
Experimental demonstration of an electrically
tunable broadband coherent perfect absorber
based on a graphene–electrolyte–graphene
sandwich structure
JIN ZHANG,1 XINGZHAN WEI,2 MALIN PREMARATNE,3 AND WEIREN ZHU1,*
1Department of Electronic Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
2Chongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing 400714, China
3Advanced Computing and Simulation Laboratory (AχL), Department of Electrical and Computer Systems Engineering, Monash University,
Clayton, Victoria 3800, Australia
*Corresponding author: weiren.zhu@sjtu.edu.cn

Received 20 May 2019; revised 13 June 2019; accepted 13 June 2019; posted 14 June 2019 (Doc. ID 367969); published 18 July 2019

We propose and experimentally demonstrate the operation of an electrically tunable, broadband coherent perfect
absorption (CPA) at microwave frequencies by harnessing the CPA features of a graphene–electrolyte–graphene
sandwich structure (GSS). Using both a simplified lumped circuit model and full-wave numerical simulation, it is
found that the microwave coherent absorptivity of the GSS can be tuned dynamically from nearly 50% to 100%
by changing the Fermi level of the graphene. Strikingly, our simplified lumped circuit model agrees very well with
the full-wave numerical model, offering valuable insight into the CPA operation of the device. The angle depend-
ency of coherent absorption in the GSS is further investigated, making suggestions for achieving CPA at wide
angles up to 80°. To show the validity and accuracy of our theory and numerical simulations, a GSS prototype is
fabricated and measured in a C-band waveguide system. The reasonably good agreement between the experimen-
tal and the simulated results confirms that the tunable coherent absorption in GSS can be electrically controlled
by changing the Fermi level of the graphene. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000868

1. INTRODUCTION

A perfect absorber is a device that neither reflects nor transmits
incident electromagnetic (EM) waves, which could be used for
applications such as electromagnetic shielding [1,2] and ultrasen-
sitive photo detection [3]. Since the pioneering work of Landy
et al. [4] on a metamaterial perfect absorber (MPA) in 2008,
different MPA structures have been designed and experimentally
demonstrated for a wide range of frequencies, including micro-
wave [5,6], terahertz [7,8], and optical frequencies [9,10].
However, the absorption performances in these MPAs are very
much set at fabrication, limiting their applications to cases where
flexible control of absorption is required. Recently, coherent per-
fect absorption (CPA), which arises from the interplay of inter-
ference and absorption, was demonstrated in a planar intrinsic
silicon slab when illuminated on both sides by two counter-
propagating beams with equal intensities and a preset phase
difference between them [11,12]. The coherent absorption en-
hancement can also be extended to thin films, waveguides, and
many other structures [13–16]. Compared to the perfect absorb-
ers based on strong resonances, a CPA provides additional tun-
ability of absorption through the interplay of interference.

Therefore, it has great potential for applications in electromag-
netic modulation, switching, and signal processing [17].

Thin films or slabs are the simplest structures for realizing CPA
[13]. Particularly, two-dimensional (2D) materials [18–23] have
ultralow profiles and possess excellent electrical properties for such
realization. Significant efforts have been devoted to the theoretical
exploration of CPA in graphene [24–28]. In the experimental
aspect, Bae et al. [29] reported an efficient method for the syn-
thesis and transfer of graphene, opening a new route to the low-
cost production of high-quality monolayer graphene films suited
for practical applications. Using single-layer graphene films, Li
et al. [30] experimentally demonstrated that the static coherent
absorption in graphene can be achieved over the X-band. Due
to limited doping methods used in the microwave band, the
graphene-based tunable microwave CPA has not yet been realized.
Furthermore, the ability to dynamically control the conductivity
of graphene via electrical doping enables one to experimentally
observe the gate-tunable THz CPA in graphene-based cavities
[31,32]. However, these graphene-based cavities operate as
Salisbury screens, whose perfect absorptions are narrowband and
limited by their thicknesses.

