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ABSTRACT

In this work, the authors propose a graphene-based tunable perfect metamaterial absorber at microwaves that can achieve perfect absorption
at all angles. This is realized by stacking an unpatterned graphene sandwich structure and a dielectric layer on top of a mushroom-type high
impedance surface whose resonant frequency is stable for all angles of incidence. A perfect-absorption-angle tunable absorber working at
TM polarization is designed and realized, achieving perfect absorption covering a wide range of angles from normal to grazing incidence at
the same frequency when the impedance of graphene is modulated by different bias voltages. The design concept of integrating different tun-
able materials and meta-structures opens up promising possibilities for wave manipulation with applications in smart and multifunctional
electromagnetic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0049851

Electromagnetic (EM) wave absorbers have been widely used to
reduce electromagnetic interference and radar cross sections in both
civilian and military applications. Facing the increasing complexity of
the EM environment, functional materials and structures with tunable
or adaptive absorptions have drawn extensive attention in order to
effectively absorb EM waves under complex situations. The tunable
absorbers reported in previous literature studies focused mainly on the
absorption frequency and amplitude tuning.1–4 However, the angular
characteristic is also an important factor in some applications.5

Conventional thin absorbers can obtain the desired perfect absorption
only at a pre-set incidence angle h. The reflectivity increases as the
incident angle deviates from the specified angle due to the impedance
mismatch between the incident wave and the absorbing structure at
other incidence angles. For instance, Salisbury screens, in which a
resistive sheet is positioned on top of a grounded quarter-wavelength
substrate acting as a high impedance surface (HIS), can absorb the
normal incidence wave perfectly when the resistive sheet impedance is
matched to the wave impedance (Zw¼ g cos h for TM polarization).
However, for a different incidence angle h, the fixed sheet resistance is
no longer matched to the angle-dependent wave impedance.
Moreover, the electrical thickness of the substrate also changes and it
does not act as an HIS at the operational frequency for a different

angle. These two factors lead to the degradation of absorption.6 In
recent years, a paradigm called metamaterial absorber has been pro-
posed to meet a variety of performances required in various applica-
tions.7–18 A metal-grounded anisotropic epsilon-near-zero layer can
perfectly absorb TM waves at an oblique angle, which can be tuned by
changing the material loss;13 nevertheless, perfect absorption cannot
occur for normal incidence. Moreover, lack of modulation methodol-
ogy of material loss limits the feasibility of the scheme. Much effort
has been made to improve the angular stability of perfect absorbers,
for instance, making the resonance of HIS insensitive to the incidence
angles14–16 or using angle-insensitive unit cell designs.17,18 However,
the angular spectrum of perfect absorption is still limited to pre-
defined angles since the loss cannot be tuned to achieve perfect
absorption for different angles.

Graphene, as a two-dimensional material, has outstanding tun-
able EM properties, which is widely used in the design of absorbers.
Not only the current research on graphene-based tunable absorbers is
focused on the above-THz band19–23 but also studies in the microwave
band are increasing, such as amplitude tuning,24–27 frequency tun-
ing,28,29 and frequency-amplitude tuning.30 In Refs. 31–33, graphene
and high-impedance surfaces are combined to achieve tunable absorp-
tion, but they are limited to numerical studies. Experimental
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realizations are difficult for the designs, where the graphene layer
needs to be electrically contacted with the metal and the methodology
to use ion gel to dope graphene is not suitable for large-area micro-
wave application due to the additional biasing electrodes, which may
influence microwave responses. In this study, we adopt the graphene
sandwich structure (GSS) method that has been used in tunable
graphene-based microwave devices,24–28 to experimentally realize a
tunable all-angle absorber via a graphene-mushroom hybrid structure.
Our absorber can be modulated to achieve perfect absorption at all
angles by tuning the sheet impedance of graphene with biasing voltage.
The core idea behind this design is the use of a tunable graphene sheet
on the top of a mushroom HIS with an angle-insensitive zero reflec-
tion phase at the resonance frequency, which can be called an artificial
magnetic conductor (AMC). By adjusting the bias voltage of the GSS,
the input impedance of the whole structure can vary to perfectly match
the wave impedance for different incidence angles, achieving desired
angles of zero reflection or perfect absorption at the resonance fre-
quency. In our measurement, our sample exhibits a strong absorptivity
over 99.9% at 14.3GHz from the normal to 70� illumination angle.
These results are very promising for practice regarding all-angle adap-
tive absorber applications.

