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Abstract We demonstrate design and characterization of a
polarization-independent ultra-broadband absorber of light
consisting of periodic array of graphene disks on top of
a lossless quarter-wavelength dielectric spacer placed on a
metallic reflector. The absorber is duly designed based on
impedance matching concept by proposing a fully analytical
circuit model resulting in a normalized bandwidth of 100 %
in the terahertz regime.
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Introduction

The absorption of incident radiation can be efficiently
achieved by electromagnetic wave absorbers over a broad
wavelength range. The broadband property of absorbers
is of great importance in many devices such as solar
energy-harvesting devices [1], bolometers [1], dummy loads
[2], thin-film thermal emitters [3], and plasmonic scatters
[4]. Various approaches have been proposed for achiev-
ing broad absorption band. Many of them are based on
embracing multiple resonators with relatively small dif-
ferences in size within the same unit cell. Accordingly,
several distinct narrow band resonant absorbers can be
mixed to develop broadband absorption [5]. Ye et al. [6]
and Grant et al. [7] presented broadband absorbers made of
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vertical and horizontal integration of such distinctly sized
resonators, respectively. However, these methods impose
a complicated fabrication process [8] and a limited nor-
malized absorption bandwidth (normalized to the central
frequency) [5]. More recently, a method for achieving
broadband absorption using impedance matching concept
has been proposed, and normalized absorption bandwidth of
100 % has been achieved using periodic array of graphene
ribbons [9]. Nonetheless, since the proposed structure is
polarization—dependent, only absorbs TM-polarized waves
(magnetic field along the ribbons).

In this work, we investigate a well-designed polarization-
independent ultra-broadband terahertz (THz) absorber. The
absorber consists of a periodic array of graphene disks on
a lossless thin dielectric layer and a reflecting backplate
placed at the bottom. The proposed absorbing structure is
designed based on impedance matching concept. To this
end, we use the analytical circuit model reported in [10]
for periodic array of graphene disks. We then assign an
equivalent circuit to the absorber and choose the input
admittance of the circuit close to that of free space at
the central frequency to obtain high absorption. Further-
more, an additional condition on the derivative of input
admittance is applied for widening the absorption band.
Therefore, we will come to see a normalized bandwidth
of 100 %. This method of design is then verified through
full-wave simulations. It should be noticed that the pro-
posed absorber is polarization insensitive for normal inci-
dent EM waves owing to its symmetric structure. Moreover,
the broadband and the near-perfect absorption efficiency
is only slightly affected even at high angles of incidence
for both TE and TM polarizations. In addition, we show
that the proposed absorber exhibits a wide-angle absorption
and negligible sensitivity with respect to fabrication uncer-
tainties. The rest of the paper is organized as follows. In
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Fig.1 a Schematic
representation of the proposed
absorber composed of a middle
layer of dielectric spacer
sandwiched between a top layer
of graphene disks and a bottom
layer of Au ground plate. The
structure is illuminated at normal
incidence (b). A unit cell of
periodic array of graphene disk

Graphene

“Circuit Model of the Proposed Absorber”, the structure
of the absorber is presented and an equivalent circuit for
this structure is proposed. “Design Procedure” outlines the
design procedure and closed expressions are derived for the
appropriate parameters required for achieving broadband
absorption. The limitations of the proposed design are pre-
sented in “Limitations.” Finally, conclusions are drawn in
“Conclusion”.

Circuit Model of the Proposed Absorber

The geometry of the proposed absorber is schematically
shown in Fig. 1 in which the top layer of periodic array
of graphene disks with radius a and the bottom layer of
optically opaque Au ground plate with finite conductivity
of 0 = 4 x 107 S/m are separated by a dielectric spacer
with refractive index of ny = 1.5 and thickness of d. The
disks are located on the corners of a square lattice whose
lattice constant (period of the array) is denoted by L. Due to
the structure’s symmetry, polarization-independent absorp-
tion spectra at normal incidence is expected. Hence, we
consider only one polarization: E field polarized along the
x-axis. The equivalent circuit for the proposed absorber is
illustrated in Fig. 2 in which the Au backplate which is
suppressing the transmittance is represented by the admit-
tance YAy — oo. Simulation results show that this is a good
approximation at terahertz frequencies. The homogenous
mediums namely the free space and the dielectric spacer
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Fig. 2 The equivalent circuit of the proposed absorber
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are modeled as transmission lines with propagation constant
B = 2mn/X\ and admittance ¥ = n/ng where n and ng
are refractive index of corresponding region and free-space
intrinsic impedance, respectively, and A represents the free-
space wavelength. The disk array is modeled by a shunt
admittance Y which represents an infinite number of par-
allel R-L-C circuits, each corresponding to one mode of
graphene disk [10, 12, 13]. Designing the proposed device
near the first mode, we just retain the corresponding R-L-C
branch as the circuit model of the graphene disk arrays. Our
simulations show that neglecting the effect of higher order
modes of the disk arrays maintain an insignificant effect on
the accuracy of the model, so, we have
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where ¢q11 is the first eigenvalue of the equation governing
the current on the disks (values of gq; for different 2a/L
have been given in table (2) of [10]), S1 = 0.6087a, K| =
1.2937, and grexterr = €o(1 + n?)/2 is the average permit-
tivity of the mediums surrounding the disks. At sufficiently
low frequencies, surface conductivity of graphene would be
presented by the Drude model [11]. Therefore, after some
straightforward manipulations, Eq. 1 can be rewritten as
follows:
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where E r and T are the Fermi level and the relaxation time.
We could thus assign the circuit shown in Fig. 2 to the pro-
posed device. The input admittance of the circuit is then
computed as,

Yin = Ya, + Yo (6)
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where B and Y are the propagation constant and the admit-
tance of the transmission line corresponding to the dielectric
spacer, respectively.

