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Abstract. In this paper, a novel tunable metamaterial absorber having multiple bands is presented for solving
sensing-related issues in THz applications. Initially, a zigzag shaped metamaterial absorber with multiband response is
reported and then, a tunable absorber is proposed to cover a wide THz spectrum. The proposed tunable absorber has six
‘V’ shaped stubs with graphene at the edges to realize six absorption bands of 0.65, 1, 1.33, 1.45, 1.74 and 1.95 THz. The
tuning of absorption bands is realized by varying the chemical potential of graphene by controlling the electrostatic gating
and hence, provides tunable absorption characteristics in the optical regime. The absorber is designed with a polyimide
substrate having a unit cell dimension of 0.14 9 0.14 ko, which is smaller when compared to similar literature. The
simulation result shows a better absorption rate of [ 90% over most of the operating bands. The influence of material on
the absorption peak is analysed by using different types of conductors and dielectric materials.
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Introduction

In recent years, metamaterial-based absorbers are receiving
tremendous attention in the field of optical communication
due to the requirement of a sensor for providing perfect
detection and measurement of THz radiation. The terahertz
band in the electromagnetic spectrum realizes applications
in the field of spectroscopy, imaging, security, biological
sensing wireless communication and defense. A perfectly
designed metamaterial can be a good absorber of light and
hence, acts as a sensor as demonstrated in the literature [1,2].
The metamaterial absorber-equipped IoT devices have good
sensing ability which when merged with optical IoT backhaul network, results in increased efficiency and throughput.
The designed absorber is a perfect candidate for solving the
limited bandwidth problem of IoT backhaul networks and
also suitable for emerging terahertz applications.
A tunable single-band metamaterial-based absorber is
presented in reference [3]. The resonance is achieved with
the spacer cavity formed by the metal/strontium titanate
(STO)/photoresist metal layers. Since the STO layer is
sensitive to temperature; the absorption peak can be controlled by changing the measured temperature. The
researchers in reference [4] proposed a design that has a
narrow resonant peak with a high absorptivity of 0.99 at
2.249 THz. This makes the metamaterial highly sensitive to

the surrounding medium refractive index at the fixed
analytic thickness and hence, suitable for biomedical applications. The research works of references [5,6] use an
equivalent circuit model to design and analyse a graphemebased metamaterial absorber. The effect of chemical
potential of the graphene layer on the absorption frequency
is demonstrated for realizing tuning over the operating
frequency. However, multiple layers are utilized in all the
above research works, which brings structure complexity
and makes the fabrication difficult. The effect of patterned
arrays of one-dimensional or two-dimensional subwavelength graphene elements and sandwiching of grapheme
layer between aluminium oxide strips, polymethyl
methacrylate slab on the absorption performance of metamaterial is analysed in the literature [7–9]. However, only
dual absorption bands are obtained with this multilayer
patterned graphene structure. Broadband switchable metamaterial absorbers are investigated in the research works
presented in references [10–14]. Different techniques are
utilized to achieve this switchable response which includes
using thermally controllable vanadium dioxide (VO2), randomly initialized hill climbing (RHC) algorithm for
deciding patch shape, graphene stacks, photoresistive
material combined with a heavily doped SiO2 layer. However, these methods complicate the fabrication process and
result in high costs. A reconfigurable absorber reported in
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Figure 1. Proposed zigzag absorber: (a) unit cell, (b) side view and (c) absorption coefficient.

reference [15] uses a combination of organic material in
crystal form with gold disks. Here, the absorption frequency
is reconfigured by selective switching of this organic
material through biasing of gold disks. However, this
absorber can be fabricated based on wet chemistry for
protein or other organic materials in the fabrication process.
Thus, most of the absorbers reported in the literature provide either single or dual absorption bands with narrow
operating bandwidth. They use multiple layers of metal,
graphene and other dielectric materials which complicate
the fabrication process and also increase the structural

complexity along with size. A low-cost tunable metamaterial absorber for sensing-based IoT applications is proposed
in this paper. The proposed absorber has a single layer of
metallic patch, graphene and realizes size miniaturization
up to ko
7 with respect to the lowest operating frequency. The
designed absorber realizes six bands (0.65, 1, 1.33, 1.45,
1.74 and 1.95 THz) between 0.1 and 2 THz. Wider spectrum coverage through frequency tuning is achieved by
shifting the Fermi level of graphene through proper biasing.
Individual tuning of every absorption band is demonstrated
with simulation results.
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This paper is organized as follows: section 2 describes
the design and development of two novel metamaterial
absorbers. The formation and control of the absorption band
are demonstrated in section 3. The tuning process involved
in every absorption band is explained in section 4 with the
necessary simulation results. Section 5 provides the conclusive remarks of this research work.

2.

Figure 2. Proposed tunable absorber unit cell: (a) front view and
(b) side view. (Black colour: copper and pink colour: graphene.)