The all-angle perfect absorption structure consists of three parts
from top to bottom: a graphene sandwich structure on the top, a
0.4mm-thick dielectric spacer with epvc¼ 2.5(1-j0.015) in the middle,
and a mushroom-type HIS at the bottom, as shown in Figs. 1(a) and
1(b). The GSS is composed of two monolayer graphene sheets on poly-
ethylene terephthalate (PET) films, which are separated by an electro-
lyte layer, and the Fermi energy level of graphene is controlled by
applying a bias voltage to change the electrostatical doping of gra-
phene. The electrolyte layer is made of a 50lm-thick diaphragm paper
soaked with ionic liquid (diethylmethyl(2-methoxyethyl)ammonium
bis(trifluoromethylsulfonyl)imide, [DEME] [TFSI]). When the bias
voltage is applied to the graphene layers as two electrodes, the positive
ions in the ionic liquid move toward the negative electrode, while the
negative ions move toward the positive one. The graphene sheets are

doped by the ions accumulating on the surface as shown in Fig. 1(c),
and as the voltage increases, the doping concentration increases, shift-
ing the Fermi level of graphene, which results in different surface
impedance of graphene. Figure 1(d) shows a top view of the HIS with
the topmost layer being a periodic array of square metal patches made
of copper with a period of D¼ 2.44mm and a gap of w¼ 0.8mm.
The substrate is FR4 with a permittivity of esub¼ 4.4(1-j0.01) and a
thickness of hsub¼1.6mm, and the back metallic plate acts as a ground
plane. In addition, each unit cell has a metallic via with a radius of
r¼ 0.3mm right in the center. The hybrid structure consisting of GSS
and bottom HIS is modeled and optimized using the CST Microwave
Studio. Floquet ports in the z-direction and unit cell boundaries in
both the x-direction and the y-direction are set to simulate an infinite
periodic structure, and the incident wave is TM-polarized with the
magnetic field maintaining in the x-direction for different incidence
angles.

The surface conductivity of monolayer graphene below terahertz
frequencies can be calculated using the Kubo formula as34

rg ¼ �j
e2kBT

p�h2 x� jcð Þ
EF
kBT
þ 2ln 1þ e�

EF
kBT

� �� �
; (1)

where e is the electron charge, kB is Boltzmann’s constant, �h is the
Planck constant, c is the scattering rate, and EF is the Fermi level. The
sheet impedance of monolayer graphene Zg ¼ 1=rg is a complex
value denoted as Zg ¼ Rg þ jXg . If the frequency of the incident wave
x is much smaller than the scattering rate of graphene (e.g., millimeter
band or below), the inductive part of the sheet impedance can be
neglected and the monolayer graphene acts as a purely resistive sheet.
In fact, we know from previous studies that in the microwave band,
the sheet resistivity is independent of frequency, and the sheet induc-
tance is a linear function of frequency, but rather small compared to
the resistive part. The series expression of the sheet impedance can be
equivalently transformed into its shunt form,31 Zg ¼ ðRg þ X2

g=RgÞ==
jðXg þ R2

g=XgÞ. If Rg � Xg , the huge shunt reactance is equivalent to
an open circuit. Therefore, we can conclude that graphene at low
frequencies will not affect the resonant frequency of any resonant
structure placed below it. Throughout this paper, we utilize sheet
impedance to model the graphene to design the absorber. The electro-
lyte layer is ignored in the theoretical analysis due to its ultrathin thick-
ness compared to the operating wavelength.

