
VOLUME: 5 | ISSUE: 4 | 2021 | December

Review on Graphene-based Absorbers for

Infrared to Ultraviolet Frequencies

Shobhit K. PATEL1,2,∗, Jaymit SURVE 3, Juveriya PARMAR 2,

Truong Khang NGUYEN 4,5

1Computer Engineering Department Marwadi University, Rajkot, Gujarat, India
2Electronics and Communication Engineering Department, Marwadi University,

Rajkot, Gujarat, India
3Electrical Engineering Department, Marwadi University,

Rajkot, Gujarat, India
4Division of Computational Physics, Institute for Computational Science,

Ton Duc Thang University, Ho Chi Minh City, Vietnam
5Faculty of Electrical and Electronics Engineering, Ton Duc Thang University,

Ho Chi Minh City, Vietnam

*Corresponding Author: Shobhit K. PATEL (Email:
shobhitkumar.patel@marwadieducation.edu.in)

(Received: 5-Oct-2021; accepted: 26-Nov-2021; published: 31-Dec-2021)
DOI:http://dx.doi.org/10.55579/jaec.202154.350

Abstract. The graphene-based absorbers are
widely applicable and highly e�cient. Graphene
has very high electrochemical properties due to
which tuning characteristics can be achieved with
e�cient and broadband absorption response. For
this review paper, we have divided the graphene-
based absorbers into three categories (Absorber
sensors, Solar absorbers, and THz absorbers)
based on their applications. We have presented
a detailed discussion on various designs and
their analysis in this paper. Absorber sensors
are mainly applicable in biosensors for the de-
tection of hemoglobin, urine biomolecules us-
ing the tuning properties of graphene, and are
also applicable in medical, environmental, chem-
ical, biological diagnostic applications. Solar ab-
sorbers are applicable in energy harvesting de-
vices. Adding graphene layer in solar absorber
design gives the highly e�cient and broadband
absorption response. THz absorbers are applica-
ble in the THz applications in sensing and imag-
ing devices. Some of the THz absorbers are im-
proving the applications in the new �eld of nano-
optics with 2D material. Graphene and its ex-

cellent electrical and optical properties are ap-
plied in material designs which create new struc-
tures applicable in novel applications like sens-
ing, imaging, solar energy harvesting, etc.

Keywords

Graphene, metasurface, absorber, sensor,

solar.

1. Introduction

Day to day usage of electricity is increasing as
the human mind is being more and more ad-
vance and as the result, fossil fuel consumption
is also increasing leading to major environmen-
tal issues such as global warming, greenhouse
e�ect, melting of glaciers, etc. To match the in-
creasing energy demand, we need a renewable
energy source such as solar energy that is clean,
easily convertible to any other energy form, and
easily available. We need a �exible and durable
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electromagnetic absorber to e�ciently use solar
energy. These types of absorbers were �rst in-
troduced by Wood while he invented the surface
plasmon resonance (SPR) [1]. Surface plasmon-
based near-perfect absorbers piqued a lot of at-
traction due to their remarkable light trapping
abilities and utilization in energy harvesting ap-
plications [2]-[5].

Metamaterial which is arti�cially composed
structures has gained remarkable attention due
to their extraordinary physical characteristics
such as symmetric transmission [6], perfect lens
[7], negative refractive index [8], etc. The �rst
metamaterial-based absorber was designed by
Landy et al. achieved a near-perfect absorption
[9]. These absorbers were mainly fabricated us-
ing three layers consisting of a �rst layer con-
taining a patterned metallic design to achieve
the impedance-matching and stop the re�ect-
ing light. To act as a resonance cavity and
for spacing of electromagnetic waves to disperse
the second layer was created of the dielectric
layer which was then followed by the metallic
plate layer to stop transmission [10]. The only
drawback of these absorbers was that the ab-
sorption response was of narrowband [11] and
a single-peak [12], dual-band [13], or multiband
[14] with near-perfect (unity) [15] absorption re-
sponse was achieved. But we need a highly e�-
cient broadband solar absorber that can absorb
the solar energy in most of the wavelength range
including terahertz, ultraviolet, visible, infrared,
microwave, etc. [16]-[19]. These solar absorbers
are utilized in a wide range of applications such
as solar energy harvesting, superlenses to optical
structure designs [20]-[24].

We can classify the graphene-based absorber
in three categories based on their applications
in various operating frequency ranges as shown
in Fig. 1: 1.) Absorber Sensors, 2.) Solar
absorbers, and 3.) THz Absorbers. Absorber
sensors are those that achieve single-peak, dual-
band, or multi-band absorption response which
is near-unity and can be used for sensing ap-
plications. Absorber sensors can be used to
detect cancer cells. Recent studies also sug-
gest that an absorber sensor can also detect
SARS-CoV-2 [25]. Silica and its compounds
are widely used for absorber sensor applications
due to its remarkably high and solid �uores-

cence optical characteristics [26]. Gold is also
widely used for designing absorber sensors due
to its rich material properties i.e., biocompatibil-
ity, electro-optical properties, and simple manu-
facturing and alteration process [27]. Solar ab-
sorbers can be de�ned as absorbers with highly
e�cient absorption response over a broadband
frequency range which should include the ultra-
violet, visible, and infrared range and be utilized
for the building block of the solar energy har-
vester. THz absorbers are mostly applicable for
polarizers, THz-based photonics devices.

Graphene is a unique, only atom-thick, two-
dimensional (2D) element with remarkable elec-
trical, crystal, optical characteristics that can
be applied to wide use in a nowadays physics
and other related �elds [28]. Researchers have
proved that a single layer of graphene can ab-
sorb 2.3% of white light with 0.1% of refractivity
[29]. It is also proved that as the no. of the layer
in graphene increases so does the absorption
proving the linear relationship [30]. Graphene
is also rigid and stable. Nearly several hun-
dred nanometers graphene can also show ballis-
tic transport [31]. Due to these advantages and
tunability of graphene, graphene-metasurface-
based solar absorbers are in demand. Graphene-
based absorber sensors are highly in demand due
to their super sensitivity and high range of detec-
tion of di�erent biomolecules. Graphene-based
optical absorber sensor can detect the single-cell,
cell-line, etc. [32]. Graphene gap layers provide
increased tunability which improves the sensing
in optical absorber sensors [33, 34]. An optical
�ber covered by very thin sheet of graphene can
be utilized as optical sensor for the detection of
minor alteration in the refractive index of the
aqueous analyte [35]. Body sweat can also be
detected using a graphene-based absorber sen-
sor and humidity sensor. Surface Plasmon reso-
nance (SPR) absorber sensor can be utilized for
DNA hybridization [36, 37].