Design Procedure

In this section, we design the proposed absorber based on
the circuit obtained in the last section. Impedance matching
concept will be used to extract closed expressions for the
device parameters. We know that the transmission channel
is closed by the Au backplate. So, in order to maximize the
absorption of the device, a minimum reflection is needed.
To this end, the circuit should be impedance matched to that
of free space. Hence, at the central frequency, fo, the con-
ditions Re(Yin) = Yo = 1/no and Im(Yj,) = O should be
satisfied. By setting B,d = 7/2 at fo, from Eq. 7 Ygu =0,
so, according to Eq. 6 the admittance of the graphene array
is observed as the input admittance of the structure. There-
fore, the two above conditions are simplified as follows:

Ri=no (8

1
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By applying the Eqs. 8 and 9, perfect absorption is realized
at the given central frequency. However, they would not lead
to broadband absorption. Achieving a broadband absorption
(not necessarily perfect), we relax the Eq. 8 and apply an
additional condition on the derivative of the imaginary part
of input admittance as follows:

LiC ®

rRI=Z (10)
b

d

EIm(Yin) =0 an
in which o« is larger than unity, but in order to fulfill
reflection

n _ 2
(% mv <0.1 (12)
« T 1o
which results in ¢ < 1.925. We set o = 1.75 throughout
this work. It should be noted that a small imaginary part of
the input admittance is achieved in wide range of frequen-
cies around the central frequency as a result of applying
the Eq. 11. The real part of the structure’s admittance, on

the other hand, is close to that of the free space leading to
negligible amount of reflection in this frequency range.

Now let us extract the device parameters using the
invoked conditions. After some mathematical manipula-
tions, Eq. 11 reduces to [9]:

ng
T =
8afo
The parameters fo and ng are assumed to be given, so the
desired t is obtained by tuning the Fermi level according to:

13)
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where w is the electron mobility and vy = 109 m/s is the
Fermi velocity.

Furthermore, from S;d = m/2 at fy, we obtain the
following:

= (15)
4ns fo

On the other hand, using Eq. 3, the ratio of the diameter of
graphene disks and the square lattice constant is computed
as follows:

2a K h?
—_—= (16)
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Finally, the radius of disks can be easily determined by
substituting Egs. 4 and 5 in Eq. 9:
2
= _nEye” (17)
neeffhza%
where r1 = aqi1 and wy = 27 fy.

To verify the proposed procedure, an ultra-broadband
absorber based on the obtained formulas for a central fre-
quency of fy = 1 THz is designed. The electron mobility
is assumed to be u = 0.2 m? /Vs. Hence, the relaxation
time and Fermi level are calculated as 7 = 1.07 x 10713 5
and Ey = 0.595 eV from Eqgs. 12 and 13. The dielec-
tric spacer thickness, on the other hand, is given by Eq. 16
as d = 50 pm. Finally, from Egs. 15 and 16, we obtain
a = 49.62 um and L = 106.14 pm. Figure 3 shows the
absorption spectrum for the designed absorber using the cir-
cuit model and full-wave simulation (HFSS). The HFSS
simulation is carried out on a single period of the structure.
In order to simulate infinite media in the transverse direc-
tion, a master-slave (M/S) relationship is defined between
each of the periodic boundary condition (PBC) pairs. The
floquet ports on the other boundaries simulated a plane wave
propagating through the medium. In the full-wave analysis
setup, graphene is modeled by an ultrathin layer of thick-
ness A = Inm whose relative permittivity is g = 1 +
o5 /jweg A , where oy is the surface conductivity of graphene
[12]. An excellent agreement is observed between the two
results. Moreover, normalized bandwidth of 100 % has been
attained. We have also plotted the real and imaginary part
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Fig. 3 a Simulated absorption

o

spectrum of the designed device a
whose parameters are 1
d =50 um, a = 49.62 um, and 0.9
L = 106.14 pum for normal 0.8
incidence using the proposed = 0.7
circuit model and the full-wave g 06
simulation (HFSS). b Real and 205
imaginary part of the E 0.4
normalized input admittance of < 03
the designed structure which 0.2
indicate an approximate 01
wide-band impedance matching

