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The optical properties of a single-band near-perfect absorber are studied numerically by using a finite element method in conjunction
with a two-fluid model. Based on a metal-superconductor-metal (MSM) scheme, the proposed structure comprises a lossless super-
conducting layer sandwiched by a silver square array and ground silver plane. The simulation results clearly show that near-perfect
absorption band can be realized and promptly tuned from green light to red light by the temperature of the system. The designed MSM
absorber also presents the characteristics of polarization insensitivity and wide-angle incidence up to S0 degree. This prompt manipu-
lation of the near-perfect absorption band makes this MSM absorber a great potential candidate when designing an in-situ absorption

band selector in the visible light wavelength regime.

Index Terms—Dipolar resonance, perfect absorber, superconductor.

I. INTRODUCTION

ETAMATERIAL absorbers have recently drawn con-

siderable interest due to their near-perfect absorptive
efficiency, wide-angle incidence properties, and an almost com-
plete absence of sensitivity to polarization [1]-[6]. These near-
perfect absorbers are mostly made from arrays of metal-dielec-
tric-metal (MDM) nanostructures, where the resonant absorp-
tion peak wavelength is much greater than the lattice constant
of the nanostructures to prevent high order diffraction. MDM
absorbers typically consist of three functional layers that com-
prise a dielectric layer sandwiched between two metal layers.
The top layer is mainly a periodically patterned metallic nanos-
tructure that serves as an electric resonator. The bottom layer
is mostly a thick metal plane which is employed as an optical
mirror that greatly reduces transmittance. The near-perfect ab-
sorption bands are attributed to the MDM design that permits the
excitation of localized magnetic and electric dipolar resonances.
Thus far, the near-perfect MDM absorbers have been investi-
gated from microwave to optical frequencies with single-band
[1]T-3], dual-band [4], triple-band [5], and broad-band [6] ab-
sorptions, in which the near-perfect absorption bands can be
passively tuned only by the geometric dimensions of the MDM
nanostructures. To have in-situ manipulation of the absorption
band, however, one needs to reconsider new material system
with tunable dielectric properties.

In this article, we propose a plasmonic absorber in which the
dielectric layer in a conventional MDM structure is replaced by
a superconducting layer. The dielectric function of the super-
conductor [7]-[10] is governed by ambient temperature of the
system and frequency of the incident light. By changing system
temperature, the metal-superconductor-metal (MSM) absorber
exhibits tunable single near-perfect absorption band over the
visible light range. Furthermore, the simulation results clearly
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plane of incidence

Fig. 1. Schematic drawing of the metal-superconductor-metal absorber struc-
ture and the incident TE polarization wave.

show that MSM absorber has the properties of polarization in-
sensitivity and wide-angle incidence especially for transverse
electric (TE) polarization wave.

II. NUMERICAL DESIGN AND APPROACH

The absorbance properties of the MSM absorber are numer-
ically studied by finite-element method [11]. The MSM struc-
tures which are periodically arranged in a square lattice on the
x—y plane can be effectively reduced to a simple modeling unit
cell with period a as shown in Fig. 1. A 10 nm-thick super-
conducting layer is sandwiched between two thick sliver metal
layers. The top silver layer with a thickness of 40 nm comprising
a square with side length denoted as L is responsible for electric
dipolar resonance. The bottom silver plane with a thickness of
50 nm exhibits two significant functions. The first function is to
serve as an optical mirror with a thickness that is greater than
the penetration depth of the incident light in order to zero (zero
is a verb, not a adjective) transmittance. The second function is
to couple with top silver square to create electric and magnetic
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dipolar resonances which dramatically concentrate electromag-
netic energy into the MSM nanostructure. L and a are kept con-
stant at 100 and 350 nm, respectively, for all of the following
simulations.

Two-fluid model is employed to describe the electromagnetic
response of a superconductor with zero magnetic field [12]. The
complex conductivity of the superconductor can be expressed as

o =01 — j02 (1

where the real part oy represents the loss and is contributed from
the normal electrons, while the imaginary part o3 is from the
superconducting electrons. The imaginary part is written as the
following formula:

1

- 2
72 W[Lo)\% )

where w is the angular frequency, 14 is permeability in vacuum,
and the temperature-dependent penetration depth A, is given by

Ao

Ap = e
VL= (1]

where )\ is the London penetration depth at temperature 7' = 0
K and the Gorter-Casimir expression f(7') is described by

fﬂ0=(3>p )

where T, is the superconducting critical temperature and the
exponent p depends on the superconducting materials. In this
model, the superconductor is Nb (7, = 9.2 K, Ay = 83.4 nm)
[13], which is classified as low temperature superconducting
material with p = 4 [14]. For the lossless condition, the real
part of the complex conductivity of the superconductor can be
ignored, resulting in o to be expressed as the following formula:

o= —j 5)
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Deduced by (5), the relative permittivity of the dispersive su-
perconductor can be described by

1
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(6)