In this review paper, we have analyzed three
types of absorbers including absorber sensors,
solar absorbers, and THz absorbers. We have
analyzed the absorptance response for various
designs and compared the results at last. Section
2 contains the designing and modeling part. The
third section includes various designs of absorber
sensors, solar absorbers, and THz absorbers and
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their absorption responses and also includes the
discussion of these designs with the comparison
table including their applications. Section 4 con-
cludes the paper.

2. Design and analysis

The conductivity σs of graphene is derived from
Eqs. (1)-(4) [38]

ε(ω) = 1 +
σs

ε0ω∇
(1)

σintra =
−je2kBT

π~(ω − j2T )

(
µc

kBT
+ 2 ln

(
e
µc
kBT + 1

))
(2)

σinetr =
−je2

4π~
ln

(
2|µc| − (ω − j2Γ)~
2|µc|+ (ω − j2Γ)~

)
(3)

σs = σintra + σinetr (4)

where ε = permittivity; ε0 = permittivity of
vacuum; ω is the angular frequency; ∇ is the
thickness of the single-layer sheet of graphene.
The conductivity is divided into two segments,
intraband conductivity (σintra), and interband
conductivity (σinetr). Here, kB is referred to as
Boltzmann's constant, ~ is the decreased plank's
constant, T is the room temperature, µc is re-
ferred to the chemical potential of graphene
which is given as µc = ~vF

√
πCVDC/e, VDC

is the gate voltage, VF is referred to as Fermi
velocity, C stands for capacitance.

The conductivity of graphene σs and angle of
incidence θi are the factors a�ecting the absorp-
tion response of the absorber [39].

r(ω, θi) =
ω cos θiΠ00(ω, θi)

2i~ck2 + ω cos θiΠ00(ω, θi)
(5)

σ||(ω, k) = −i ω

4π~k2
Π00(ω, k) (6)

r(ω, θi) =
2π cos θiσ||(ω, k)

c+ 2π cos θiσ||(ω, k)
(7)

R(ω, θi) = |r(ω, θi)|2 (8)

R(ω, θi) = (9)

4π2 cos2 θi[Re2σ||(ω, k) + Im2σ||(ω, k)]

[c+ 2π cos θiReσ||(ω, k)]2 + 4π2 cos2 θiIm2σ||(ω, k)

R(ω) = R(ω, 0)

=
4π2[Re2σ(ω) + Im2σ(ω)]

[c+ 2πReσ(ω)]2 + 4π2Im2σ(ω)
(10)

A(ω) = 1−R(ω)− T (ω) (11)

If we consider the transmittance near to zero value
then absorption depends only on the re�ectance val-
ues as shown below.

A(ω) = 1−R(ω) (12)

Here, k is the wave vector.

3. Graphene-based

absorbers

3.1. Absorber sensors

Absorber sensors are widely used to observe
biomolecules which have wide applications in
various �elds such as medical, environmental, and
industrial, etc. [40]-[42]. There are various kinds
of absorber sensors are available i.e., optical [43],
[44], electrochemical [45], physical [46]. As the
optical absorber sensor is compact, low-cost, and
due to the utilization of unique nanomaterials it
is easy to fabricate. They can be classi�ed into
two classes including detection optical absorber
sensors and labeled detection absorber sensors [47].
Direct type absorber sensors are cost-e�ective and
SPR based detection is one of the important direct
detection absorber sensors as it can be used to
detect the biomolecules such as hemoglobin, urine,
proteins, etc. [48]-[50]. Taya presented a slab
waveguide using air and anisotropic material-based
optical sensor for refractometry and sensing-based
applications [51, 52, 53]. S A Taya explored
the anisotropic left-handed material and results
indicated the presence of fundamental mode in
the narrow frequency range, increasing positive
group velocity with the increment in frequency,
and the dispersion curve's important reliance on
the anisotropy [54]. Taya et al also presented the
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slab waveguide sensor for the detection of cancer
cells based on anisotropic left-handed material [55].
Patel et al. reported a highly sensitive and tunable
biosensor using phase change material for the
detection of hemoglobin biomolecules that achieved
the highest sensitivity of 1000 nm/RIU [56]. An
environmental analysis can also be carried out using
a graphene peptide-based absorber sensor [57].
We can also detect hemoglobin biomolecules with
high sensitivity using graphene-based leaky-wave
optical absorber sensor design [58]. Raman signals
at various combination which is used for the
biomedical diagnosis can also be detected using
graphene gold nanoribbons substrate in an absorber
sensor [59]. Sensitivity is calculated by measuring
the di�erence between the peak of two biomolecules
and used as a performance measure for sensors. As
the di�erence between peak increases the quality
of sensor is increased due to the improved sensitivity.

Graphene metasurface-based single spit ring

resonator and double split-ring resonator

SPR absorber sensor

The graphene SPR sensor for the detection of
hemoglobin biomolecules is presented in [44]. They
have presented two kinds of split-ring resonators one
with a single split ring and the other with the double
split ring. The design was created using SiO2 sub-
strate and gold split ring resonator with graphene
spacer between substrate and resonator layer. The
dimension of the design are as follows: L = 2.2µm,
substrate height H = 0.4µm, graphene sheet thick-
ness = 0.34 nm, resonator height g = 200 nm, ra-
dius of inner ring r2 = 0.4µm, radius of outer ring
r1 = 0.8µm, width of split ring w = 0.2µm. The
structure proposed by them is presented in Fig.
1. The voltage (Vg) is given to graphene sheet
to control graphene chemical potential (GCP). The
graphene surface has also been appointed with the
density Jx = Exσs, Jy = Eyσs. The concentration
of hemoglobin and urine is varied in the range of 10
g/l to 40 g/l and 0-1.5 mg/dL to 10 mg/dL for vari-
ous refractive index values, respectively. The design
is investigated using COMSOL Multiphysics.