— Circuit Model
— HFSS Simulation
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Normalized input admittance
>

condition at the central
frequency of fy = 1 THz

of the normalized input admittance Yi,/Yo using the pro-
posed circuit model in Fig. 2. This figure reveals a near-zero
imaginary part and a near-unity real part for the normalized
input admittance around the central frequency indicating a
wideband impedance matching and broadband absorption.
Furthermore, such a symmetrical geometry which exhibits
the same responses for both polarizations at normal inci-
dence can maintain a strong and broadband absorption even
at high angles of incidence for both TE and TM polariza-
tions. Figure 4 plots the absorption spectra of light as func-
tion of frequency and incident angle for both polarizations.
A broadband absorption of around 80 % is still achieved at
incident angle of 70° for TM polarization and 60° for TE
polarization. Hence, the proposed structure has a good per-
formance over a broad range of incident angles for both TM
and TE polarizations. Moreover, at small incident angles,
a substantial overlap is observed between the absorption
spectra for both polarizations. The proposed device is thus
eligible to be polarization-independent absorber, at least for
small incident angles.

The influence of some geometrical parameters on the
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Frequency (THz)
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Frequency (THz)

radius and the arrays period yields slight deviation in the
absorption spectrum.

We note that the major effect responsible for the
absorbance in the proposed structure is the excitation of
localized plasmons on graphene disks. Figure 6 demon-
strates that the efficiency of the absorber is significantly
reduced in the absence of graphene. High absorption is thus
caused by a series R-L-C resonance due to the coupling of
incident light to localized plasmons supported by graphene
disks.

Limitations

Although no limitation was imposed on the central fre-
quency in the previous sections, it can not be chosen arbi-
trarily. The first limitation originates from the fact that the
ratio 2a/L must be smaller than unity. Considering the con-
servative condition of 2a/L < 0.95 for a given electron
mobility u, one obtains,

absorption performance is also investigated. As it is obvi- fo < @ (18)
ous from Fig. 5, a fractional variation of 5 % in the disks N
Fig. 4 Absorption spectra for
: a b
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Fig. 5 Absorption spectra of a b
the device affected by fractional
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which is yielded from Eq. 15. We also know that the interest
range of frequency for achieving a normalized bandwidth of
100 % is 0.5 fy < fo < 1.5 fp leading to the minimum free-
space wavelength A,,;, = nsc/1.5fy. On the other hand,
the proposed circuit model for the graphene disk arrays will
be only valid for the array period smaller than the incident
minimum wavelength. So, the second restriction is imposed
by L < Apin = ngc/1.5fo resulting in the following
lower limit on the central frequency using Eqs. 12-13 and
15-16:

0.3
fo>—

19
N (19)

For the numerical example of the previous section
with the given electron mobility 4 = 0.2 m?/Vs, the
absorber will be able to operate in the frequency range
of 0.708THz < fo < 1.02THz. However, it is possible

0.9
0.8
0.7
0.6
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0.4
0.3

0.2 = Without Graphene
0.1 = With Graphene

Absorption
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Fig. 6 The effect of the patterned graphene layer on absorption: As
seen, the absorption of the device is attributed to the presence of

graphene disks

to move to a higher frequency by decreasing the electron
mobility. Another method to design a broadband absorber at
higher frequencies is to modify the Eq. 12 as follows:

ng

"7 Bfosa 20

where B is smaller than unity and is considered reverse
of the increased central frequency to keep Bfp constant.
Accordingly, the increased central frequency varies in the
frequency range of (0.5/8)f0 < fo < (1.5/B) fo which
the upper limit obviously moves toward higher frequencies.
By setting 8 = 0.5 and fy = 2 THz, the parameters of
the desired broadband absorber are as follows: d = 25 um,
T =107 x 1073 s, Ef = 0.595 ¢V, a = 12.4 um, and
L = 26.53 um. The corresponding absorption spectrum is
plotted in Fig. 7 showing a normalized bandwidth of 85 %.
As a result, higher central frequency (smaller 8) leads to
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Absorption
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Fig. 7 Simulated absorption spectrum of the the designed device
around the central frequency of fy = 2 THz with 8 = 0.5 using the
proposed circuit model and the HFSS simulation
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decrease of the bandwidth. Therefore, there is a trade off
between the normalized bandwidth and the upper operating
frequency.

Conclusion
In summary, a polarization-independent and ultra-
broadband absorber was designed using impedance

matching concept in the terahertz regime. First, we assigned
an equivalent circuit to the absorber. We then adjusted the
real part of the circuit input admittance to be close to the
free space admittance. Imaginary part of the input admit-
tance and its derivative were also set to zero at the central
frequency. These properties for the input admittance of
the device lead to almost impedance-matching condition
in a wide range of frequencies. Thanks to the analytical
circuit model, the parameters of the proposed structure
were explicitly obtained for a given central frequency. It
was demonstrated, through full-wave simulations, that the
proposed absorber can maintain the absorption above 90 %
over a wide range of frequencies (normalized bandwidth of
100 %).

We also examined the sensitivity of the device with
respect to incident angle, polarization, and geometrical
variations and a good robustness was observed.

It should be emphasized that the central frequency of
the device cannot be chosen arbitrarily and it falls within
a specific range which is roughly in the terahertz regime.
This range is inversely proportional to the square root of
the electron mobility of the graphene. However, the device
can be designed at higher central frequencies at the cost of
narrower bandwidth.
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