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We propose an ultra-broadband and polarization independent planar absorber comprising multilayered graphene. The
bandwidth of the proposed absorber is extended by increasing the number of layers of graphene, and it is polarization inde-
pendent due to its symmetrical unit structure. The full wave simulation results show that an absorber with three graphene-
based layers can efficiently harvest an electromagnetic wave with random polarization from 17.9 GHz to 188.7 GHz (i.e.,
covering frequency regimes from K to D bands and relative bandwidth of ~ 165%). The physical absorption mechanism
of ultra-broadband absorption has been elaborated upon using the destructive interference method and multiple resonances
approach in a multilayered medium. The proposed absorber can be used in many applications such as medical treatment,

electromagnetic compatibility, and stealth technique.
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1. Introduction

Absorbers can be used in applications of medical treat-
ment, electromagnetic (EM) compatibility, antenna pattern
shaping, target stealth, etc.[!*! Many efforts in the previous
investigation about the absorber mainly concentrate on reduc-
ing its thickness, simplifying its configuration, and so on.’]
In most practical applications, there is an urgent need to de-
velop an absorber responding to the EM wave with an ade-
quately wide frequency band.!® Therefore, researchers have
developed some techniques to improve the operation band-
width, such as pyramid!®! and metamaterials.>°! However,
they may have a non-planar structure and be unsuitable for in-
tegration or limited in extending the frequency range.

Over the past few years, graphene, as a two-dimensional
(2D) material, has been frequently investigated due to
its exotic thermal, and electrical

mechanical, optical,

properties.['®-12) The surface impedance of graphene can be

[13 14]

adjusted by chemical doping,!'®! applying a bias voltage,|

optical pump excitation,!'”! and so on. Hence, graphene
has been widely exploited in the design of various devices
such as polarization polarizers, sensors,!”! antennas, ['3:1%]

20,21 225311 In the aspect of

SPPs waveguides,??!] and absorbers. !
the absorber, there are frequency reconfigurable narrowband
absorbers,[*>?3 multi-frequency band absorbers,>*2% and

wideband absorbers with moderate bandwidths (e.g., the rela-
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tive bandwidth (RBW) with absorption rate (AR) greater than
90% is less than 80%).[27’30] Obviously, those absorbers are
still limited for their failure in covering a sufficiently wide fre-
quency range directly. According to the literature, there have
been two previous endeavors in realization of an ultra broad-
band absorber. In Ref. [31], an array of a graphene—dielectric
structure with seven-layer frustum pyramids achieved a RBW
of 170%, and in Ref. [32], a multilayered graphene absorber
covering the RBW of 84.6% was introduced. However, both
of them are polarization dependent due to the lack of four-
fold rotational symmetry property about the propagation axis
in unit structures. 3334

In this work, a design of ultra-broadband and polariza-
tion independent planar absorbers is proposed by introducing
multilayered and symmetrical patterned graphene. The layers
of graphene with proper surface impedance are separated by a
dielectric substrate, and then the proposed absorber can well
absorb an arbitrary polarized EM wave. In this design, the
absorber with one-layer, two-layer, and three-layer graphene
can achieve the RBW of 97.4%, 150.1%, and 165.3%, respec-
tively. The operating frequency range directly covers the ultra
broadband in the low-millimeter waveband regime (definitely,
it is from the Ka band to the D band). The copper sheet at the
bottom can be seen as a fully reflective ground. Between the
graphene layers and the ground, the dielectric substrate is used

to construct the absorber structure, which also forms a mutu-
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ally coupled Fabry—Perot resonator to enhance the bandwidth.

The rest of this paper is arranged as follows. The sur-
face impedance of graphene from K to D bands is presented
in Subsection 2.1. In Subsection 2.2, the proposed multilay-
ered absorber model is given. Then, in Subsection 2.3, the
ultra-broadband and polarization independent absorptions are
shown using commercial software CST Microwave Studio. In
Subsection 2.4, the ultra-wideband absorption mechanism is
illustrated using the destructive interference theory and multi-
ple resonances. The relationships between the absorption and
the other parameters are investigated in Subsection 2.5. Fi-
nally, the conclusions are drawn in Section 3.

2. Ultra broadband and polarization indepen-
dent planar absorber

2.1. Surface impedance of graphene from K to D bands

As a 2D material with an atomically thin thickness,

graphene can be characterized by surface conductivity, !