Absorption analysis has been carried out for the
1.65 µm to 2 µm spectral range as shown in Fig.
2(II). The sensitivity (S) analysis is also carried out
given by equation 13 [60]:

S =
∆λ

∆n
(13)

where ∆λ is the change in wavelength and ∆n
is the di�erence in refractive index. Figure 2(II)
shows the relative sensitivity changes in various

Fig. 1: Graphene-based absorbers classi�cation.

concentrations of hemoglobin, urine, and air. The
plot illustrates that the two biomolecules from urine
and hemoglobin show maximum absorption in 1.5
µm to 2 µm for double split-ring resonator design
and 1.65 µm to 2 µm for single split ring resonator
design. The achieved highest sensitivities are 1972
nm/RIU for hemoglobin and 1604 nm/RIU for
urine biomolecules, where RIU stands for Refractive
Index Unit. The highest sensitivities achieved for
SSRR structure and DSRR structures are 28785
nm/RIU and 26346 nm/RIU, respectively for
hemoglobin-urine concentration. They have also
shown the design to be wide-angle sensitive.

Graphene metasurface-based circular and

split ring resonator absorber sensor

Parmar et al. reported a graphene-based metasur-
face design for the detection of urine and hemoglobin
biomolecules [61]. A tuning in absorption response is
achieved by varying the size and shape of metasur-
face and graphene chemical potential (GCP). The
detailed analysis via varying the physical param-
eters of design is carried out and results are pre-
sented in terms of absorption, electric �eld, and
sensitivity. The design is illustrated in Fig. 3(I)
which is designed by taking a gold ground plane
and then placing SiO2 substrate over it followed by
a gold resonator separated by a single layer of the
graphene sheet. The design parameters are as fol-
lows: ground plane thickness, Hg = 0.5µm, sub-
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(I)

(II)

Fig. 2: Graphene metasurface-based absorber sensors
designs and absorption response (I) includes the
di�erent views of the graphene-based SSRR and
DSRR absorber design such as 3D-view, top
view, front view, and the absorption response
for two di�erent cases (II) absorption response
of (a) SSSR and (b) DSRR for the hemoglobin,
urine and air biomolecules (Reprinted with per-
mission taken from [44], 2021, copyright IEEE).

strate height Hs = 1.5µm, graphene sheet height,
Hg = 0.34 nm, resonator height, Hr = 0.5µm.
The length of the structure, L is 7.5 µm. Res-

onator design is varied for radius R = 2.6µm, and
R/2 = 1.3µm and corresponding results are pre-
sented. The di�erent views of structure including
3D, top, front views are illustrated in Fig. 3(I).
The proposed absorber sensor design is simulated
using COMSOL Multiphysics with Finite Element
Method (FEM). They have considered the periodic
boundary conditions over the x and y-axis.

The permittivity and permeability equations of
metasurfaces are given in Eqs. (14)-(17). These
parameters are obtained from the impedance and
the refractive index as given in the Eqs. (14)-(17)
[62].

Z = ±

√
(1 + S11)2 − S2

21

(1− S11)2 − S2
21

(14)

eink0d =
S21

1− S11
Z−1
Z+1

(15)

n =
1

k0d

[([
ln(eink0d)

]′′
+ 2mπ

)
− i
[
ln(eink0d)

]′]
(16)

ε =
n

z
, µ = nz (17)

where z is the impedance; S11 and S21 are re�ection
and transmission coe�cients, respectively; n stands
for refractive index; d is referred to unit element's
maximum length; k0 is the wavenumber; m is the
branch due to the periodic characteristic of sinu-
soidal function; µ is the permeability and ε is the
permittivity. Figure 3(II) illustrates the absorption
response for circular and split ring resonator of ra-
dius R for urine concentration ranging from 10 g/l
to 60 g/l with the step of 10 g/l for various refrac-
tive indices. A large value of the refractive index is
required for the maximum absorption. The absorp-
tion response is obtained for the wavelength range
of 40.7 µm to 41.5 µm.

It is observed that the absorption response shifts
to 41.25 µm from 41.15 µm, 41.1 µm from 41
µm for circular resonator and split ring resonator,
respectively as seen in Fig. 3 (II) when we increase
the refractive index and urine concentration. The
absorption response is also investigated by halving
the radius of the resonator and is presented in
Figs. 3(III) and (IV) for circular and split-ring
resonators, respectively. They have also carried out
the detailed analysis by comparing two designs by
concluding absorption increases when we decrease
the radius and wavelength values also decreases
for various urine concentrations. The highest
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Fig. 3: Graphene metasurface-based circular and split ring resonator absorber sensor design (I) includes the di�erent
views of the split ring resonator and circular graphene-based absorber design such as 3D-view, top view,
front view (II) absorption response of (a) circular and split ring (b) resonator for di�erent concentration of
urine biomolecules for Radius R (III) absorption response of split ring resonator for di�erent concentration of
urine biomolecules for Radius R/2 (IV) absorption response of split ring resonator for di�erent concentration
of urine biomolecules for Radius R/2 (Reprinted with permission taken from [61], 2021, copyright Elsevier).

sensitivity of 40000 nm/RIU is obtained for circular
metasurface with radius R/2.

Graphene-based C-shaped tungsten meta-

surface refractive index absorber sensor

Patel and co-authors simulated a refractive in-
dex absorber sensor with high sensitivity using a C-
shaped tungsten metasurface for the infrared region

are illustrated in Fig. 4(I) [34]. Refractive index ab-
sorber sensors are applicable in medical applications
[63, 64]. The design is created by placing a ground
plane of tungsten which is followed by a SiO2 sub-
strate then a tungsten C-shaped resonator is sep-
arated from the substrate using a graphene layer
sheet. The sensitivity of biosensors depends upon
the shift in absorption peak as per the summation
of biomolecules over the absorber sensor. The design
parameters are as following: length of the structure,
L = 2.2 µm, tungsten ground plane height, B = 0.2
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Fig. 4: Graphene-based absorber sensor design (I) graphene-based refractive index absorber sensor using C-shaped
tungsten metasurface with (a) 3D, (b) top, (c) front views (II) absorption plot for various compositions
of hemoglobin and urine biomolecules for di�erent refractive index (Reprinted with permission from [34],
copyright IEEE (III) Graphene-based C-I-shaped array-based refractive index absorber sensor design with
(a) 3D, (b) top, (c) front views (IV) Magnetic �eld density and electric �eld intensity plots for various values
of wavelength including 0.59 µm, 0.76 µm, 0.8 µm, and 0.95 µm, respectively (Reprinted with permission
from [65], copyright IEEE).

