o5 34 B 4 1)
2015 48 H

EANDA NS I S/ N/ 2

J. Infrared Millim. Waves

Vol. 34, No.4
August,2015

XEHS: 1001 -9014(2015)04 — 0406 - 05

DOI:10. 11972/j. issn. 1001 —9014. 2015. 04. 005

A wide-angle and polarization insensitive highly-tunable
infrared metamaterial perfect absorber
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Abstract: A highly-tunable wide-angle metamaterial absorber with perfect absorption and polarization-insensitivity
was introduced and investigated. Simulative results show the maximum absorption reaches up to 99.9% at 5.8 wm
and the absorber can be tuned arbitrarily in the range of 3.4 wm to 8.6 wm with the absorption remaining above 95%
by changing its geometric parameters. The absorber remains absorptivity of over 95% with incident angles below 80°
under transverse magnetic(TM) polarization and that of over 92% below 60° under transverse electric( TE) polariza-

tion. Furthermore, the absorber is polarization insensitive with polarization angle varying from 0° to 90°.
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Introduction

In the past decade, enormous researches have been
reported in the field of metamaterials. As artificial com-
posite structures with sub-wavelength resonant element
arrays'') | metamaterials exhibit many exotic applica-
%) The metamaterial absorber is one of prominent
applications'®”’. The absorbers with “perfect” absorp-
tion could be good candidates for many exotic applica-

tions including thermal bolometers'®' | spectrally selective

tions
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infrared thermal detectors!®’ and sensors''®’. After the

first experimental demonstration of perfect absorber in the
microwave regime "' | different structures have been pro-
posed across wide spectra from microwave to optical fre-
quencies ™' Of all, a patterned metal layer over
ground plane separated by a dielectric layer is a typical
resonant absorber with perfect absorption ™ 7%
Generally, the resonant absorption remarkably de-
pends on the incident and polarization angles'”’. Desig-
ning a wide-angle and polarization insensitive perfect res-
onant absorber is important for many practical applica-
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tions. An electrically coupled ring resonator ( ERR) with
fourfold rotational symmetry combined with a cross has
been realized for a polarization insensitive terahertz
(THz) absorber™'. Many structures with rotational
symmetry have been used for polarization independent re-
sponse at the microwave' )| THz'*'! and infra-
red """/ Most of these symmetrical structures are also
wide-angle absorbers''® #?*/ A perfect absorber at near-
infrared consisting of a two-dimensional gold disk array
and a gold mirror separated by a dielectric spacer can ab-
sorb light with the simulated absorptivity of above 96%
for TM mode below 80° incidence, and above 90% for
TE mode below 50° incidence '’

Traditional infrared devices, such as micrbolometers,
have been designed to absorb uniformly across wide spectral
bands. However, the wavelength tunability could be crucial
for other applications, for instance, target recognition, chemi-
cal detection and so on"’. For these applications, it is highly
desirable to realize wavelength-tunable to reduce cost and en-
able the design of multi-detector arrays responding to different
wavelengths'™'. The metamaterial absorbers with high-tun-
ability could be well-suited for these devices. Although the
tunability of a metamaterial perfect absorber seems easy by
changing the dimension of the basic structure'® | keeping per-
fect peak absorption of an absorber within the spectral range
of interest is rarely reported. Thomas Maier et al. evaluated
the tunability of the absorber designed for microbolometers™’ .
The peak simulated absorption varies from 82% to 98% with
the peak wavelength tuned from 2.9 pm to 5.4 pm.

In this paper, we presented a highly-tunable, wide-
angle and polarization insensitive IR absorber based on
metamaterial structure with the simulated absorptivity of
99.9% at resonance wavelength. The absorber is a typi-
cal metal-dielectric-metal structure consisting of a novel
cross-ring resonator, a dielectric spacer and a metal
ground layer. The absorber we proposed remains perfect
absorption with the absorptivity of over 95% at the inci-
dent angles below 80° for TM polarization and over 92%
below 60° for TE polarization. Especially, the absorption
of the absorber is still perfect with the absorptivity of over
95% within the wide resonance wavelength range from 3.
4 pm to 8.6 wm by changing the dimension of the top
structure. This makes the absorber more advantageous in
applicable devices.

1 The structure designs and simulations

The unit cell structure of the designed infrared ab-
sorber is shown in Fig. 1(a). It consists of three layers,
a 0.1 pm gold cross-ring resonator and a 0.1 wm gold
ground plane, which are separated by a continuous Mgk,
film with the thickness of 0. 13 wm. The three layers are
fabricated on silicon substrate. Its dimension parameters
are as follows: D, =D =2 pm, W=0.15 pm, L=1.8
pm, R=0.4 pm, r=0.3 pm.