868 Vol. 7, No. 8 / August 2019 / Photonics Research Research Article

2327-9125/19/080868-07 Journal © 2019 Chinese Laser Press

https://orcid.org/0000-0002-2419-4431
https://orcid.org/0000-0002-2419-4431
https://orcid.org/0000-0002-2419-4431
https://orcid.org/0000-0002-6568-738X
https://orcid.org/0000-0002-6568-738X
https://orcid.org/0000-0002-6568-738X
mailto:weiren.zhu@sjtu.edu.cn
mailto:weiren.zhu@sjtu.edu.cn
mailto:weiren.zhu@sjtu.edu.cn
mailto:weiren.zhu@sjtu.edu.cn
https://doi.org/10.1364/PRJ.7.000868


In this paper, we demonstrate both numerically and exper-
imentally that electrically tunable and broadband CPA can be
achieved in a graphene–electrolyte–graphene sandwich struc-
ture (GSS) whose thickness is less than 1/300 of the operating
wavelength. We first show that the microwave coherent absorp-
tivity can be tuned dynamically from around 50% to 100% by
changing the Fermi level of graphene. To provide insight into
the process, a simplified lumped circuit model is presented to
explain the coherent absorption mechanism. Thereafter, we in-
vestigate the angular dependence of the coherent absorption in
GSS. The tunability of GSS enables CPA for incident angles up
to 80°. To strengthen our claims further, we fabricate a proto-
type of GSS and experimentally characterize it in a C-band
waveguide system. The acceptable agreement between the ex-
perimental and simulated results shows that tunable coherent
absorption in GSS can be controlled by applying different bias
voltages.

2. EQUIVALENT LUMPED CIRCUIT MODEL

Figure 1(a) schematically shows the proposed GSS illuminated by
two counter-propagating and coherently modulated input beams:
I� and I −; the corresponding output beams are given byO� and
O−. Here, the subscripts + and − refer to the forward and back-
ward directions, respectively. The GSS consists of two graphene
monolayers on 75 μm-thick polyvinylchloride (PVC) substrates
(εp � 3.6) with an electrolyte layer between them. The electro-
lyte layer is made of a 50 μm thick diaphragm paper soaked with
20 μL ionic liquid. Due to the extremely low electron mobility in
the electrolyte layer, the electrolyte itself could be reasonably
considered as a dielectric with relative permittivity εe � 2.4.
The vertical electrical bias between the top and the bottom gra-
phene layers is generated by applying a voltage U across them.
Thus, the positive and negative ions will concentrate toward the
graphene electrodes and work as a supercapacitor. Because this
setup enables the shifting of graphene’s Fermi level when one
varies the voltage across the supercapacitor setup, the structure

naturally lends itself to controllable features. The complex output
beams O� of the GSS are related to the two input beams I�
through a scattering matrix [14],�

O�
O−

�
�

�
r− t�
t− r�

��
I eiφ�

I eiφ−

�
: (1)

Without a loss of generality, for simplicity and clarity, we assume
that the GSS is placed at the center of the two ports that generate
forward and backward waves. Since the proposed GSS under
investigation possesses reciprocity and spatial symmetry, the scat-
tering matrix can be simplified with t− � t� � t and
r− � r� � r. The resulting scattering matrix has a symmetric
eigenvector �1, 1�T and an antisymmetric eigenvector �1, − 1�T .
For the GSS layer with a thickness much smaller compared to the
working wavelength, the antisymmetric eigenvector corresponds
to an eigenvalue of −1. This implies that the GSS is placed at a
node of the standing wave, where electromagnetic losses become
negligible. Therefore, the CPA in such a setup can only occur for
the beams with symmetric incidence, corresponding to I� � I −
(and phases match), where the coherent absorptivity can be ex-
pressed as [33]

Ac � 1 −
jQ�j2 � jQ−j2
jI�j2 � jI−j2

� 1 − jr � tj2: (2)

When the forward and backward incident beams are not phase
matched and have a phase difference Δφ � φ� − φ− (i.e.,
I� � I−e−iΔφ), the total absorptivity becomes

A � 1 −
jte−iΔφ � rj2 � jt � re−iΔφj2

2
: (3)