µm, substrate layer thickness, S = 0.33 µm, the C-
shaped tungsten resonator having length, L1 = 1.6
µm, width, W = 0.4 µm, and the height, C = 0.30
nm. The graphene spacer thickness, G, is 0.34 nm.
To achieve high absorption, the substrate thickness
is set higher than the tungsten ground layer thick-
ness. This shape also helps to trap the waves in the
graphene and substrate layer and graphene's high
conductivity also helps to achieve high absorption.
The detailed analysis is carried out by varying the
various parameters and exploring the concerned ab-
sorption plot.

The absorption response of the design for various
compositions ranging from 10 g/l to 40 g/l with the
step of 10 g/l with corresponding refractive index

is shown in Fig. 4(II) for the wavelength range of
1.7 µm to 1.95 µm. The optimized design is also
determined by varying various parameters such as
substrate height, resonator height, ground layer
thickness, etc. from the absorption and re�ection
plots. This study concludes that the increase in
resonator thickness reduces the absorption rate.
The same phenomena are observed while increasing
the width of the C-shaped resonator. But when
we increase the substrate thickness the absorption
rate also increases. Fig. 4(II) clearly illustrates the
tuning for a di�erent composition, and the shift of
20 nm is observed between hemoglobin molecules
with n = 1.3412 and urine biomolecules and the
high sensitivity of 3846 nm/RIU is achieved for the
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(I)

(II)

Fig. 5: Graphene-based refractive index absorber sen-
sor (I) (a) 3D, (b) top, (c) front views of struc-
ture (II) variation of the circle, square, and plus
shape resonator design for comparative analysis
(a) 3×3 circular disk array (b) 3×3 square ar-
ray (c) circular-square array (d) Square Circu-
lar array (e) 2×1×2 square array (f) 3×3 plus-
shape array and (g) Plus and square shape array
(Reprinted with permission from [67], copyright
IEEE).

same. The absorption plot showcases the peak at
1800 nm and 900 nm for hemoglobin and air design,
respectively stating the shift of 900 nm with the
high sensitivity of 2571 nm/RIU.

Graphene-based C-I shaped array-based

refractive index absorber sensor

Patel et al. presented a highly sensitive graphene-
based refractive index absorber sensor using arrays
of C and I-shaped gold metasurface [65]. The
metasurface design is presented in Fig. 4(III). The
structure is designed by placing gold C-I shaped
arrays over a single layer sheet of graphene which is
placed over a substrate of silicon dioxide which is
followed by a ground plane of gold material. The
design parameters are mentioned here: the length of
the structure, L = 2 µm, silicon dioxide layer height,
TS = 0.6 µm, the height of C-I shaped resonator,
TG = 0.1 µm, height of biomolecule layer, TB = 1.4
µm, and the width of C-I shaped resonator, C =
0.55 µm. This design is simulated for a di�erent
composition of hemoglobin biomolecules ranging in
between 10 g/l to 40 g/l with the step of 10 g/l. The
analysis is carried out in the wavelength range of 0.2
µm to 1.2 µm and the absorption peak is achieved
at 0.73 µm and 0.8 µm indicating the shift of 70
nm for the refractive indices of 1.34 and 1.36 [66]
giving the sensitivity of 3500 nm/RIU. The design
is also analyzed for variation in physical parameters
which indicates the increase in the substrate height
increases absorption rate, while the high absorption
rate is noted for the low thickness of the ground
layer. Fig. 4(IV) illustrate the electric �eld and
magnetic �eld responsible for the design with a
various wavelength which indicates the absorption
is low for 0.59 µm and high absorption is achieved
for the rest of the wavelength indicated by red color.

Graphene-based refractive index absorber

sensor with various combinations of the res-

onator including circular, square and plus

shape arrays

Patel et al. reported a comparative sensitivity
analysis of refractive index absorber sensor for var-
ious patterns of circle, square, and plus shape res-
onator as illustrated in Fig. 5 [67]. The metasur-
face is designed by �rst placing a substrate of silicon
dioxide, followed by an array of gold resonators sep-
arated from the substrate by a thin layer of graphene
spacer. The hemoglobin biomolecules layer is placed
over a gold array resonator. The variation of a dif-
ferent combination of circle, square, and plus-shaped
resonator is demonstrated in Fig. 5(II). The design
parameters are as follows: length of the structure, L
= 2.5 µm, silicon dioxide layer height, TS = 0.5 µm,
graphene single-layer thickness, g = 0.34 nm, gold
array resonator height, TG = 0.3 µm, hemoglobin
biomolecule layer thickness, TB = 0.6 µm, and the
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diameter of circular disks array resonator, GD = 500
nm. The design is simulated in COMSOL Multi-
physics software.

The design is analyzed for various combinations of
circular, square, and plus-shaped resonator and con-
cerned absorption responses are presented in Figs.
6(a-e) for the wavelength range of 0.4 µm to 0.55
µm. The absorption responses are achieved for four
di�erent compositions of hemoglobin biomolecules
ranging between 10 g/l to 40 g/l with the step of 10
g/l and the corresponding refractive indices are also
veri�ed experimentally. The 10 nm shift is observed
for the hemoglobin molecules for refractive indices
of 1.34 RIU and 1.36 RIU giving the sensitivity of
500 nm/RIU. The highest sensitivity is achieved for
a 3×3 circular disk array resonator design. While
the 3×3 square array, circular-square array, square
circular array, 2×1×2 square array, 3×3 plus-shape
array, and plus and square shape array achieved the
highest sensitivity of 300 nm/RIU, 400 nm/RIU, 300
nm/RIU, 450 nm/RIU, 266 nm/RIU, 400 nm/RIU,
respectively. So, the optimized resonator combi-
nation of 3×3 circular disk array is achieved and
then various physical parameters are varied to ob-
serve their e�ect on absorption response. The com-
parison is also carried out for air and hemoglobin
biomolecules and the 120 nm shift is achieved with
the sensitivity of 353 nm/RIU is determined.