In order to illustrate the basic principle of all-angle absorption of
the absorber, an equivalent circuit model is shown in Fig. 2(a) to ana-
lyze the proposed structure. An effective resistance Zgss is used to rep-
resent the resistance of two layers of graphene in parallel. The original
mushroom-type HIS is represented by a capacitance loaded by a
shorted transmission line.35,36 For TM waves, the array of thin con-
ductive vias between the metallic patch and the ground metal plate
can be seen as a slab filled by wire media (WM). Since the metallic vias
do not respond to transverse electric fields, this WM is treated as a
uniaxial material at low frequencies, with a relative permittivity
expressed as37 ��e ¼ eh uxux þ uyuyð Þ þ ezuzuz . If the wire length is
much shorter than the wavelength, the spatial dispersion of the wire
arrays can be neglected. The structure is essentially considered as an
array of non-interacting cells. Therefore, in this case, we can use a
quasi-static model to describe the vertical permittivity of the effective
WM ez ¼ ehð1� k2p=k

2
r Þ, where eh ¼ esub is the permittivity of the

FIG. 1. Structure of the absorber. (a) Perspective and (b) cross-sectional view. (c)
Schematics of the GSS with accumulating ions when the bias voltage is applied
(translucency denotes electrolyte, and red and green denote positive and negative
ions, respectively). (d) Top view of the HIS.
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host material, kp is the plasma wave number, and kr ¼ x=c
ffiffiffiffi
eh
p

¼ k0
ffiffiffiffi
eh
p

.
For TM incident waves, the metallic patch array is capacitive and

the grounded WM is inductive, and the impedance of patch array Zm

and the input impedance Zs of groundedWM can read as follows:38

Zm ¼
g

jaeeff
; (2)

Zs ¼ jgtan
kr hsubð Þffiffiffiffiffiffiffi

esub
p 1� k20sin

2h
k2r � k2p

 !
; (3)

where g ¼
ffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
, eeff ¼ esub þ epvcð Þ=2, and a ¼ k0Dln 2D=ð

ðpwÞÞ=p is the grid parameter for an electrically dense array of ideally
conducting strips. The plasma wave number is kp ¼ 2p=kp, where

kp ¼ D
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pln½D2=ð4rðD� rÞÞ�

p
.

The total impedance of the HIS is described as a shunt imped-
ance of the inductive grounded WM and capacitive patch arrays,
which can be expressed as the equivalent impedance Z�1HIS ¼ Z�1m
þZ�1s . For low frequencies, we have kr � kp, and the effective induc-
tance of Zs is insensitive to the incident angle. Since the effective
capacitance of the patch array Zm is also angle insensitive, the imped-
ance of HIS should be independent of the incidence angles.14,37 The
reflection of HIS is calculated as RHIS ¼ ðZHIS � g cos hÞ=
ðZHIS þ g cos hÞ, and the impedance ZHIS goes to infinity at the reso-
nance frequency, making the phase of reflection stable at zero for all
incidence angles. In Fig. 2(b), it is observed that the reflection phase of
HIS remains near zero at the resonant frequency from normal to

grazing incidence in both calculations and simulations. Additionally,
the slope of the phase becomes flatter for larger incidence, which
reveals a broadband property of the HIS at oblique TM-illumination.
For grazing incidence with h! 90�, the reflection of HIS RHIS goes to
1 for the band where the equivalent circuit is valid, meaning an ultra-
broadband near-zero reflection phase in the HIS.