Gs(w7l'lCaFaT) = Gintra(w7“C7F7T)

+o-inter(w7uCaF7T>7 (1)

where Ojya and Ojyer are the contributions from intraband and
interband, respectively; @, I, and T are the angular frequency,
phenomenological scattering, and temperature, respectively;
U is the chemical potential and can be determined by either
the applied bias electrostatic field or chemical doping. In fre-
quency regimes from K to D bands, Gjy, is dominant and
Ointer can then be neglected. In addition, the surface impedance

of graphene can be defined as 3!

Zs(o,ue, I',T) =1/05 = Ry + j X;. 2)

For different ., the frequency dependent surface
impedances of undoped graphene with 7 =300 K and I" =
5 THz are shown in Fig. 1. For K to D bands, the follow-
ing conclusions can be obtained: 1) the surface impedance de-
creases with increasing [.; 2) the surface resistance remains
approximately constant for a fixed U ; and 3) the surface re-

sistance is far greater than the surface reactance. From K to

D bands, the stable feature of the graphene resistance with a
fixed U is very beneficial to the absorber achieving the ultra-
broadband character.?”!

<
’ .
1000 L ,” decreasing .
7
= R ¢ —\--0eV
a —\--0lev___|
G —\ --02eV___ |
> 100 7 =T —\--03¢V |
8 -// _ - ~-0.5 eV===——1
g T -\ --07eV ___|
"gi Ca X -7 —\--1leV ___-
’ =< - T J
)_‘E / e \»\/—_——’— ________
/1 s -7 _=>Z -
10, - ///,’/’\,\—" _______
11 T R
1! /I, ’/u |"—— Allncrea.lsmg MIC

1
0 25 50 75 100 125 150 175 200
Frequency/GHz

Fig. 1. Frequency dependent surface impedance of graphene for differ-
ent chemical potentials.

2.2. Absorber with multilayered graphene

Here, we propose a design of an N-layer graphene ab-
sorber consisting of multi-scale rectangular graphene sheets
(i.e., partial non-periodic planar structure). A schematic of
the design with N = 3 is shown in Fig. 2. Figure 2(a) shows
a model of an infinite planar absorber illuminated by a ver-
tical incidence homogenous EM planar wave. The absorber
consists of three-layer patterned graphene, a grounded copper
with the conductivity of 5.8x107 S/m (the grounded copper
can be seen as a fully reflective mirror from K to D bands),
and three substrates each with a thickness of 0.7 mm and per-
mittivity (&;) of 1.05. Due to the features of low dielectric con-
stant, high strength, and thermal stability, polymethacrylimide
(PMI) can be selected as the substrate.’”] A top view of the
infinite planar absorber is displayed in Fig. 2(b). One can ob-
viously see that there are three scales of graphene sheets and
the absorber can be simulated by using the unit cell (as shown
in Fig. 2(c)) truncated with periodic boundaries in CST Mi-
crowave Studio. The geometrical parameters of the unit cell
are as follows: a = 1.5 mm, g = 0.6 mm, and p = 5.7 mm.
The specific separated structure of the unit cell is shown in
Fig. 2(d).

a a a
() (b) (©)
Z THEE,
0000000000 o[ [ [
iaimin i S
USISHL i . p
ISISISISIE] = phened
y(E)| I000C00000an == = wmm  graphene-2
ooooocoocoos substrate [ ]
o AR i_, -—graphene—l
2(K) =(H) copper —

Fig. 2. Schematic of the designed absorber: (a) 3D model of an infinite planar absorbing screen illuminated by a vertical incidence
homogenous EM planar wave; (b) top view of the absorber; (c) 2D unit structure used in CST simulation; and (d) the separated
structure of the unit structure (from bottom to top, graphene is numbered with 1, 2, and 3, respectively).
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2.3. Ultra-broadband and polarization independent ab-
sorption

The frequency dependent AR can be obtained as A(f) =
1 —R(f)—T(f) with reflection given by R(f) = |S11(f)|? and
transmission given by T(f) = |S21(f)|*> to measure the ab-
sorption performance of the absorber, where S1; and Sy, are
frequency dependent return losses and transmission losses, re-
spectively. Because the copper ground prevents the propa-
gation of an electromagnetic wave over the entire frequency
range investigated,!38! the transmission is regarded as zero.
Therefore A(f) = 1 —R(f).

Next, we investigate the properties of absorbing band-
width and polarization sensitivity. By proper chemical dop-
ing, U, of graphene can be varied and therefore the surface
impedances of graphene can be different. Based on the space

19301 the absorption bandwidth can reach its

match theory,!
maximum when the impedance of graphene is matched to that
of free space (i.e., Zgp = 1207). In this proposal, a consistent
impedance or (L. is adopted for all graphene sheets with differ-
ent scales at the same layer, which is convenient for possible
future manufacture.