3.2. Solar absorber

The fabrication process of metamaterial design is
complex due to its three-dimensional designs and
losses. Solar absorbers are in demand due to their
frequency-dependent resonating response in the ul-
traviolet, visible, and infrared regions. Metasurface
absorbers have remarkable utilization in designing
broadband absorbers. We can also add the layer
of graphene to achieve broadband absorption. A
highly e�cient broadband solar absorber can be
designed using a monolayer graphene sheet created
by a carbon atom positioned in a honeycomb lattice
structure [68]. The term broadband absorption
emerged due to the coupling of the layers, the broad
bandwidth of absorption increases as the no. of
layer increases [69, 70]. A speci�c absorption range
can also be attained using the Q-factor during the
designing of absorbers and resonators [71]. An
absorber must be optically thick but physically thin
so that it can achieve a high absorption response
[72]. Patel et al. presented a broadband absorber
for the visible range using phase change material
and the average absorption of 92.86% was achieved

for the frequency range of 500 THz to 740 THz [73].

Graphene-based broadband solar absorber

based on C-shape rectangular sawtooth

metasurface

Patel et al. presented a wideband graphene-based
solar absorber for the near-infrared range placing a
rectangular sawtooth at the outer surface of the C-
shape resonator [74]. The design is created by �rst
placing tungsten ground layer which is then followed
by a silicon dioxide substrate them tungsten made
C-shape resonator and the rectangular sawtooth-
shaped resonator is placed at the outer surface of
C-shape. The resonator and substrate layer are sep-
arated by a monolayer sheet of graphene. The three-
dimensional view of the structure is presented in Fig.
7(a). The design parameters are: the length of the
structure is 2 µm, the tungsten-made ground layer
height is 200 nm, the silicon dioxide-based substrate
is 330 nm height, the graphene sheet is of 0.34 nm
thickness. The C-shape resonator width, length, and
height are 400 nm, 1600 nm, 146 nm, respectively.
The length and width of the rectangular sawtooth
are set to 0.1 µm, 0.2 µm, respectively. The dis-
tance between two consecutive rectangular sawtooth
is kept at 0.2 µm. Data related to tungsten is deter-
mined by the Drude model [75].

The results in terms of absorption, fermi energy
plots, electric and magnetic �elds are achieved
in the wavelength range of 0.71 µm to 1.1 µm
presenting the near-infrared (NIR) region. The
detailed analysis by varying the position of the
rectangular sawtooth is also carried out and related
plots are presented in Fig. 7(b). The results indi-
cate that for only C-shaped resonator the average
absorption of 66.7%, resonator with rectangular
sawtooth positioned at the inner surface of C-shape
achieves the average absorption of 86.6%, and the
resonator with rectangular sawtooth positioned at
the outer surface of C-shape achieves the highest
average absorption of 91.8% in the NIR region.
The comparative analysis of two designs one with
graphene layer and one without graphene layer
clearly indicates that the graphene improves the
absorption response by a very high margin. This
solar absorber is also angle-insensitive and also
polarization-insensitive. Analysis of the design is
also carried out by varying the design parameter
and optimal design is determined.
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Fig. 6: Absorption response for (a) 3×3 circular disk array (b) 3×3 square array (c) circular-square array (d)
Square Circular array (e) 2×1×2 square array (f) 3×3 plus-shape array and (g) Plus and square shape
array (Reprinted with permission from [67], copyright IEEE).

Graphene-based broadband solar absorber

using uniformly placed gold resonator array

Patel et al. simulated a broadband graphene
metasurface-based solar absorber for the NIR regime
using a uniformly placed gold resonator array [76].
This paper investigated the e�ect of the multilayer
structure and the pattern of gold resonators on ab-
sorption response. This resonator layer is placed
over a silicon dioxide substrate layer and these two
layers are separated by a single layer of a graphene
sheet and below the substrate, there is a ground
layer of gold material. They have presented �ve vari-

ous designs by varying the thin square gold resonator
pattern and adding these to multilayer substrate of
which three variations are illustrated in Figs. 8(a-c).
The various geometrical parameters of the designs
with the variation for comparative analysis are the
height of the gold ground layer, hg is varied between
80 nm to 120 nm, the substrate height, hs is varied
in the range of 80 nm to 120 nm, too. While the thin
square gold resonator thickness, hl is varied from 30
nm to 70 nm. The re�ectance can be given as de-
scribed in Eq. (18):

R =

∣∣∣∣Z(ω)− Z0(ω)

Z(ω) + Z0(ω)

∣∣∣∣ (18)
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(a)

(b)

Fig. 7: Graphene-based wideband solar absorber design
(a) 3D view of C-shaped resonator with rectan-
gular sawtooth positioned at the outer surface
(b) absorption response of the structure with
three di�erent variations C-shaped resonator,
resonator with rectangular sawtooth positioned
at the inner surface of C-shape, and the res-
onator with rectangular sawtooth positioned at
the outer surface of C-shape achieves the highest
average absorption of 91.8% in the NIR region.
(Reprinted with the permission from [74], copy-
right Elsevier).