To analytically calculate the scattering feature of the proposed
GSS, an equivalent lumped circuit model is proposed in Fig. 1(b).
In this model, the arrows represent the voltage-dependent circuit
elements. Since graphene is sufficiently thin compared to the
operating wavelength, it is modeled as a planar sheet with a com-
plex surface conductivity (σg ). The surface conductivity of gra-
phene that contains intraband and interband contributions can
be calculated with the random-phase approximation (RPA) for-
mula [34], which is a function of temperature T , scattering rate
τ, and Fermi level EF . In the microwave frequency range
(ω ≫ τ−1), graphene could be regarded as a resistive planar sheet
with negligible dispersion. The sheet resistance (RG ) and the
quantum capacitance (CG ) that depend on the Fermi level of
graphene can be calculated as [35,36]

RG � 1

σg
� πℏ2�ω − jτ−1�

−j2e2kBT
log−1

�
2 cosh

�
EF

2kBT

��
, (4)

CG � 2e2D �
ffiffiffiffiffiffiffiffi
n∕π

p
�4e2∕ℏvF �, (5)

where e is the electron charge, and kB and ℏ are the Boltzmann
constant and the reduced Planck constant (Dirac constant), re-
spectively. In our case, we assume the room temperature is T �
300 K and the scattering rate is τ � 0.5 ps; D is the density of
states, vF ≈ c∕300 is the Fermi velocity of the Dirac electron
[35], n ≈ 8 × 1011 cm−2 is the charge concentration [37], and
CE represents the electrostatic capacitance of the electrolyte
layer, and its value is about 30 μF∕cm2 [38]. In terms of trans-
verse electromagnetic transmission line theory [39], the PVC
substrate and the electrolyte layer can be modeled as a dielectric

Fig. 1. (a) Schematic view of a GSS illustrated by two counter-
propagating and coherently modulated input beams (I� and I−), with
O� and O− being the output beams. (b) Equivalent circuit model of
the GSS.
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with the propagation constant βp,e and the characteristic
impedance Zp,e . The thicknesses of the PVC substrate and
the electrolyte layer are 75 μm and 50 μm, respectively. η0 is
the characteristic impedance of free space. The general analytical
expressions of the propagation constants and the characteristic
impedance in the PVC and electrolyte layers for TE and TM
polarizations could be written as [40]

βp,e �
ω

c
cos θ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εp,e − sin

2 θ
q

, (6)

ZTE
0 � η0

cos θ
, (7a)

ZTM
0 � η0 cos θ, (7b)

ZTE
p,e �

η0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εp,e − sin

2 θ
q , (8a)

ZTM
p,e �

η0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εp,e − sin

2 θ
q

εp,e
, (8b)

where c is the speed of light in vacuum, ω is the angular fre-
quency, θ is the angle of the incident beams, and η0 �

ffiffiffiffiffiffiffiffiffiffiffi
μ0∕ε0

p
is the wave impedance of the free space. Furthermore, the trans-
fer matrix method can be used to describe the reflection coeffi-
cient r and transmission coefficient t from the GSS in a two-port
system [41],

t � A� B∕Z 0 − CZ 0 − D
A� B∕Z 0 � CZ 0 � D

, (9a)

r � 2�AD − BC�
A� B∕Z 0 � CZ 0 � D

, (9b)

and�
A B
C D

�
� MpMR

�
1 CE
0 1

�
Me

�
1 CG
0 1

�
MRMp: (10)

Here,

Mp,e �
�

cos�βp,ehp,e� jZ p,e sin�βp,ehp,e�
j sin�βp,ehp,e�∕Zp,e cos�βp,ehp,e�

�
, (11a)

MR �
�

1 0
1∕RG 1

�
: (11b)

3. NUMERICAL SIMULATION RESULTS

We have used both a simplified lumped circuit model and full-
wave numerical simulations (CST Microwave Studio, version
2018, commercial software) to study the performance of the
GSS. Figure 2 shows the tunable coherent absorptivity of the
GSS under different values of Fermi levels. It is clearly seen that
the analytical calculations and the numerical simulations are in
very good agreement with each other, confirming the validity
and accuracy of our lumped circuit model. Figure 2 also shows
that the coherent absorptivity increases when the Fermi level is
increased. In particular, the change of the Fermi level from 0 to
0.2 eV maps the increase of the coherent absorptivity from

52% to 100%. The coherent absorptivity reaches 100% when
the Fermi level of graphene reaches 0.2 eV, in which case
the scattering from both sides of the GSS is completely sup-
pressed. When further increasing the Fermi level from 0.2 eV
to 1 eV, the coherent absorptivity starts to decrease from 100%
to 60%. Moreover, these coherent absorptivity curves are nearly
frequency independent within the frequency range of interest.
The intrinsic broadband feature of this structure comes from
the nearly nondispersive surface conductivity of graphene at
microwave frequencies, which is significantly different for
graphene at THz or optical frequencies.

