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Four-band near-perfect absorption of hyperbolic metamaterials
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Abstract: Multi-layer stacking or multi-sized array is generally employed to realize multi-band near-perfect
absorption, from which the complexities arise in preparation. In this work, a four-band absorber with narrow
bands and absorptance over 0.99 at infrared wavelengths is proposed based on theory, which presents a single-
sized array with a metallic and a dielectric layer on a metal substrate. The origin of the four-band near-
perfect absorption is explained by studying the dispersion relation of hyperbolic metamaterials in combination
with the waveguide theory. It is found that the multi-band near-perfect absorption with high quality factors
is sensitive to variation of surrounding environments, which projects potential applications as a biosensor.
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1 Introduction

Metamaterials are artificial composite materials
that exhibit unusual optical properties, such as negative
refractive index'"), invisibility cloaking', superlensing!®,
and near-perfect absorption”®'¥. Since Landy et all™ first
reported the perfect metamaterial absorber in the
microwave region, tremendous interests in near-perfect
absorbers working from microwave to visible frequencies
have been aroused'®”’.

In order to achieve near-perfect absorption,
reflection is suppressed through matching the effective
impedance of metamaterials to that of incident media,
while transmission is, in general, eliminated by
introducing a metallic plate as a substrate. Following the
principle, various broad- or narrow-band absorbers have

been proposed, which show single or multiple absorption
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demonstrated a single-band absorber with a gold disk
array structure in the infrared region. The dual-band

absorbers have also been studied by Lil'" 12

and Baieta
in the frame of a ring disk and an L-shaped structure,
respectively. Wang et al'”®! reported a triple-band
absorber using a patterned asymmetric metallic cross.
Yu et al'" presented a multi-band absorber by stacking
the four identical triangular spiral-shape complementary
wire structures. It was noted that the multi-layer
stacking or multi-sized array is generally employed to
realize multi-band near-perfect absorption. In fact, such
means brings about the complexities in theoretical
design and experimental preparation. Thus, single-sized
arrays with less layers are favorable while preserving
the multi-band near-perfect absorption.

In this work, we proposed a four band near-perfect
absorber composed of rectangular arrays, which are
composed of the single-sized two-layer stacking of Al

and Ge on an Al substrate. The origin of the four-band
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peaks. For example, Liu et al'” experimentally
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absorption was studied analytically and numerically
according to the hyperbolic waveguide theory! >
Thanks to the high quality factors of the absorption
bands, they are sensitive to the change of environmental
refractive index and the sensitivity was investigated for
potential applications as a biosensor.
four-band

2 Single-sized near-perfect

absorber

The schematic of the proposed four-band near-
perfect absorber is illustrated in Fig. 1(a). The absorber
is a single-sized rectangular array with a metallic (Al)
and a dielectric (Ge) layer on an Al substrate. Its cross-
sectional structure is shown in Fig. 1(b). The thicknesses
of Al, Ge layers, and Al substrate are d,,=0.03 and d4=
0.209, and 0.1 um, respectively. The periodicity p and the
patch width b are 1.92 and 1.817 um, respectively. The
simulations were performed using a commercial software
COMSOL Multiphysics based on a finite element
method. Firstly, both 2D and 3D calculations were
carried out for comparison of absorption spectra. For
simplicity, only the 2D array was considered with a
periodic boundary condition and Floquet ports in the
following calculations. A transverse-magnetic (TM)
polarized light is normally incident along the z-direction,
as shown in Fig. 1(a). The permittivity of Al was modeled
by a Drude formula: e&(w)= l—a)p2 l(o(w+iy,)) ,
where the plasma frequency w, and the collision
are 2.24x10'° and 1.22x10"rad-s”,
respectively, and the permittivity of Ge is 16.

frequency 7,

(a) tilt view (b) cross-section view

Fig. 1 Views of the proposed four-band absorber

As shown in Fig. 2, the black dotted line represents
the 2D calculation of the absorption spectrum wave-
lengths from 2 to 18 um, as compared with the 3D

calculation. Similar curves were observed in both cases

except that the 3D calculation showed some weak
absorption peaks as well as a minor blue shift. The
discrepancies between the 2D and the 3D calculation
results could be ascribed to the assumption that the 2D
structure was infinite along the y direction, while it was
not the case in the 3D. The detailed information about
2D absorption spectra is shown in Table 1. The four
narrow-band peaks with the absorptance over 0.99 are
located at 4, =16.27, 1,=5.42, 4;=3.27 and 4,=2.37 pm.
Their corresponding resonant band widths, defined as
FWHM (full-width at half-maximum), are 2 230, 262,
100 and 54 nm, respectively; the quality factors Q,
defined as O=A /AL, are 7.3, 20.7, 32.7 and 43.9,
respectively, where A. and AA are the central resonance

wavelength and FWHM.
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Fig.2 Theoretical absorption spectra of the four-band

absorber considering 2D and 3D models

Table 1 Detailed information about 2D absorption spectra

Wavelength/um Absorptance Q factor
A =16.27 0.99 7.3
=542 0.99 20.7
A3=3.27 0.99 32.7
A4=2.37 0.99 43.9