Z(ω) =

√
µ0µ(ω)

ε0ε(ω)
, Z0 =

√
µ0

ε0
(19)

When Z(ω) and Z0(ω) are of same values, the re-
�ectance will be zero, and this is also possible when
µ(ω) and ε(ω) are same. We obtain metamaterials
results in the two most important forms of re�ection
and absorption. The absorption can also be explored
using Eqs. (20)-(25) [77]

∆× ~E = iωµ0
~H (20)

∆× ~E = −iωε0ε ~E (21)

A (ω) =
Qabs(ω)

Qinc(ω)
(22)

[Qabs =
ωε0
2

∫
V

Im[ε(ω)]|E|2dV (23)

Qinc = SF (ω) (24)

Qtot
abs =

∫
A(ω)F (ω)dω (25)

whereQabs is the power absorbed by the component;
Qinc is the power reaching the solar panel from the
sun; Qtot

abs is total power. A design is also explored
using the R-L-C circuit as shown in Fig. 8(d) [78].
Metal induces the resistance R, inductance L, while
the capacitance C is caused due to the gap between
the metal layer. Eqs. (26)-(28) derives the normal-
ized impedance:

Z1 = j
ωµ0√(

ω
√
µ0εS

)2 − k20sin2θ

× tan

(√
(ω
√
µ0εS)2 − k20sin2θhS

)
(26)

1

Zin
=

1

Zg
+

1

Zm
+

1

Z1
(27)

Zm ≈
Z0

2
√
n1

T
− (n1)

(28)

where r = Re (Zin)− Z0
Re(Zin)

+ Z0.

The design is simulated using the COMSOL
Multiphysics software using the FEM computation
method. The results are investigated in the form
of absorption, re�ectance, and transmittance for
the frequency range of 155 THz to 425 THz.
From the absorption result, it is clear that the
metasurface with two thin square alternate layer
checkers array-based design and metasurface with
two thin square identical layer checkers array-based
design achieved the highest average absorption
of 85% in the NIR regime. While metasurface
with thin square two identical layers array-based
design, metasurface with thin square single layer
checkers array-based design, and metasurface
with thin square single layer array-based design
achieved average absorption of 82%, 72%, and 71%,
respectively. The design presented in Fig. 8(c) is
then investigated by varying various geometrical

224 c© 2021 Journal of Advanced Engineering and Computation (JAEC)



VOLUME: 5 | ISSUE: 4 | 2021 | December

Fig. 8: Graphene-based broadband solar absorber using uniformly positioned thin square gold array-based design
(a) basic design (b) metasurface with two thin square identical layer checkers array-based design (c) meta-
surface with two thin square alternate layer checkers array-based design (d) Equivalent R-L-C circuit of the
implemented design (e) Analysis of refractive index for NIR region (Reprinted with permission from [76],
copyright Optica).

parameters to analyze their e�ect on absorption
response as this particular design achieves high
average absorption. The optimized parameters for
the designs are then determined, where square gold
resonator height is 70 nm, substrate height of 120
nm, and gold ground layer thickness is 120 nm. Fig.
8(e) presents the refractive index analysis of the
design for 155 THz to 425 THz frequency range and
the refractive index is computed by substituting
the re�ection and transmission coe�cients in Eqs.
(26-(28) and Eq. (16). Fig. 8(e) clearly shows the
negative refractive index proving the metamaterial

behavior in the whole NIR region. Due to the
broadband response of the design, this can be imple-
mented as a unit block for energy harvesting devices.

Graphene-based plus and square shape

resonator-based broadband and highly e�-

cient solar absorber

Patel et al. presented a graphene-based plus and
square shape resonator-based broadband and highly
e�cient solar absorber [79]. The design is created
by placing silicon dioxide over a ground plane of the
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gold layer then a gold resonator of square and silver
resonator of plus shape which is separated from a
substrate using a thin layer of the graphene sheet.
The design's three-dimensional view is presented in
Fig. 9(a). The design parameters are: ground plane
thickness, G_H = 150 nm, substrate thickness, S_H
= 150 nm, graphene sheet height is of 0.34 nm,
length and width of the structure is 800 nm, width
of gold and silver material resonator, S_W = G_W
= 150 nm, and the resonator thickness, H = 150 nm.
The proposed structure is simulated using COMSOL
Multiphysics software. They have investigated the
two variations of the design one where they have
added the thin graphene layer and one where it is
not added.

The results are presented in form of absorption
and re�ectance for 200 THz to 1600 THz as
illustrated in Figs. 9(b-c). A detailed analysis by
varying various physical parameters is also carried
out and the related results are illustrated in Figs.
9(d-e). The average absorption of 92.72% and
89.9% is achieved for the design where graphene is
present and where it is not present, respectively.
The highest average absorption of 97.51% is
reported with enhancement in absorption due to
the graphene layer positioned above a substrate
keeping all the waves inside the substrate layer.
The only exception is the ultraviolet region where
the average absorption is high for solar absorbers
without graphene. The absorption response of these
two variations is illustrated in Figs. 9(b-c). The
absorption response with respect to variation in
gold resonator width and silver resonator width in
the range of 150 nm to 250 nm and 100 nm to 200
nm, respectively as illustrated in Figs. 9(d-e). The
plot clearly indicates the reduction in absorption
response as the width of both the gold and silver
resonator increases as it covers more space over
the substrate layer increasing the re�ectance. The
design with graphene sheet achieves the average
absorption of 85.48% in infrared, 97.51% in visible,
and 89.57% in ultraviolet regime in the frequency
range of 200 THz to 1600 THz. An average
absorption of 92.72% is achieved for the whole
solar spectrum and due to the broadband and high
e�ciency, it can be used as a unit block for energy
harvesting instruments.

Graphene-based L-shape metasurface based

wideband solar absorber

Charola et al. reported a tri-layer L-shape
metasurface-based wideband solar absorber for the
visible and ultraviolet region [80]. The proposed de-

sign is created by metal-dielectric-metal formation,
where the L-shape resonator and ground layer are
of tungsten material and the substrate is of silicon
dioxide as shown in the three-dimensional and front
view of the structure illustrated in Fig. 10(a-b). The
design is created by placing an L-shaped resonator
placed uniformly over a substrate. This design with
various top metallic structures is fabricated by scru-
tinizing the dip-coating techniques reported in [81]
and electron beam lithography reported in [82, 83].
The design parameters are: length of the design, L
= 133.33 nm, ground layer thickness, B1 = 29 nm,
substrate height, B2 = 50 nm, resonator height, B3
= 20 nm, length of L-shape, S = 75 nm, width of
L-shape,W = 25 nm, and the distance between con-
secutive L-shape is set to 58.33 nm.