In this simulation, we use Floquet boundary conditions and
perfect matched layers to reduce the simulation domain and
computation load [15]. The complex dielectric function of silver
is interpolated by fitting the data to the curve in Palik’s hand-
book [16]. Two polarized plane waves are used to examine the
absorptive properties of the MSM absorber. As shown in Fig. 1,
the TE polarized wave with an orientation of electric (F), mag-
netic (H), and propagation (k) vectors is illuminated on the
MSM absorber with an incident angle of §. Contrary to the TE
wave, the H of the transverse magnetic one (TM) is perpen-
dicular to the plane of incidence with £ lying on the plane. The
near-perfect absorption spectra are then calculated in the visible
light wavelength A ranging from 450 to 750 nm and the incident
angle # ranging up to 50°.
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Fig.2. Absorbance spectra of the MSM absorber taken under normally incident
TM (or TE) polarized plane wave. As T increases from 7.5 to 9 K, the absorption
peak is shifted from A = 568 nm (A = 99%) to A = 676 nm (4 = 99%).

III. RESULTS AND DISCUSSION

Fig. 2 shows temperature dependent absorbance spectra of the
proposed MSM absorber under normally incident TE (or TM)
polarized plane wave. From (6), the electromagnetic response
of thin superconducting layer is apparently dependent on am-
bient temperature of the system and frequency of the incident
light. As T increases from 7.5 to 9 K, the near-perfect absorp-
tion peak is shifted from A = 568 nm (A = 99%) to A = 676
nm (A = 99%). The corresponding absorption band is promptly
tuned from green light to red light without changing the geom-
etry parameters of the MSM although one may also alter the
optical properties by different dimensions of the MSM structure
[7]-[10]. Note that a redshift behavior of the absorption peak is
found and it becomes very sensitive as 7" is approaching to the
vicinity of 7;, of Nb. This prompt manipulation of the near-per-
fect absorption band is obviously different from those of the
reported works [1]-[6]. This in-situ control makes this MSM
absorber more attractive when it comes to design a prompt ab-
sorption band selector in the visible light wavelength regime.

Fig. 3 presents the absorbance A as a function of both A and
under TE and TM polarized plane waves at T = 7.5 K. For TE
case as illustrated in Fig. 3(a), the maximum absorption peak at
A = 568 nm almost remains the same as # increases up to 50°
with A persisting greater than 90%. This superior advantage of
wide-angle incidence was also found in the single-band near-
perfect MDM absorber in the near-infrared wavelength range
[2]. For TM case as shown in Fig. 3(b), however, there exist
extra absorption peaks as £ increases greater than 15°. Further-
more, the bandwidth of the TM one becomes narrower as  in-
creases; absorbance remains 83% as é increases up to 50°. To
sum up, the designed MSM absorber shows the traits of polar-
ization insensitivity and wide-angle incidence when 6 is smaller
than 50°.

To reveal the physical origin of the near-perfect absorption
band in this MSM absorber, the near-field distributions is delin-
eated. Fig. 4 shows near-field profiles in the z—z-plane through
the center of the silver square at A = 568 nm (7" = 7.5 K),
in which the colormap represents the normalized electric field
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Fig. 3. Contour plots of absorbance (A) as a function of both A and 8 for (a)
TE and (b) TM polarized plane waves.

and the white arrows represent the electric displacement vec-
tors. The enhanced electric fields are found to be confined to the
space between the silver square and the ground silver plane. The
strong confinement of the electric fields is what creates electric
dipolar resonance. Moreover, the electric displacement vectors
in both the patterned silver layer and the ground silver plane are
opposite to each other. The anti-parallel displacement vectors
create circulating currents between two metal layers, resulting
in artificial magnetic moment that interacts strongly with the
magnetic field of the incident light. The strong magnetic dipolar
resonances that result from this interaction are then excited be-
tween the two metal layers to yield resonant mode. Therefore,
the near-perfect absorption band in our single-band absorber is
due to the MSM design that permits the excitation of localized
magnetic and electric dipolar resonances.

IV. CONCLUSION

We have numerically delineated the absorption properties of
a single-band near-perfect MSM absorber in the visible light
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Fig. 4. Near-field profiles in the #—z-plane through the center of the silver
square. The colormap represents the normalized electric field and the white ar-
rows represent the electric displacement vectors.

wavelength range. The absorption band under normally incident
TE (or TM) polarized plane wave is in-situ tuned from green
light (' =75K, A = 568 nm, A = 99%) to red light (7' =9
K, A = 676 nm, A = 99%) without changing the dimensions
of the MSM absorber. The designed MSM absorber shows the
characteristics of polarization insensitivity and wide-angle inci-
dence when @ is smaller than 50°. The near-perfect absorption
band in this absorber is due to the MSM design that permits the
excitation of localized magnetic and electric dipolar resonances.
This prompt manipulation of the near-perfect absorption band
makes this MSM absorber a great potential candidate when it
comes to design an absorption band selector in the visible light
wavelength regime.
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