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A RECTANGLE-QUARTET METAMATERIAL FOR DUAL-BAND PERFECT
ABSORPTION IN THE VISIBLE REGION
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Abstract. Based on rectangle-shaped structures, we create a dual-band metamaterial perfect ab-
sorber (DMPA) in the optical region. The independent-polarization absorption is a significant
advantage as well as the simple integrated progress for constituent materials. In particular, ab-
sorption can be obtained to be over 90% in a bandwidth of 140 THz (from 608 THz to 748 THz),
which is still remained well in the oblique incident angles for the TE-polarization. Our results can
be regarded as the groundwork for the near future, applications such as photodetectors, energy
converters, sensitive inspection technologies, and more.
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I. INTRODUCTION

A metamaterial perfect absorber (MPA), first devised by Landy et al. [1], has been spread to
be the commercial uses for advanced science and technology. Since then, a near-unity absorption
feature is expected to integrate into the negative-refractive index, light bender, light trapper, and
reverse-Cherenkov radiator [2]. Basically, the controllable electromagnetic response is ruled by
artificial resonant structures, which induce plasmonic effects from metallic and dielectric parts.
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Interestingly, the magnitude and frequency of MPAs can be effectively controlled by engineering
their sub-wavelength resonators [3]. Therefore, MPAs are promising resolution s for facilitating
more applications, such as emitters [4—6], plasmonic sensors [7], spatial-light modulators [8],
SERS [9], food safety and so on [10].

An important future application is creating of a new generation for visible MPAs because
of the standard requirements in modern optical devices integrated with them [11, 12]. Although
some approaches for fabricating the single/multi-/broad-band MPAs have proven effective, for
example, four-fold rotation symmetries including split-ring, square-ring, L-shaped, cross-shaped
structures [13-18], and even like disk-shaped resonators and their analog forms [19-26]. However,
these methods require expensive and long-term fabrication processes like the e-beam-lithography
and the modern lift-off processes because of complicated structures.

In this work, we propose a simple MPA using rectangle-pair structures to achieve dual-band
perfect absorption (DMPA) in a frequency range of 400-800 THz. We numerically investigate the
performance of this DMPA in two special conditions: large incident angles and different polariza-
tions of the incoming light. The dependence of absorption feature on geometrical parameters is
also computed and optimized to be suitable for future fabrication such as the etching in the oxygen
plasma [27,28].

II. SIMULATION

Using the CST software, the unit cell of the proposed DMPA was designed with three sand-
wiched layers (metallic patterns for impedance matching- a dielectric layer - continuous metal-
lic film), as shown in Fig. 1(a). The dielectric layer is chosen as the silicon dioxide in optical
(with u = 1), which is optimized by the thickness of #; = 25 nm. The thicknesses for both
metallic layers (which are selected as gold with an electric conductivity of 4.56 x 107 S/m) are
optimized to be f,, = 6 nm. The geometrical parameters were set to be a = 300, [ = 150 and
w = 50 nm. During the simulation, the periodic boundary conditions are applied to all unit cells
in the x-y plane and open in the z-direction. The absorption A(®) of DMPA is calculated through
A(a)) =1 —R(C()) — T(a)) =1- ‘S11|2 — ‘521 2, where R(C()) = ‘511’2 and T((D) = ‘521‘2 are the
simulated reflection and transmission, respectively. Due to the thick continuous metallic plate, the
light cannot penetrate through the DMPA [T (@) = |S1|? = 0], therefore, the absorption can be
expressed by A(®) = 1— |81/,