The design is simulated in COMSOLMultiphysics
5.4 and the results in terms of absorption, the elec-
tric �eld intensity is presented for the frequency
range of 340 THz to 1150 THz as illustrated in Fig.
10(c-e). The design achieves an average absorption
of 92.2% in visible and 74.1% in the ultraviolet re-
gion. The L-shape metallic structure has remarkable
capabilities of absorbing, concentrating, and indicat-
ing the incoming EM waves in the proper direction
for both grazing and oblique incidence. The design
is further explored for the e�ect of variation in physi-
cal parameters on absorption response. The e�ect of
change in angle of incidence on absorption response
indicates that the design achieves more than 80%
average absorption for incidence angle between 0o

and 40o as presented in Fig. 10(d). The electric
�eld intensity of the proposed structure at 611 THz
is presented in Fig. 10(e).

3.3. THz absorber

THz absorbers are tunable absorbers that are
designed in the THz far-infrared frequency range.
Furthermore, the terahertz spectrum is full of vari-
ous applications including wireless communication,
security purposes, and imaging applications which
all need an e�cient absorber that can perfectly
absorb the energy from waves [84]-[86]. Tao et
al. presented the �rst-ever THz absorber based
on metamaterial which achieved 70% absorption
response at 1.3 THz [87].

Graphene gold grating-based THz absorber

Guo et al. reported a hybrid graphene gold
grating-based design to obtain improved nonlinear
e�ects in the THz frequency range [88]. The design
is presented in Fig. 11(a) with the periodic grating
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Fig. 9: Graphene-based plus and square resonator-based solar absorber (a) 3D view of the proposed design (b)
absorption response of the solar absorber for without adding the single layer of graphene sheet (c) absorption
response with single-layer graphene sheet of the solar absorber (d) fermi plot of absorption response for
variation of gold resonator width in the range of 150 nm to 250 nm (e) fermi plot for absorption response
for variation of silver resonator width in the range of 100 nm to 200 nm (Reprinted with the permission
from [79], copyright Elsevier).

in the x -axis direction and with the periodicity of p
which is assumed to be expanded to in�nity in the
y-axis direction. The signi�cant nonlinear response
is mostly owing to the localization and intensi�ca-
tion of the electric �eld at the postulated structure's
absorption resonance, as well as graphene's large
nonlinear conductivity at low THz frequencies. The
corresponding absorption results are presented in
Fig. 11(b). This design can supposedly be utilized
for various applications based on the new nonlinear
optics �eld of 2D material. This can be applied

in THz frequency generators, signal processors,
and wave mixers. The suggested hybrid grating's
strong �eld con�nement inside nanoscale trenches
and along graphene can be exploited to accelerate
dipole prohibited transitions on the atomic scale,
too [89, 90].

Graphene-based circular array-based ab-

sorber
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Fig. 10: Graphene-based L-shape metasurface (a) single unit of L with its dimensions (b) top view of the design
(c) absorption and re�ectance response for 340 THz to 1150 THz (d) absorption response in respect to
angle variation for TE waves (e) electric �eld intensity for 611 THz (Reprinted with permission from [80],
copyright Elsevier).

Dave et al. presented a graphene-based circular-
array based terahertz absorber for far-infrared (FIR)
frequencies [91]. Design is made by a silicon layer
and a single layer sheet of graphene and the circu-
lar array is positioned as shown in Figs. 12(a-b). A
length is set at 7500 nm and height of the design is
1500 nm, the radius of the graphene sheet is 3500
nm, and the gap between the two adjutant circles
is 2000 nm. The presented structure is simulated
using FEM in COMSOL Multiphysics for the fre-
quency range of 1 THz to 7 THz and the results in
form of absorption, re�ectance, transmittance, and
phase variation. The transmittance coe�cient (Tij),

re�ectance coe�cient (Rij), and phase (φij) can be
de�ned using Eqs. (29)-(31) [92]

Tij =

∣∣∣∣∣ETrans
j

EInc
i

∣∣∣∣∣ (i, j = x, y) (29)

Rij =

∣∣∣∣∣E
Reflec
j

EInc
i

∣∣∣∣∣ (i, j = x, y) (30)

φij = arg

(
ETrans

j

EInc
i

)
(i, j = x, y) (31)
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Fig. 11: Graphene gold grating-based THz absorber (a) simpli�ed structure of the design (b) absorption response
of the design calculated analytically, and numerically. The absorption response in the green line is of the
design where graphene is not applied. (Reprinted with permission from [88], copyright American Physical
Society).

Fig. 12: Graphene-based circular array design (a) Top view of the design illustrating the graphene structure (b)
3D view of design (c) absorption response of the design with respect to variation in GCP (d) achieved
tunable phase response for various values of GCP with variation in radius of a small circle (Reprinted with
permission from [91], copyright Elsevier).
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Fig. 13: Multistacked based THz absorber using graphene grating (a) Graphic illustration of the proposed design
(b) absorption response with respect to variation in incidence angle and GCP (Reprinted with permission
from [93], copyright Wiley).

Results illustrated in Fig. 12(c) indicated the
reduction in absorption as the value of graphene
chemical potential increases. The plots indicate the
change in resonance frequency values as the radius
of the smaller circle varies. The phase variation also
changes as the GCP and radius of the small circle
vary as illustrated in Fig. 12(d). The maximum
phase variation of about 85o is observed for the
GCP of 0.9 eV. To conclude maximum absorption
of 85% is achieved for a smaller circle radius of
250 µm and 450 µm. The tunable ability of this
structure can be utilized to design THz sensor,
modulator, polarizer, or absorbers.

Tunable multi-stacked-based THz absorber

based on graphene-grating

Parmar et al. reported a tunable multi-stacked
THz absorber based on graphene grating for the FIR

frequency range [93]. The design of the implemented
structure is presented in Fig. 13(a) and we can ob-
serve the grating structure formed from gold wires
and the stacked graphene layer. In the free space
around the gold wire and between two graphene lay-
ers silica material is placed. The e�ective height of
the design H = 1000 µm, grating structure width
W = 300 µm, the gap between two graphene layers
is 50 µm. In the center of the design a gold circle
of radius r = 50 µm, is positioned. The absorption,
re�ectance, and transmittance analysis of the struc-
ture is carried out for the frequency range 1 THz
to 3 THz. From port 1 the grating structure is ex-
cited with transverse magnetic mode. The variation
in absorption with respect to incidence angle varia-
tion is illustrated in Fig. 13(b). This design can be
the unit element of many THz-based applications in
sensing and imaging �elds.
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Tab. 1: Comparison table of absorber sensor with previously published work.