To further investigate the coherent absorption process with
a GSS, in Fig. 3 we plot the calculated and simulated false-color

Fig. 2. Coherent absorption of GSS for plane wave versus frequency
under different Fermi levels. The solid line represents the 3D full wave
simulation results and dotted line means the equivalent circuit calcu-
lated results.

Fig. 3. Two-dimensional false-color plot of the calculated coherent
absorption as a function of Fermi level and phase modulation.
(a) Equivalent circuit calculated results and (b) simulated results.
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map of the coherent absorptivity at 4 GHz, which shows the
strong dependence on the graphene’s Fermi level and the phase
modulation (Δφ) of the two input beams. It is clearly seen from
this figure that proper phase matching (Δφ � 0) in conjunc-
tion with a correctly set Fermi level (EF � 0.22 eV) leads to
nearly complete CPA. Note that, the coherent absorptivity de-
creases to nearly zero on the conditions of Δφ � π and
EF � 0.22 eV, meaning that the coherent perfect transparency
(CPT) can also be realized. Furthermore, a substantial continu-
ous modulation of the coherent absorption with the phase dif-
ference Δφ is also found in both calculated and simulated
results. At EF � 0.22 eV, the corresponding coherent absorp-
tivity can be modulated from 0.01% to 99.97% by changing
the phase difference between the two input beams. This implies
that coherent beams propagating through the GSS can be
modulated from an almost entirely absorbed state to an almost
entirely transparent state.

Angular selectivity, or spatial dispersion, is a fundamental
feature for the realization of wave selection. Because of the tun-
ability of graphene, the GSS-based CPA can also be realized for
an oblique incidence. The coherent absorption for both TE and
TM incidences is calculated and plotted in Figs. 4(a) and 4(b),
respectively, showing that coherent absorption of the GSS is
sensitive to both the polarization and incident angle. In particu-
lar, when the Fermi level is set to 0.2 eV, the dashed lines in
Figs. 4(a) and 4(b) show that the coherent absorption decreases
from nearly 100% to less than 50% as the incident angle of TE/
TM wave increases from 0° to 90°. Despite this sensitivity, set-
ting the Fermi level of graphene is still an efficient method to
realize CPA with a large incident angle up to 80°. Figure 4(c)
clearly shows that the CPA Fermi level splits into two branches
for orthogonal TE and TM polarizations. For TE polarization,
the CPA Fermi level has a decrease with respect to the normal
incident CPA point; for the TM polarization, the CPA Fermi
level increases with respect to the normal incident CPA point.
The two bands touch each other and cover a large incident an-
gle range from 0° to nearly 80°. This implies that the CPA with

large incident angle for either TE or TM polarization could be
realized by increasing or decreasing the Fermi level.

Theoretically, the Fermi level of graphene in GSS can be
manipulated efficiently by applying a bias voltage. However,
in practice, it is difficult to achieve a high Fermi level in
GSS. Previous work has demonstrated experimentally that
when the bias voltage increases from 0 V to 4 V, the sheet re-
sistance of GSS decreases from 3000 Ω to 500 Ω [42].
According to Eq. (3), it can be derived that the practical
Fermi level of graphene in GSS could be tuned from 0 eV
to 0.18 eV by applying the bias voltage from 0 V to 4 V, which
is slightly lower than the required CPA Fermi level (0.22 eV).
To overcome this issue, we propose an alternative approach by
stacking multiple layers of GSS. Figure 5 shows a schematic
view of the N layers of the stacked GSS and the calculated co-
herent absorptivities. Based on the equivalent circuit theory, the
stacked GSS layers are equivalent to the parallel connection of
the GSS layers. The resulting transfer matrix can be written as�

AN BN
CN DN

�
�
�
A B
C D

�
…

�
A B
C D

�
�
�
A B
C D

�
N
, (12)

where N represents the number of the stacked layers. When
stacking multiple GSS layers, shown in the insert of Fig. 5,
the resistive contribution of the whole stacked structure can
be approximately taken as RG∕2N . The analytical and simu-
lated coherent absorptivity curves for the cases of one, two, and
three layers of GSS are shown in Fig. 5. It is found that the CPA
Fermi level decreases from 0.22 eV to 0.07 eV when the num-
ber of stacked layers increases from one to three. These results
confirm that stacking layers of GSS is an efficient way to realize
coherent perfect absorption in GSS under a low-set Fermi level.

4. EXPERIMENTAL RESULTS

To fabricate the GSS, we have synthesized monolayer graphene
on copper foil using the large-diameter chemical vapor deposi-
tion (CVD) method. The 532-nm laser-excited Raman spectros-
copy is used to evaluate the quality of graphene on a SiO2∕Si
substrate. Figure 6(b) shows a typical Raman spectrum, where

Fig. 4. (a) and (b) Calculated coherent absorption under TE/TM
incident illumination, where the dashed lines denote the condition of
EF � 0.22 eV. (c) CPA Fermi-level dispersion at an oblique inci-
dence for TE polarization (red solid curve) and TM polarization (blue
solid curve).

Fig. 5. Coherent absorption of N-layers stacked GSS versus Fermi
energy. Insert graph is the schematic of stacked GSS illuminated
by two counter-propagating input beams. Solid curves represent the
equivalent circuit calculated results and triangles refer to the full-wave
simulation results.
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the G-peak (1590 cm−1) and the 2D peak (2687 cm−1) are
shown. The intensity ratio I 2D∕IG is about 2.4 and the full
width at half maximum of the 2D peak is about 31 cm−1.
These results confirm that our fabricated graphene is monolayer
with a thickness around 0.34 nm. Furthermore, the disorder-in-
duced D peak (1345 cm−1) is very weak, indicating the high
quality of our fabricated graphene. The prepared monolayer gra-
phene is then transferred onto flexible PVC substrates using a
hot lamination technique. Thereafter, nitric acid with a 65%
concentration is used to etch the laminated copper foil.
Figure 6(a) shows an optical image of graphene on a PVC sub-
strate where the graphene lattices are clearly visible. The com-
pleted monolayer graphene/PVC film is diluted by deionized
(DI) water to remove the residual nitric acid and other impu-
rities. Next, a piece of diaphragm paper (porous membrane) with
a thickness of 50 μm is placed between the two prepared gra-
phene/PVC films as a separating layer. The whole setup is then
soaked in 20 μL ionic liquid ([DEME][TFSI]) to finally make
the GSS. The final structure of the fabricated GSS is shown in
Fig. 6(c). Applying bias voltages will efficiently polarize the ionic
liquid in the membrane. Since the electrolyte layer is very thin,
the GSS works as a supercapacitor and yields a very large electric
field, which can electrostatically vary the Fermi level of the two
graphene layers, enabling one to electrically vary the absorption
performance of graphene [38]. The 75 μm-thick PVC substrate

(relative permittivity of 3.6) and the 50 μm diaphragm paper
(relative permittivity of 2.5) are almost fully transparent in
the microwave band. In particular, the whole GSS is only about
200 μm thick, which is equal to 1/375 of the free space wave-
length at 4 GHz.

The relation between the measured Fermi level of graphene
and the bias voltage is shown in Fig. 6(e). The Fermi level of
graphene increases monotonously from nearly 0 to 0.17 eV
while the voltage increases from 0 to 4 V. Furthermore, to de-
termine this relation quantitatively, an empirical formula and
the corresponding curve based on the fitting polynomial
method are provided in Fig. 6(e). With this fitting curve,
the approximate Fermi level of graphene under a different bias
voltage can be calculated easily and rapidly.