3 Origin of four-band absorption

According to the effective medium theory!'”), the
permittivity tensor of the proposed absorber could be
EaT¢, = fey+(1-fég
fley+1—=f)/¢&,. , where f, the thickness filling ratio
of the metal layer, is defined as f'=d_ /(d, +d,). The

anisotropic effective permittivities were plotted in Fig. 3,

calculated as: e, =
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where the real parts of perpendicular and parallel com-
ponents of the permittivity tensor are opposite in sign
(ie, ¢,=¢,<0 and &_ >0), in accordance with the
characteristic of HMMs (hyperbolic metamaterials)!'®.
Considering the HMMs as a waveguide, the waveguide
modes were investigated by solving an eigenequation''”’.
As shown in the inset of Fig. 4, an HMMs waveguide is
composed of a dielectric cladding (& =1) and an
anisotropic core layer (¢ =-61+0.13i, and &_ =18.37+
0.0091 at a wavelength of 3.8 um). The propagation
constant /5 of even and odd TM modes can be obtained

by solving the eigenequation, Eq. (1), as follows,
ey, 1 (gy,) =tan(y,w/2), even modes, (1a)
e v, 1(gy,)=—cot(y,w/2), odd modes, (1b)

Where 7/1 = Y} IBZ _szlugl H 72 :\/szlugzz _gzzﬂz /gxx 4

with a vacuum wave vector k, =2n/A, the width of

core layer w, and the permeability x=1. Neglecting
the imaginary part of the permittivity in solving Eq. (1)
(ie, &,=-61, g_=1837) for simplicity, the geo-
metric dispersion curves of TMy, TM;, TM,, TM3, TM,,
TM;s and TMg4 modes were plotted, as shown in Fig. 4.
The red dots that are tangent to the parallel lines to the y

(201 where

axis were considered as the degeneracy points
the group velocity is 0 and light is resonantly trapped in
HMMs waveguides. For a certain of w=1.817 um, the
resonant wavelengths of TM modes were determined to
be 16.52, 8.18, 5.39, 4.01, 3.20, 2.66 and 2.27 um. It
was noted that the resonant wavelengths of the even
modes, TM,, TM,, TM,; and TM, were in good
agreement with those numerically simulated, as listed in
Table 2, which suggested that the four-band near-perfect
absorption originated from the excitation of the even TM
modes. The cross-sectional electromagnetic field
distributions at the four resonant wavelengths of
near-perfect absorption are shown in Fig. 5. It was
observed that the x-component of the electric filed (|EX| )
and the y-component of the magnetic field (|Hy| ) were
mostly concentrated in the Ge layer with nodal
distribution of alternating red and blue regions, which
also verified that the origin of the four-band near-perfect

absorption was due to the excitation of fundamental and

high orders of electromagnetic resonances. It was noted
that the odd modes were not excited in the near-perfect
absorber, which might result from the constraints from
the structural symmetry. Once the symmetry was broken
via amending the structure or incident angle, more

resonances could be achieved.
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modes on the widths of anisotropic waveguides
Table 2 Comparison between the analytically and the

numerically calculated resonant wavelengths

Wi A/pm  Numerically simulated value/um
0.110  16.52 16.27
0.222 8.18 -
0.337 5.39 5.42
0.453  4.01 -
0.568  3.20 3.27
0.684  2.66 -
0.799 227 2.37
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(b) Magnetic field
Fig. 5 Field distributions at the four resonant

wavelengths of the near-perfect absorber

4 Sensing properties

Due to the high quality factors, the four-band
near-perfect absorber would be sensitive to the change
of environments. Accordingly, the sensitivity to the
refractive index change was calculated, where the
definition of sensitivity was S =AA/An . Herein, An is
the refractive index change of analyts and A4 is the
corresponding wavelength shift. The sensing properties
are shown in Fig. 6, where the refractive index of analytes
n increases from 1.0 to 1.8 at an interval of 0.1. The
sensitivity at the resonant wavelengths of 4, 1,, 4; are

3119, 781, 512 nm per Refractive Index Unit, respectively.
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Fig. 6 Resonant wavelength shift as a function of
environmental refractive indices at a fixed analyte

thickness of 2 pm

Taking a certain environmental refractive index of

n=1.5, the dependences of the resonant wavelengths on

thicknesses of analytes are shown in Fig. 7, where the
wavelengths do not vary with the change of thicknesses
at the studied range. It was noted that the highest order
/4 was ruled out for sensing because it was susceptible
to the appearance of analytes and the change of their thick-

nesses due to its adjacency to the diffraction wavelength.
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Fig.7 Absorption peak position as a function of analyte

thicknesses at a fixed refractive index of 1.5

5 Conclusions

In summary, a four-band near-perfect absorber was
proposed without introducing multi-sized building
blocks. Four absorption peaks, 4;, 4,, 4; and A4, were
located at 16.27, 542, 3.27 and 2.37 pum with the
absorptance above 0.99. The origin of the four-band
near-perfect was explained as a result of the excitation
of even-order resonances in hyperbolic waveguides.
Moreover, the absorber was sensitive to the change of
environmental showed the

sensitivity of 3119, 781 and 512nm per Refractive

refractive index and
Index Unit at 4;, 4, and 43, respectively. The simple

structure of the four-band near-perfect absorber
suggested the ease and scalable fabrication, which
would benefit the potential applications in sensing for
not only the infrared, but also other electromagnetic

wave region of interest.
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