Based on simulated induced-charge distribution, an equivalent-circuit model can be built
to describe the absorption frequencies of metamaterials [29-33]. For DMPAs, these charge cur-
rents are induced between the top and metallic bottom plates, as illustrated in Fig. 2(a) and 2(b).
By initial polarization of light, an antiparallel arrangement for flowing induced charges yields a
Lorentz-like magnetic response or the magnetic resonance is activated nearby perfect absorption
frequency. It can be noted that, to approximately estimate the absorption frequency, the total ef-
fective values of the inductance (L.g) and the capacitance (Co) in the equivalent circuit can be
regarded as a function of structural parameters with negligible mutual couplings between adjacent
unit cells. Consequently, the absorption frequency can be determined by f = 1/(27/LeCep). It
can be noted that from this Eq., the magnetic frequency of DMPAs is strongly affected by effective
areas of each rectangle-shape and its arrangement along the E-field. However, the peak position
depends less on the unit-cell size a and the thickness of the metallic-layer ¢, [31,32].
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Fig. 1. (a) Three-dimensional view of a unit cell for proposed structure and its side views
in (b) (E, H) and (c) (k, E) planes. Geometrical parameters are a = 300, [ = 150, w = 50,
ty =25, and t,, = 6 nm.

III. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show simulated absorption of single-peak MPA using only two rect-
angles structures, which are placed in E- and H-axial symmetry at normal incidence, respectively.
Basically, in E-axial symmetry state, the single-absorption peak reaches 99.6% at 540 THz and
99.8% at 726.3 THz corresponding to polarization angles of 0 and 900 [as shown in Fig. 2(a)].
Similarly, the absorption is obtained to be 99.8% at 726.3 THz and 99.6% at 540 THz, for H-
axial-symmetry case.

To clarify the original mechanism of single MPA, the parallel induced-current at these ab-
sorption peaks is presented in the inset of Figs. 2(a) and 2(b). In other words, these magnetic
resonances might be a consequence of strong coupling between anti-parallel charges to an incident
time-varying magnetic field (Lorentz-like magnetic response). In Fig. 2(c), we further investigate
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Fig. 2. Absorption spectrum of two-rectangles (a) longitudinal and (b) horizontal struc-
tures and (c) four-rectangle structures. (d) Equivalent-circuit model for single-peak MPA
and/or DMPA.

how magnetic response changes in case of combining a pair of single MPA to be rectangle-quartet
MPA (named as DMPA). As shown in the inset of Fig. 2(c), two perfect absorption peaks are
conserved at 540.3 and 715.4 THz.

In comparison with LC-circuit model, from Fig. 2(d),the effective inductance and capaci-
tance (for E-axial symmetry case at normal incidence) can be estimated as Ly = (t5+2tm) % (nH)
and Cpr = 808)/% (pF), where €, u and y are the permittivity of the SiO, layer, the permeabil-
ity of the dielectric spacer and the geometrical factor (which is exploited for precise effective-
capacitance area), respectively. In this case, the calculated absorption frequencies are approxi-
mately valued as fg = 539.5 THz (with Y= 0.24). For H-axial symmetry case at normal incidence,
the absorption frequency can be determined by fi = 727.1 THz (with y = 0.44, Loy = (t,+2t,,) %
and Cor = 808}/%). The different values of geometrical factor 7y in the effective capacitance due to
the induced charges are accumulated at a specific area on the top and bottom metallic layer (at dif-
ferent magnetic resonances) [34—36]. These calculated results are agreed well with the simulated
ones.



A RECTANGLE-QUARTET METAMATERIAL FOR DUAL-BAND PERFECT ABSORPTION ... 173

To get more insight into the absorption mechanism of DMPA, the distributions for induced
magnetic energy at resonant frequencies are investigated, as shown in Fig. 3. It can be seen
that the induced magnetic energy is strongly enhanced at locations of bottom-up and left-right
rectangles at 540.3 and 715.4 THz, respectively. This observation confirms the magnetic nature
of the dual-absorption peak, which is caused by anti-parallel currents on the meta-surface and its
mirror [31,32]. In particular, these localized distributions support the aforementioned assumption
that the mutual coupling between two single-peak MPA in the super cell are small and can be
ignored in the calculation.
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Fig. 3. Induced magnetic-energy distributions at (a) 540.3 THz and (b) 715.4 THz at
normal incidence.