For elaboration convenience, the serial number of the lay-
ered graphene from top to bottom monotonically decreases
from N to 1, and the copper ground can be set as 0. Here,
we assume [, of graphene distributed on the [-th interface
is Uc. By optimizing g (I =1 —N) (Ueg = 0.5 eV; U =
0.5 eV, U = 0.34 eV; and ey = 0.5 eV, uep = 0.34 eV,
Uez = 0.326 eV for absorber structures with N =1, 2, and 3),
the maximum operating bandwidths of 51.4-149 GHz, 25.4-

178.3 GHz, and 17.9-188.7 GHz (i.e., the RBWs of 97.4%,
150.1%, and 165.3%) can be obtained, as shown in Fig. 3. One
can find that the AR bandwidth is steadily broadened with in-
creasing N, and the absorber with N = 3 covers all the bands
of K, Ka, U, V, W, and D. The aforementioned p, corre-
sponding surface impedance of graphene, and bandwidths of
the absorber are listed in Table 1. From Fig. 2 and Table 1, we
can further discover the fourfold rotational symmetry in the
unit structure about the z-axis, and then the designed absorber
is polarization independent for the vertical incident wave, as
shown in Fig. 3. It should be noted that the total thickness
of the absorber varies with N, the total thicknesses are respec-
tively 0.7 mm, 1.4 mm, and 2.1 mm for N = 1, 2, and 3 if there
is no special prompt in this paper.
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Fig. 3. (color online) Simulated absorption (bandwidth and

polarization-independence) for the proposed absorber with N =1, 2,
and 3. ¢ is the linear polarization angle (i.e., the angle between the
electric field component of the incident wave and +x axis).

Table 1. Parameters of graphene and the absorption bandwidths.

1" layer 22 layer 3 layer Effective bandwidth/GHz ~ RBW
ﬂcl/ev VA /(Q/D) uczle\/ Zz/(Q/D) [,LC3/€V Z3/(Q/D)
1 05 170 Z Z Z Z 51.4-149.0 97.4%
2 05 170 034 250 - - 25.4-178.3 150.1%
3 05 170 0.34 250 0325 260 17.9-188.7 165.3%

2.4. Ultra-broadband absorption mechanism

In this section, both destructive interference theory and
multiple resonances approach are employed to explain the
physical mechanism of ultra-broadband absorption of the pro-
posed design.

2.4.1. Destructive interference theory

The side view of the incidence, reflection, and transmis-
sion paths of EM wave in the N-layer absorber is displayed
in Fig. 4(a). The mechanism of absorption can be explained
by using the destructive interference theory, 3349 i.e., the de-
structive interference between the direct reflection and the fol-
lowing multiple emergent waves that effectively traps the wave
in the multilayered absorber, and then results in the high ab-

sorption. The total reflection coefficient at the /-th interface
can be expressed as

tryati—10] -1 e~ 129
L—ry I e 120

Ii=r 1+ =rygy-1+T—1y, Q)

where the number of interfaces [ is from 1 to N, ¢; = kn;d; rep-
resents the k-th delayed phase across the dielectric substrate
with thickness d; and refractive index n; = /&, t7;—1,  tj—1
and r;;_1, 7,1 respectively represent the transmission and
reflection coefficients across the /-th interface, and 7;_; ; rep-
resents the following multiple emergent waves resulting from
the superposition of the multiple reflections in the structure
on the right side of the /-th interface. The copper acting as a
ground does not permit waves to transmit, such that 7o _; =0

and rp 1 = —1, therefore Iy = ro _1 = —1 can be derived from
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Eq. (3). By forward iteration, Iy can be obtained, and the AR
can also be obtained as A(f) = 1 - [Ix|>. Under ideal con-
ditions of amplitude (i.e., |rnv ny—1]| = |Tv—1 n|) and phase dif-
ference (i.e., o = |arg(rnn—1) — arg(Ty—_1 )| = 7), an ideal
AR (i.e., AR=100%) would be obtained, which satisfies the
strongest destructive interference of the electromagnetic field.
Even though |ryy—1| = |Ty—1n| and @ = 7 are not strictly
satisfied simultaneously, an AR of 90% can also be achieved.
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Fig. 4. (color online) (a) A schematic diagram of the transmission and
reflection for the structure with N = 3. (b) The amplitude and phase
difference of direct reflection and multiple reflections for different N.