Although large-scale monolayer graphene currently can be syn-
thesized by the CVDmethod, the cost to synthesize large samples
for free space measurement in the microwave band is still prohibi-
tively high. Thus, to validate the results of our design in a cost-
effective way, a waveguide system is set up for the measurement of
the GSS reflection and transmission, as shown in Fig. 6(d). We
employ a microwave network analyzer (Agilent N5230C) and
connect two identical coax-to-waveguide adapters (WR-229) with
ports 1 and 2 of the analyzer. The electromagnetic waves inside
the waveguide are equivalent to obliquely incident plane waves
with an incident angle given by θ0 � arccos�λ0∕λg� [43], where
λg is the guided wavelength. To ensure that the waveguide excites
its dominant TE10 mode, measurements are carried out below the
TE20 cutoff frequency of 5 GHz. After calibrating the bare setup
using the through-reflect-line method, the GSS sample was placed
in the middle of the two waveguides for measurements and the
TE10 polarized waves are launched from both sides with same
phases. Different bias voltages were applied to the graphene layers
and the corresponding parameters were recorded. The coherent
absorptivities were then calculated according to Eq. (2). The mea-
sured coherent absorptivities were plotted as circles in Fig. 7(a),
where the solid lines are the corresponding analytical results. It is

Fig. 6. (a) Optical image of graphene on a PVC substrate.
(b) Raman spectrum of monolayer graphene. (c) Fabricated GSS
device. (d) Configuration of the waveguide measurement setup.
(e) Relation between the Fermi level of graphene and bias voltage.

Fig. 7. (a) Measured (circles) and calculated (solid lines) coherent ab-
sorptivities of GSS in the waveguide system under different bias voltages.
(b) A 2D false-color plot of the coherent absorptivity as a function of
frequency and phase modulation (U � 3V). (c) Coherent absorption
of single- or multilayered GSS versus bias voltage (f � 4.27 GHz).
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seen that the measured coherent absorptivity raises from less than
50% to nearly 100% with the bias voltage increasing from 1 V to
3 V. Note that when the bias voltage is higher than 1.5 V, the
coherent absorptivity is higher than 90% in the entire frequency
range from 3.4 GHz to 4.9 GHz. In particular, the nearly perfect
coherent absorptivity (99.79%) appears at a bias voltage of 3 V.
The deviations are mainly due to the inhomogeneity of the syn-
thesized graphene layers. It is worth noting that the measured co-
herent absorptivity increases monotonously when the voltage
increases from 0 to 3 V. This is in accordance with the calculations
in Fig. 5, for the case when the Fermi level increases from 0 to
0.2 eV. Further increasing the bias voltage in theory could de-
crease the coherent absorptivity, but this action is difficult to rea-
sonably achieve.

In Fig. 7(b), we show the modulation of the measured co-
herent absorption in the GSS by controlling the phase differ-
ence between the two input ports. It is seen that, when the bias
voltage is 3 V, the coherent absorptivity varies continuously
from nearly 100% to less than 5% as the phase difference
Δφ changes from −0.5π to 1.5π, giving a modulation contrast
of 30 dB. It also shows that the CPA of the GSS could be real-
ized in a broad band from 3.2 GHz to 4.8 GHz, indicating
clearly that the GSS is nearly insensitive to the working fre-
quency. Furthermore, the experimental coherent absorptions
for multiple GSS layers under different bias voltages are shown
in Fig. 7(d). Compared to a single GSS layer, lower bias voltages
are required to achieve CPA in a multilayer GSS. The reason-
ably good agreement between the measured and simulated re-
sults also verifies our analysis shown in Fig. 5.

5. CONCLUSION

In conclusion, we have numerically investigated and experi-
mentally demonstrated electrically tunable, broadband CPA in
a graphene–electrolyte–graphene sandwiched structure (GSS).
By electrically gating the Fermi level of graphene in a relatively
low range from 0 to 0.22 eV, the coherent absorptivity of the
GSS could be dynamically tuned from 50% to 100%. Full-
wave simulations and experimental measurements show good
agreement between each other. We gained further insight into
the design by developing a simplified lumped circuit model,
showing remarkable agreement with both experimental and
simulation results. Moreover, we show that frequency-inde-
pendence coherent absorption could be realized for either
TE or TM polarization at incident angles up to 80°. Our work
enables ultra-broadband, wide-angle applications in microwave
absorbers and may bridge two important technological fields:
2D materials and signal processing.
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