We calculated the absorption by A (@) =1-R(w)-T
(w), where R(w) and T(w) are the reflectance and trans-
mittance of absorber, respectively. We set the thickness of
gold ground plane as 0.1 pm, which is greatly larger than
the skin depth of gold'™'. Thus the T(w) is zero across the
entire wavelength range. The effective electric [ £(w) ] and

‘

W
(@) (b)

Fig.1 (a) Schematic diagram of a single cell of the infrared

absorber we designed and the incident EM waves polarization

configuration. (b) Geometry of the top layer
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magnetic response [,u(a)) ] of metamaterial structure can be
tuned individually by changing the dimension and shape of
metallic elements. So we can match the impedance Z =[u
(w/g(w))]"? of the absorber to the free space through
modulating the frequency and amplitude of the electric and
magnetic response. So, the reflectance minimizes and the
maximum absorption can be achieved at a specific frequen-
cy.

The dimension of the unit cell structure was defined
in Fig. 1(b). The unit cells are periodically placed along
x and y directions. The optimized structure of the absorb-
er was achieved through numerical computations using
COMSOL Multiphysics 4. 3. We considered a sole unit
cell with the EM waves incident along the z axis on the
top layer, as shown in Fig. 1 (a). The periodic boundary
conditions are applied in y-z plane and x-z plane. Re-
fractive index values of materials were taken from the
sources ', The reflectance and transmittance depend-
ence on frequency were obtained from the scattering pa-
rameters in the simulation package and the absorbance
was calculated as A(w) =1-R(w)-T(w)"*, where R
(@) = ‘Su ‘2 and = ‘521 ‘2-

2 The results and discussion

The reflection, transmission and absorption spectra
of the absorber, with the incident beam normal to the top
layer of the structure and the electric field linearly polar-
ized along the x axis, are shown in Fig.2. is zero across
the entire wavelength range, and the absorber can realize
the absorption of 99.9% at 5.8 pm, which is near-per-
fect absorption. Furthermore, the width of the wave-
length with the absorption greater than 90% is 0.23 pm.
All these data we attained indicate the designed absorber
is an excellent absorber.

In order to disclose the physical mechanism of per-
fect absorption in the designed absorber, we evaluated e-
lectromagnetic field, surface current distribution and the
electromagnetic power loss at resonance wavelength under
normally incident light.

The electric and magnetic field modulus of the
cross-section parallel with x-z plane at y =1 pm are
shown in Fig. 3 (a) and Fig. 3 (b), respectively The
near-unity absorption is attributed to both the electric and
magnetic resonances. As the electric field of incident
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light drive, the gold cross-ring units at the top work as e-
lectric dipole resonators'™'. Obviously, the distribution
of the electric field in Fig.3(a) indicates the strong ex-
citation of dipoles. There are strong electric field gath-
ered at the gap of the two bars of adjacent cells [ see in
Fig. 3(a) ] owing to strong electric field coupling. It also
shows that the electric field is concentrated in the dielec-
tric layer.

1.0 1. . ’ 05 10 15 20
Fig.3 The electric field modulus (a) and magnetic field
modulus (b) distribution of the plane parallel with x-z plane at
y=1 pm
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The electric field modulus and surface current distri-
bution on the surface of resonant element are shown in
Fig.4(a), and Fig.4(b) shows the surface currents dis-
tribution of ground plane. Strong electric dipole reso-
nances in the top structure are caused by the charges ac-
cumulated at left side of bar, which leads to the surface
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rows) on the ground plane at resonance wavelength
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current flow along the bar and ring from right to left. The
direction of surface current of ground plane is opposite to
the top layer. The anti-parallel currents in two metallic
layers originating from the excitation of the magnetic field
form circulating current loops™'. The circulating current
results in the accumulation of magnetic field in the die-
lectric layer as shown in Fig. 3(b). The localized mag-
netic field causes strong magnetic dipolar resonances™'
which also contributes to the absorption. Fig. 5 shows the
electromagnetic power loss density of the cross-section
parallel with x-z plane at y =0.5, 0.8 and 1.0 pm. All
these results reveal the energy loss mainly occurs in the
two metallic layers and the ohmic loss is greater than the
dielectric loss.

The designed absorber is perfectly angle-insensitive,,
as shown in Fig.6(a) and (b). Considering that the in-
cident waves parallel with the surface have no signifi-
cance for practical application, the angular dispersion of
the absorption spectra was investigated with the incident
angles from 0° to 80°. Here, we set the the azimuthal
angle as 0°. For the TE( the incident plane is parallel to
y-z plane, and the electric field is fixed along the x di-
rection) mode, the peak wavelength almost does not
change from 0° to 80°. The peak absorption remains a-
bove 92% at the resonance wavelength for the incident
angle up to 60°. The absorptivity decreases monotonical-
ly with the angle larger than 60°. This can be ascribed to
tapering parallel magnetic field component. '**#* ! For
the TM ( the incident plane is parallel to x-z plane, and