Absorber Sensor Design Application
Wavelength

Range
Sensitivity
(nm/RIU)

Single Split Ring Resonator by [44] Hemoglobin Detection 1.15-1.3 µm 1421
Single Split Ring Resonator by [44] Urine Detection 1.16-1.19 µm 1604
Double Split Ring Resonator by [44] Hemoglobin Detection 1.16-1.19 µm 1972
Double Split Ring Resonator by [44] Urine Detection 1.16-1.19 µm 1595
Single Split Ring Resonator by [44] Hemoglobin-Urine Detection - 28785
Double Split Ring Resonator by [44] Hemoglobin-Urine Detection - 26346
Circular resonator with radius R by [61] Urine Detection 40.7-41.5 µm 35000
Circular resonator with radius R/2 by [61] Urine Detection 40.7-41.5 µm 40000
Split ring resonator with radius R by [61] Urine Detection 40.7-41.5 µm 33333
Split ring resonator with radius R/2 by [61] Urine Detection 40.7-41.5 µm 33333
Circular resonator with radius R by [61] Hemoglobin Detection 40.7-41.5 µm 31000
Split ring resonator with radius R by [61] Hemoglobin Detection 40.7-41.5 µm 32250
C-shaped tungsten metasurface refractive
index absorber sensor by [34]

Hemoglobin-air Detection 1-3 µm 2571

C-shaped tungsten metasurface refractive
index absorber sensor by [34]

Hemoglobin-Urine Detection 1.7-1.95 µm 3846

C-I shape array-based design by [65] Hemoglobin Detection 0.7-0.85 µm 3500
3×3 circular disk array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 500

3×3 square array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 300

Circular square array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 400

Square circular array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 300

2×1× 2 square array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 450

3×3 plus-shape array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 266

Plus-square shape array based absorber
sensor design by [67]

Hemoglobin Detection 0.4-0.55 µm 400

Optical absorber sensor by [94] Biosensing 1.55-1.58 µm 322
Refractive index absorber sensor
design by [95]

Hemoglobin Detection - 387

Bragg-grating refractive index absorber
sensor design by [96]

Sensing 1571.5-1571.8 nm 292

Optical leaky wave absorber sensor by [36] Biosensing 250-330 THz 431
Optical absorber sensor by [97] Sensing 0.5-0.75 µm 1139
Photonic crystal-based design by [98] Biochemical sensing 1.37-1.45 µm 65.7

Slot strip line metamaterial based design by [99]
Biosensor, Slow-light devices,
ultrafast-switches

100-240 THz 560

Absorber sensor design by [100]
Biosensor, Slow-light devices,
ultrafast-switches

0.9-1.2 µm 294

Refractive index absorber sensor by [101]
Sensing in environmental,
chemical, and biological diagnosis

115-215 THz 929

Slot strip based design by [102] Sensing 380-460 THz 700

In Tab. 1 and Tab. 2 we have compared the ab-
sorber sensor and solar absorber with the previously
published work.

4. Conclusion

We have reviewed various recent advances and ap-
plications in graphene-based absorbers. Our fo-
cus was on the absorber sensors, solar absorbers,
and THz absorbers design, result in analysis and
their applications. From the result analysis, it
is clear that adding the single sheet of monolayer
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Tab. 2: Comparison table of solar absorber with previously published work.

Solar
absorber
design

Frequency/
Wavelength

range

% Average
absorption
(ultraviolet
range)

% Average
absorption
(visible
range)

% Average
absorption
(infrared
range)

Angle
Insensitive

Polarization
Insensitive

C-shape rectangular sawtooth
design by [74]

0.81-1.07 µm - - 91.8 0o to 80o Yes

Ref [103] 0.4-0.8 µm - 71.1 - 0o to 40o Yes
Ref [104] 100-1200 THz 92.99 86.5 86.1 - -
Ref [105] 70-130 THz - - 90% - -
Ref [106] 400-1400 nm - Above 90% Above 90% - Yes
Ref [107] 500-900 nm - Above 94% - 0o to 70o Yes
Ref [108] 400-1400 nm - - - - -
Two thin square alternate
layer checkers array-based
design by [76]

155-425 THz - - 85 - -

Two thin square identical
layer checkers array-based
design by [76]

155-425 THz - - 85 - -

Ref [109] 537-635 THz - 70 - - -
Ref [110] 450-800 nm - 80 - - -
Plus-square shape resonator
design with graphene by [79]

200-1600 THz 89.57 97.51 85.48 - -

Plus-square shape resonator
design with graphene by [79]

200-1600 THz 93.49 92.8 71.84 - -

Ref [111] 100-1000 THz 92.3 93.7 79.67 - -
Ref [112] - 93 - - -
Tri-layer L-shape metasurface
based by [80]

340-1150 THz 74.1 92.1 - 0o to 30o -

Four C-shape array metasurface
based design by [113]

0.2-0.8 µm - 92 - 0o to 80o -

Five circle array metasurface
based design by [113]

0.2-0.8 µm - 91 - 0o to 80o -

Five C-shape array metasurface
based design by [113]

0.2-0.8 µm - 90 - 0o to 80o -

Four circle array metasurface
based design by [113]

0.2-0.8 µm - 91 - 0o to 80o -

graphene improves the absorption response and as
we increase the no. of graphene sheets so in-
creases the absorption rate. The absorber sensors
are mainly applicable in sensing, imaging applica-
tions. They are mainly used as biosensor devices
detecting hemoglobin, urine biomolecules. The solar
absorbers are mainly applicable as the unit element
for the solar energy harvesting devices due to their
broadband and highly e�cient absorption response
which is achieved due to the monolayer graphene
sheet. While the THz absorber can be used for
many THz-based applications in sensing and imag-
ing. Some of the THz absorbers are applicable in the
new �eld of nonlinear optics �eld of 2D material.
The graphene is also used in absorbers to achieve
tuning. So, we can conclude that graphene-based
absorbers are widely useful and highly e�cient.
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