The magnitude of the direct reflected wave at the N-th
interface and the multiple emergent waves, and the phase dif-
ference between them for the N-layer graphene absorber are
described in Fig. 4(b). For N =1,
comparable and the phase difference « is approximately 180°

in the frequency range from 51.4 GHz to 149 GHz. Despite
larger difference between |ryny—1| and |Ty_in| for N =2
than that for N = 1, the phase difference o is much closer
to 180° from 25.4 GHz to 178.3 GHz, which makes the two-
layer graphene absorber have a more excellent AR bandwidth.
Comparing with N = 2, the AR performance further improves
due to the smaller difference between |ryy—1| and |Ty_1 |
and comparable phase difference @ when N = 3. The AR
for the proposed absorber with different N can also be cal-
culated by the interference theory, as shown by the dashed line
in Fig. 3(a), and an excellent agreement is obtained between
CST simulations and the results of interference theory.

2.4.2. Multiple resonances approach

A single-layer graphene absorber is based on a Sal-
isbury screen absorber and presents essential Fabry—Perot

resonance 24

2m—1

Tt @

fm=c
where n and H are respectively the refractive index and thick-
ness of the dielectric substrates, and ¢ and f;, are the phase ve-
locity along the z direction in free space and the resonant fre-
quency with mode index m, respectively. The incident waves
and reflected waves have opposite phase differences at f,,
which leads to periodic reflection zeros and absorption peaks.
Here, we assume N of the proposed absorber is 1, but the
thickness H of the dielectric substrate is d; (0.7 mm), d + d>
(1.4 mm), and d; + d> + d3 (2.1 mm), respectively, and the
impedance Z of graphene is correspondingly Z;, Z, and Z3
(see Table 1). The Fabry—Perot resonant frequencies are listed
in Table 2. Meanwhile, their CST simulations are also pro-
vided, as shown in Fig. 5(a). We can obviously see that the
positions of the resonant frequencies simulated by CST Mi-
crowave Studio are consistent with those calculated by Fabry—

Perot resonance.

Table 2. Fabry—Perot resonant frequencies (GHz). The resonant fre-
quencies are not within the frequency range from K to D bands when
H =d; withk=2and 3 and H = d| +d, with k = 3.

Mode index m H
dy di+dy dy+dy+ds
1 104.6 52.3 34.9
313.7 156.8 104.6
3 522.8 261.4 174.3

Furthermore, N = 2 and N = 3 are studied. For N = 2,
there are three cases, i.e., there are no graphene-3, graphene-2,
and graphene-1 with the thickness H of d| 4+ d», di + d» + d3,
and d; + d, + ds, respectively. Their S;; are also provided
in Fig. 5(a). We can conclude that the resonance of an ab-
sorber with multilayered graphene is caused by the combi-
nation of multiple absorbers with corresponding single layer
graphene. For example, the S1; under the condition of N =2
with no graphene-3 (H = d) + d,) can be seen as a combina-
tion of the S of an absorber only with graphene-1 and that
of an absorber only with graphene-2; S1; of the proposed ab-
sorber with N = 3 is the combination of S| of three absorbers
only with graphene-1, graphene-2, and graphene-3, respec-
tively. The multiple resonant frequencies are brought closer
and combine into the ultra-broadband absorption of the pro-
posed multilayered graphene-based absorber.
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Fig. 5. (a) Simulated S;; of the proposed absorber with different N and
different thickness of dielectric substrates. (b) Normalized component
admittances and simulated S;; for N =1 and H =d,.

When N =1 and H = d;, the absorber also shows the
ultra-broadband absorption (RBW is 97.4%), which can be
explained by the transmission line model.[**! The transmis-
sion line model is shown in the inset of Fig. 5(b), where y;
indicates the normalized admittance (i.e., admittance is nor-
malized by characteristic admittance of free space Yy = 1/Zp)
deriving from a short circuit (i.e., grounded copper) trans-
formed by the dielectric substrate with thickness H, ys rep-
resents the equivalent normalized admittance of the graphene
layer, and the total normalized admittance y;, = y¢ +ys. At
~ 104.6 GHz, Im(ys) and Im(y;) are approximate and about 0,
which makes Im(yy,) approximately equal to 0, and therefore
there is a strong resonance peak at this frequency. Moreover,
Im(ys) and Im(y;) are basically two opposite numbers in the
frequency range from ~ 70 GHz to ~ 100 GHz, a resonant
waveband with |S7;| < —20 dB is obtained when Im(yi,) ~ 0
and Re(yi,) = Re(ys) = 1. Both strong resonances within the
frequencies from ~ 70 GHz to ~ 100 GHz and at ~ 104.6 GHz
are brought closer, and the ultra broadband (from 51.4 GHz
to 149.0 GHz) performance with AR greater than 90% (i.e.,
IS11] < —10 dB) is then achieved (shown by the blue dashed
line).