1.5 0.5 1.0 1.5

Fig.5 The electromagnetic power loss density of the cross-section parallel with x-z plane at y =0.5, 0.8 and

1.0 pm
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the magnetic field is fixed along the y direction) mode,
the peak absorption remains above 95% for incident an-
gle varying from 0° to 80°. It is because the magnetic
field can still efficiently drive the circulating currents
with the incident angle increasing®'. Fig. 6 (b) also
shows the resonance wavelength has a little blue-shift
with the angle greater than 40°, and the phenomenon of
blue-shift we observed here is quite consistent with the
reported results'>*"'. For normal incidence (or small in-
cident angle) , the dipole oscillation of cross-ring struc-
ture in every unit is in phase. Along the x direction, the
existence of the attractive force between the positive and
negative charges in the neighboring cross-ring weakens
the restoring force of charge oscillation inside the cross-
ring structure. With the incident angle increasing, the
oscillation of electric dipole of neighboring cross-ring
structure is no longer in phase, which results in the de-
crease of attractive force, thus the restoring force increa-
ses' ™. Therefore, the resonance frequency increases.
The simulation results reveal that the designed absorber
operates very well for a quite wide angle of incidence un-
der both TE and TM modes. In practical application,
such as spectrally selective infrared thermal detectors'®
it is critical for absorbers to absorb as much of the radia-
tion as possible and be independent of the direction of in-

cidence.
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Fig.6 The absorption as a function of incident angle and
wavelength for TE (a) and TM (b) waves. The absorp-
tion as a function of both polarization angle and wavelength
for TE (¢) and TM (d) polarization
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Polarization insensitive is another excellent feature
of the proposed absorber, which is desirable in practical
applications'*™*!. In order to demonstrate the polarization
insensitivity of our absorber, the absorption spectra are
shown in Fig. 6(c¢) for TE mode and in Fig. 6(d) for TM
mode. Here, for both TE and TM, we set the incident
plane pass through z axis, and the included angle be-
tween incident plane and y axis is the polarization angle.
Considering that the absorber has perfect absorption with

the incident angle from 0° to 60°, we set the incident an-
gle as 30°. Fig. 6(c) and Fig. 6(d) indicate that the
absorptivity and the full width half maximum ( FWHM )
are almost unchanged with polarization angle varying from
0° to 90° for both TE and TM modes. This reveals that
the proposed absorber is nearly polarization insensitivity.
This can be attributed to four-fold rotational symmetry of
the designed unit cell ')

Most reported metamaterial perfect absorbers are
confined to a fixed-frequency regime''”-'*: 2! " Howev-
er, a highly-tunable absorber is desirable for practical
applications, such as spectrally selective infrared thermal
detectors'®’. The metamaterial absorber we proposed can
solve it perfectly. The tunability of the designed absorber
was evaluated by changing the dimension of the top struc-
ture. Fig. 7 (a) shows the absorption spectra of the ab-
sorber for the bar length L varying from 0.9 pm to 1.95
pm with W =0. 15 pm. The resonance wavelength in-
creases from 3.4 pum to 7.1 pwm. The peak absorptivity
of all the absorbers with the incremental bar length keeps
above 96% , and the relative FWHM ( the ratio of
FWHM to the resonance wavelength) increases a little
from 10% to 12.7% . Similar results can be obtained by
modulating the bar width W. As shown in Fig. 7(b),
when W is modulated from 0.1 pm to 0.5 pm (L =1.8
pm) , the resonance wavelength increases from 5.6 pwm
to 6.7 wm. And the peak absorptivity of the absorbers is
above 98% within the modulation range of W, the rela-
tive FWHM broadens slightly from 12% to 13.8%.

In addition, the effect of simultaneously varying L
and W on the absorption of the absorber was investigated
in Fig. 7(c). When the resonance wavelength is tuned
from 3.4 pm to 8.6 wm by simultaneously increasing L
and W, all the peak absorptivities still stay above 95% ,
and the relative FWHM broadens a little from 10.2% to
14.6% . All the above-mentioned results reveal that the
absorber is highly tunable.
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Fig.7 (a) The absorption spectra for different L with W =0. 15
pm. (b) The absorption spectra for different W with L = 1. 8
pm. (c) The absorption curve for different L and W
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3 Conclusions

In conclusion, we have designed and investigated a
highly-tunable and wide-angle absorber based on metal-
dielectric-metal metamaterial structure with the properties
of perfect absorption and polarization-insensitivity in the
infrared regime. It can achieve nearly unit absorption
and remains high absorptivity even at large incident an-
gles under TE and TM modes. We also demonstrated that
the absorber is polarization insensitive. More important-
ly, the resonance wavelength can be manipulated in a
wide wavelength range by changing the dimensions of the
resonant element; the length and width of the bar. The
structure of metamaterial absorber we proposed is very
simple, and may have a bright prospect for improving the
performance of the devices involving selective infrared
absorption or emission.
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