Based on the angular stable resonance of the HIS, the perfect
absorption of TM-polarized waves at all incident angles can be
achieved by adjusting the sheet impedance of graphene. The total
input impedance Zin shown in Fig. 2(a) can be read as39

Zin ¼
ZpvcðZHIS þ jZpvc tan ðkpvchpvcÞÞ

Zpvc þ jZHIS tan ðkpvchpvcÞ
==Zgss; (4)

where the polyvinylchloride (PVC) layer is modeled as a transmission-

line section with a propagation constant of kpvc ¼ k0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
epvc � sin2h

q
and characteristic impedance as Zpvc ¼ g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
epvc � sin2h

q
=epvc. (Note

that although the impedance of the PVC layer is angle-dependent, the
dependence can be neglected due to its extremely thin thickness com-
pared to the working wavelength.) Thus, the reflection coefficient can
be derived as R ¼ ðZin � g cos hÞ=ðZin þ g cos hÞ. Since period D is
much less than half a wavelength in the interested band, there is only
specular reflection as the propagating reflected harmonic.
Consequently, the absorptivity of the absorber can be found by a sim-

ple calculation as A ¼ 1� Rj j2.
The absorptivity of the structure with the appropriate graphene

impedance (Zgss¼ 377 cos h) at different incident angles h, namely, 0�,

FIG. 2. (a) The equivalent circuit model of the absorber. (b) and (c) Simulated and calculated reflection phase of the HIS and the absorptivity of the hybrid structure with appro-
priate impedances of graphene (Zgss¼ 377cos h) for TM polarization at different incident angles of 0�, 30�, 60�, 70�, and 85�, respectively. (d) Analytically calculated absorp-
tivity in terms of the incidence angles and the GSS resistance. Calculated angular absorptivities for fixed GSS resistances of (e) Zgss¼ 326 X and (f) 33 X. The black curves
in (e) and (f) indicate an absorptivity of 97%.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 161103 (2021); doi: 10.1063/5.0049851 118, 161103-3

Published under license by AIP Publishing

https://scitation.org/journal/apl


30�, 60�, 70�, and 85�, is shown in Fig. 2(c). The structure achieves
perfect absorption at 14.3GHz from normal to 70� incidence, despite
a little drop to 98% at 85� in the simulation, which is mainly because
in the grazing incidence scenario, the deviation caused by the approxi-
mation in the effective medium theory increases. The bandwidth of
the absorber widens as the incidence angle increases. This result is
consistent with the intrinsic frequency broadening characteristics of
the near-zero reflection phase in the HIS. The absorptivity with respect
to the resistance of the GSS and the incidence angle at the resonance
of the HIS are shown in Fig. 2(d). From h¼ 0�to h¼ 85�, we can
always find a value of Zgss to obtain perfect absorption at every angle.
Interestingly, at each incidence angle, the absorption level can be tuned
in a wide range only by modulating the resistance via bias voltage. The
angular and frequency bandwidths of the structure are presented in
Figs. 2(e) and 2(f). When the GSS is with the impedance of Zgss¼ 326
X, perfect absorption occurs at an angle of 30�, and the design exhibits
an absorption rate larger than 97% from the 12.9 to 15.3GHz (16%
bandwidth) frequency band and from 0� to 52.8� incidence angles.
When the impedance of GSS is tuned into 33 X for perfect absorption
at grazing incidence (85�), the frequency bandwidth with the absorp-
tivity larger than 97% is broadened dramatically (from 5.1 to
23.9GHz). However, the angular range (absorptivity> 97%) shrinks
to between 83� and 86.5� incidence angles. (Note that due to the struc-
tural symmetry in the x-y plane of the design, the EM responses for
TM waves are polarization angle insensitive.)