In order to emphasize the advantages of DMPA, the impact of periodicity a on the absorp-
tion spectra are investigated and shown in Fig. 4. The trend of simulated absorption spectra is
observed with various a from 0.2 to 0.5 um while other parameters are fixed in Fig. 4(a). The
simulated absorption intensity declines considerably from 100% to 62% without shifting the ab-
sorption peak since a is changed from 0.3 to 0.5 um. It can be noted that the optimized lattice
constant is @ = 0.3 um, where the near-unity absorption can be created by a good matching con-
dition between DMPA and the surrounding environment. It should be noted that when the lattice
constant is 0.2 um, the impedance mismatching can be occurred due to the reduction in amplitude
(resonant strength) of effective permeability and/or permittivity. Similarly, in Fig. 4(b), when the
dielectric thickness td increases from 0.02 um to 0.035 um (for a = 0.3 um), the absorption is
reduced to below 90%. As shown in Fig. 4(c), the absorption spectrum of the proposed structure
is almost unaffected by the metal layer thickness.

From equations estimated for fz and fy, the absorption frequencies are strongly influenced
by the width and the length of the rectangle-quartet shape due to the large changes of Leff and
Cef- In detail, Fig. 4(d) plots the dependence of absorption spectrum (absorption over 98%) on the
[, which is increased slightly from 0.1 to 0.175 um (w = 0.050 pm). The first absorption peak
fe is gradually shifted towards the higher frequency (from 610.4 to 745.6 THz) and the second
absorption peak fH is almost unchanged. In contrast, in Fig. 4(e), since the width w is grown
from 0.03 to 0.06 um, the fH tends to be gradually shifted to a lower frequency while the fE is
maintained. These results can be explained by changing the cross-section of the resonators in the
direction of the applied magnetic field corresponding to the enhancement or reduction of the ef-
fective inductance and capacitance, consequently, the absorption frequencies tend to be decreased
or increased.
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Fig. 4. The dependence of the absorption spectrum on (a) the lattice constant a; (b) the
dielectric thickness td, (c) thickness of the metal layer tm, (d) length 1, and (e) width w of

the rectangle.

In general, the future integrated applications require DMPAs that need to be wide-incident-
angle and polarization-insensitive performance. Therefore, the dependence of absorption spectra
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on transverse electric (TE) mode and different polarized angles of the incoming light is simu-
lated in Fig. 5. The proposed DMPA is basically constructed from the symmetric arrangement
of rectangle shapes and it is clearly independent with every polarization angle (for normal inci-
dence) as shown in Fig. 5(a). For TE-mode, the simulated dual-band absorption is maintained
to be above 95% since the incident angle is smaller 30°. For larger angles, the absorption starts
decreases considerably due to the impedance mismatching (by the strength downgrade of the ex-
cited H-field projected on the sample plane at a large incident angle). As shown in Fig. 5(b), for
incident angle tends to be 45°, the absorptions are detected to be 100% at 681.6 THz and 89%
at 607.2 THz. The perfect-absorption behavior at fH can be explained by a more comprehensive
absorption mechanism, where the high loss caused by the magnetic resonance might be not the
only single consumption.
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Fig. 5. Simulated absorption spectra working with different (a) polarization angles (b)
incident angles.

IV. CONCLUSIONS

We designed, simulated, and numerically characterized the dual-band perfect absorption
with the polarization-insensitive and wide-angle performance of MM in the optical region. The
proposed DMPA is simple and suitable for future fabrication techniques such as the etching in
the oxygen plasma and more. To predict and control the operating frequencies, the equivalent
circuit model is examined and shown an outstanding agreement to the simulated results. Our work
demonstrated that the absorption features would be useful for a comprehensive understanding of
the absorption mechanism for next generations of metamaterials, which are relevant to realize
commercial applications like photodetectors, energy converters, etc.
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