2.5. Discussion

In this section, we firstly investigate the relationship be-
tween the absorption and substrate parameters (its thickness

and permittivity) for the proposed absorber with N = 1 and
H = d, and then the influence of the incident angle is studied
for N = 3.
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Fig. 6. Absorption as a function of frequency and two parameters of the
dielectric substrate for the proposed absorber with N = 1: (a) thickness,
(b) permittivity.

2.5.1. Substrate parameters dependent absorption

When N =1 and H = d;, the relationship between the
absorption and the thickness of the dielectric substrate is
displayed in Fig. 6(a), where the thickness H varies from
0.05 mm to 2 mm. It can be observed that the absorber with
H < 0.95 mm operates in an ultra-wideband with AR greater
than 90%. However, the absorption spectra present double
bands and even triple bands when H > 0.95 mm. In fact,
these extra absorption bands correspond to higher modes with
mode index m > 2 in Eq. (4). Moreover, a red shift emerges
for all absorption bands with increasing H, which is due to
the quarter-wavelength intrinsic property satisfying the Fabry—
Perot resonance condition. From Fig. 6(a), we obtain that the
value of H can be selected to maximize the absorption band-
width, where H = 0.7 mm provides the maximum RBW of
97.4%.

The dielectric substrate plays an important role, for ex-
ample, supporting the graphene-based structure with grounded
copper and formatting the Fabry—Perot resonator. Its & also
affects the absorption performance. For N =1 and H = d|,
the relationship between the absorption and & is displayed
in Fig. 6(b), where & varies from 1.0 to 9.0. Attributing to
the appearance of the absorption bands with higher m modes,
the absorber operates in the states of single, double, and triple
waveband for £ < 2,2 < & < 6.5, and & > 6.5, respectively.
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In addition, the operating wavebands exhibit red shift with
increasing & because n in Eq. (4) is increased accordingly.
For & = 1, the maximum RBW with AR greater than 90%
is achieved, it is just like a vacuum but it cannot support the
structure. Hence, the Rohacell PMI foam with high strength
and permittivity & = 1.05 can be selected. 7]

2.5.2. Influence of incident angles

The dependent characteristic on the incident angles is
When
N = 3, the frequency dependence absorption for different in-

closely related to the performance of the absorber.

cident angles (i.e., 0, the angle between the z axis and wave
vector K in the xoz plane) of the designed absorber is shown in
Fig. 7, in which both TM polarization and TE polarization are
given. For TM and TE polarizations, the electric field compo-
nents of the incident wave are respectively parallel and perpen-
dicular to the xoz plane. The absorption waveband for TM po-
larization exhibits a blue shift with increasing 6 but the RBW
with AR greater than 90% has no significant change. For TE
polarization, the AR is steadily worse but it is still greater than
80% even if 6 = 60°. The RBW with AR greater than 80% in-
creases with the increase of 8 due to the blue shift of the upper
limit frequency and the constant of the lower limit frequency.
It is believed that our absorbers can respond to an incoming
wave within a wide angle range. The reason for a blue shift
for both polarizations is that the phase velocity along the z
direction (i.e., c in Eq. (4)) increases with increasing 6.

1.0
0.8
o .
S 0.64
= .
[
-
2 :
2 04
= :
0.2}
0 L L L L y L 'C
50 100 150 200 250 300
Frequency/GHz
1.0 — =
3 Z =T TN AN\ S O\N
J\\ ______ _--:‘f__ £—~-{_\_r
0.8 [ N A =
v‘ (b) I !
| Vo
=] [ [
S 06 —0=0 AR
I - = 0=20° I ‘ :
2 6 = 30° 1o
= 04 —- 0 = 40° L
6 =50° -
0.2 —=- 0 =160 N
L
Y

0 50 100 150 200 250 300

Frequency/GHz

Fig. 7. (color online) Influence of the incident angles on the proposed
absorber with N = 3: (a) TM polarization, (b) TE polarization.

3. Conclusion

In the frequency range of K to D bands, an ultra-
broadband and polarization-independent planar absorber
based on multilayered graphene structure has been proposed.
The RBW can be enhanced by increasing N and the RBWs
with AR greater than 90% of the proposed absorbers with
N =1, 2, and 3 are 97.4%, 150.1%, and 165.3%, respectively.
The physical mechanism of the ultra-broadband absorption is
elaborated upon using the destructive interference theory and
multiple resonances approach. Moreover, the absorber is po-
larization independent due to its fourfold rotational symme-
try in the unit structure. Simulations show that the absorber
also holds the properties of wide angle range absorption. The
proposed multilayered graphene absorber will obtain extensive
applications in military and civilian areas.
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