In the experiment, the relationship between sheet impedance and
bias voltage of monolayer graphene is measured using a waveguide
method, by fitting the S parameters with the results obtained from
full-wave simulation for different impedances.26–28 As shown in
Fig. 3(a), the measured resistance value is varying from 1100 X/sq to
200 X/sq when the bias voltage changes from 0V to 5V. Since the gra-
phene we used is a highly doped one, the sheet resistance is lower than
that in previous studies.26–28 The impedance could be tuned below 200
X/sq in theory by further increasing the voltage beyond 5V; however,
a rapidly increasing leakage current of the graphene capacitor will
cause breakdown,24 which makes it difficult to achieve a lower imped-
ance experimentally. In the fabrication, we first applied thin conduc-
tive copper strips to the edges of the two graphene layers and
connected wires to the copper strips in order to apply a voltage biasing
between the graphene layers to adjust their sheet resistances, as shown
in Fig. 3(b). (Note that the copper strips are placed at the edges of the
sample and near the absorbing foams, resulting in a negligible influ-
ence on absorption.) Then, a diaphragm paper soaked in ionic liquid
was sandwiched between the two graphene layers to form a graphene
sandwich structure. Meanwhile, a prototype of HIS sample with a size
of 195.2mm� 146.4mm was fabricated, consisting of 80� 60 unit
cells on an FR4 substrate. Finally, the GSS is placed on the HIS spaced
by a thin PVC dielectric layer, and the whole prototype is shown in
Fig. 3(b). In the measurement, as shown in Fig. 3(c), two horn anten-
nas are installed on an arc scanning track for angle sweeping and
connected to a vector network analyzer. The prototype is placed at the
center of the arc, which is 2 m far from the antennas. Time gating is
used to eliminate multiple scattering noise signals to smooth the reflec-
tion curve, and the results are normalized using a metal reflector plate
of the same size as the sample.40 We first fixed the incident angle and
then applied different voltages to the GSS. After recording the results
for different voltages, we moved the antennas to the next incidence

angle and repeated the voltage tuning process. The reflections for TM
polarization at five different incident angles, namely, 0�; 20�;
40�; 60�; and 70�, are measured, respectively. As seen in Fig. 4(a),
reflections lower than �30dB are obtained at the designed frequency
of 14.3GHz for different incidence angles at the corresponding biasing
voltage for optimum absorption, demonstrating that perfect absorp-
tion occurs when the graphene impedance is tuned to match with the
wave impedance for every angle. The bandwidth of the absorber is
broadened with the increase in the incidence angle in the experiment,
in accordance with the theoretical model. The measured results agree
well with the simulated ones except for a small deviation of the best
absorption frequency in the 70� reflection curve, as shown in Fig. 4(a).
We may attribute this difference to the imperfect fabrication of the
sample, including its unflatness, finite size, and homogeneity of gra-
phene, which may cause a bigger uncertainty of measurement at a
large oblique angle. Moreover, for grazing incidence, the coupling
between two horn antennas is too severe, making the test at 85� inci-
dence inaccurate in our measurement platform. In Fig. 4(b), the reflec-
tion coefficients corresponding to different voltages at an incidence
angle of 60� are given. It is observed that when the voltage is 0, the
reflection at the working frequency is the largest, corresponding to
the lowest absorption. The absorption improves to the best when the

FIG. 3. (a) Surface impedance of the monolayer graphene as a function of bias
voltage. Photographs of (b) the fabricated sample (the insets show the top and bot-
tom views of the mushroom HIS) and (c) the measurement setup.
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voltage increases to 3.5V and declines as the voltage increases further
to 4V, demonstrating that the best impedance match occurs at 3.5V,
which agrees well with the impedance variation characteristic in Fig.
3(a). The tunable absorption amplitude of our design may find prom-
ising application in adaptive control of the radar cross section.

In conclusion, we have proposed the design of a graphene-HIS
hybrid structure where perfect absorption can be achieved over an all-
angle range by electrically controlling the doping level of the graphene
sheets. In an equivalent circuit model, by taking advantage of the
angle-insensitive mushroomHIS and the impedance tunable GSS, per-
fect impedance matching can be obtained from normal to grazing inci-
dence. Both the simulation and the measurement agree well with the
analytical model, validating the feasibility of our design. Such a scheme
can be potentially extended to other frequencies such as millimeter
waves and low terahertz bands where kinetic inductance of graphene
is weak, thereby enabling a variety of practical applications where
absorption-angle tuning and dynamic amplitude control are desirable.
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