for a
series of samples with different side length from 1.3µm to 1.9µm at the step-width of 0.1µm. The
predicted peak wavelengths are in good agreement with the results indicated by the LC equivalent
circuit model. So, for the present planar broadband MA, the long and short side of the rectangular
resonator (t1 = 1.7µm and t3 = 1.5µm) and the central square resonator (t2 = 1.6 µm) could
provide three resonant modes at distinct wavelenths. As a result, the superposition of all these
resonances results in the broadband absorption.

To make a better understanding of the broadband absorption mechanism, we investigate the
magnetic field distributions at three absorption peaks of the planar broadband MA through nu-
merical simulation. Simulation results (Fig. 4) reveal that magnetic field at 5.73µm, 5.96µm, and
6.26µm are primarily concentrated at the short side of rectangular resonator, the central square
resonator and the long side of rectangular resonator, respectively. Magnetic field distributions also
verified the prediction of the resonance wavelengths by the LC equivalent circuit model.

In our experiments, electron beam (e-beam) vapor deposition combined with step-and-scan



Progress In Electromagnetics Research Symposium Proceedings, Guangzhou,China, Aug. 25–28, 2014 931

projection lithography techniques were used to prepare the MPAs. A 0.2µm Al metallic ground
plane was first evaporated onto a silicon substrate by e-beam deposition. This was followed by
the lithography to define the multiple patterned layers. The 0.22µm dielectric films and 0.1µm
Al films were then deposited alternately. The pattern transfer was completed by a metal lift-off
process. Scanning electron microscopy (SEM) images of the samples are shown in Figs. 1(b)–
(d). A Fourier-transform infrared spectrometer (Bruker Vertex 70v) associated with the infrared
microscope (Hyperion 2000) was used to measure the reflection spectra. Before measuring, the
incident light was calibrated with a gold mirror. The experimentally obtained absorption spectra
of the three samples are shown in Fig. 2(b). It is seen that there is a broadband absorption achieving
by combining the structures of seperated rectangular and square resonators together, which is in
reasonable agreement with the simulation result. The absorption bandwidth of 70% absorptivity is
0.67µm. Discrepancies between the experimental and simulated results stem from the fabrication
tolerance and the inconformity of the dielectric constant of the dielectric spacing layer used in the
simulation compared with the actual material parameters.

The absorption performance at non-normal incidence is quite important in practical applications.
In many cases, most of possible incident light needs to be absorbed at large incident angles. So
we carried out simulations to investigate the angle dependence of the absorber to evaluate its
absorption performance at oblique incidence. Fig. 5 shows the absorption spectra as a function of
both wavelength and incident angles under TM (E⊥ y-z plane) and TE (E⊥ x-z plane) polarization.
For both configurations, the broadband absorption characteristics can be sustained with increasing
the incident angle. However, when the incident angle is appraoch 40◦, there is a decrease in the
absorption magnitude and a shift in the peak position for the TM polarization waves, and there
is a absorption dip for the TE polarization waves. Nevertheless, these simulations reveal that the
proposed boradband absorber operates quite well for both TE and TM polarizations over a wide
range of incident angles.

(a) (c)(b)

Figure 4: (Color online) Magnetic field distributions at absorption peaks of (a) 5.73µm, (b) 5.96 µm,
(c) 6.26 µm. (There are only half of the short side of rectangular resonator in the given field distributions,
for the symmetry setup of the structure in the simualtion).

(a) (b)

Figure 5: (Color online) Absorbance as a function of wavelength and the angle of incidence for (a) TM and
(b) TE polarization incident light.
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4. CONCLUSIONS

In conclusion, we have present a planar metamaterial perfect absorber worked in the min-infrared
regime, which is polarization insensitive and the absorption is still high even at large incident
angles. The broadband absorption originates from the superposition of multiple resonances of the
multi-sized resonators. The presented design approach does not need to precisely align metallic
resonators between the layers, and could simplify the fabrication process. The proposed structure
may have multiple application values in the relevant fields, such as sensitive detecting, energy
harvesting, and thermal modulating.
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