Scaling 1

Unit cell design

The proposed unit cell has a patch and ground plane,
separated by a polyimide substrate of thickness 18 lm
having a refractive index of 3.5, is shown in figure 1a and b.
The patch consists of an outer square ring of dimension 75
9 75 lm to which zigzag shaped structures made up of a
meandering line are interconnected at the four corners. The
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Figure 3. Absorption coefficients’ shifting for different scalings of FSS. Scaling 1: 37, 32.5, 28, 23.5, 19 and 13.5
lm. Scaling 2: 29, 24.5, 20, 15.5, 11 and 5.5 lm. Scaling 3: 21, 16.5, 12, 7.5, 3 and 0.5 lm.
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total length L of each zigzag structure is 189.5 lm with a
width of 3 lm. This unit cell realizes six bands of operation
between 0.1 and 2.5 THz which are centred at 0.35, 0.61,
0.95, 1.32, 1.76 and 2.5 THz, respectively, and their corresponding absorption peaks are depicted in figure 3. The
absorption rate is [95% for most of the absorption bands as
depicted in figure 1c. Here, the absorption bands are not
individually controllable, hence, V-stub-based absorber is
proposed further for separately tuning every absorption
band.
Figure 2 shows the proposed tunable absorber unit cell. It
consists of two copper layers separated by a polyimide
dielectric having a refractive index value of 3.5. The
dimension of a unit cell is 82 9 82 lm with a dielectric
thickness of H = 25 lm. Each part of an absorber unit cell
consists of six different sized ‘V’ shaped stubs namely A, B,
C, D, E and F with each arm having lengths of La = 37, Lb =
32.5, Lc = 28, Ld = 23.5, Le = 19, Lf = 13.5 lm, respectively, and thickness W = 0.7–1 lm. All the stubs in each
part of the unit cell are interconnected by a common vertical
stub. Every stub gives its corresponding resonance frequency and hence, totally six different frequencies 0.65, 1,
1.33, 1.45, 1.74 and 1.95 THz are realized between 0.1 and
2 THz. The centre connecting point of the patch is etched
away to realize six absorption bands with equal spacing
having a high absorption coefficient value.
In fact, the proposed absorber could be readily extended
to cover a higher range of frequencies with the obtained six
absorption peaks. The values of the absorptivity peaks for
different dimensions of internal ‘V’ shaped stubs are illustrated in figure 3. From figure 3, it is inferred that the
absorption peak shows a pink to green shift on increasing
the ‘V’ stub lengths from scaling 1 to scaling 2. As ‘V’ stub
length increased to scaling 3, resonance absorption peak
frequencies experienced a blue shift which covers the frequency range of 2 – 4.5 THz. For further extending these
absorption peaks up to 10 THz, the physical dimension of
the absorber must also be varied in addition to the inner stub
length.

3.

Simulation result

The stubs A, B, C, D, E and F control the absorptions of
0.65, 1, 1.33,1 .45, 1.74 and 1.95 THz, respectively, which
is well illustrated in figure 4. By varying the length of V
stubs, the respective frequency bands are controlled as
illustrated in figure 4. Since it is not possible to vary the
stub length physically, voltage controllable graphene is
included at the terminal of each stub. By varying the
chemical potential of graphene, its Fermi level changes
resulted in the tuning of absorption bands. Graphene does
not have the property of metal, but the loss associated with
graphene is less when compared to noble metal. Hence,
graphene is a perfect candidate to be used in the THz
regime. Since transmission of the incident wave through the
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Figure 4.

Calculated absorption peaks of proposed absorber.

structure is completely blocked by the metallic ground
plane, absorption coefficient A can be calculated as:
A ¼ 1  jS11 j2  jS21 j2 ¼ 1  jS11 j2 ;

ð1Þ

where A is the absorption coefficient, S11 the reflection
coefficient and S21 the transmission coefficient. The
dimension of an absorber is optimized in such a way that the
peak absorption coefficient value should be around 0.9 for
most of the bands as depicted in figure 4. This absorber is
designed and simulated with CST microwave studio
software.

4.

Tuning analysis

The proposed absorber employs graphene in every arm of
the V-stub for the tuning to takes place in every absorption
band. The electrostatic bias voltage is used to control the
graphenes’ chemical potential which in turn brings variation
in its conductivity. The surface conductivity of graphene is
determined by
fd ¼

1
;
1 þ eðelc Þ=K B T

ð2Þ

where f d is a Fermi Dirac distribution function, e the permittivity of graphene, lc the conductivity of graphene
corresponding to its chemical potential, K B the Boltzmann
constant and T the temperature. The Fermi level of graphene is exponentially related to its conductivity (chemical
potential) as illustrated in the above equation. It has been
observed that the graphene conductivity increases with the
increase in applied bias voltage. This property serves as a
simple tuning mechanism based on electrostatic gating. The
centre resonance frequency of the first band shows an
obvious shift from 0.5 to 0.8 THz when increasing the
chemical potential of the A stubs graphene from 0 to 1 eV
as depicted in figure 5a. Whereas the second band centre
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Figure 5. Absorption band controlling by using corresponding V stub graphene potential at (a) 0.65, (b) 1, (c) 1.33,
(d) 1.45, (e) 1.74 and (f) 1.95 THz.
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Figure 6.

Surface current distributions at (a) 0.65, (b) 1, (c) 1.33, (d) 1.45, (e) 1.74 and (f) 1.95 THz.

Figure 7.

Absorption coefficients in TE mode for various angles of (a) Phi and (b) Theta.

frequency shifts from 0.87 to 1.15 THz, while increasing the
chemical potential of the E stubs graphene from 0 to 1.5 eV
as shown in figure 5b. Similarly, remaining four absorption
bands are controlled by varying the graphene potential of
their respective stubs.
To understand the performance of the proposed absorber,
the surface current density at six different operating frequencies is illustrated in figure 6. The six different
absorption bands commencing from 0.65 to 1.95 THz are

due to wider to narrower ‘V’ stubs in each part of the unit
cell, respectively. It is evident from figure 6 that the current
density in a ‘V’ stub respective to its operating frequency is
high. The surface current distribution simulated at the frequencies of 1.33 and 1.45 THz corresponds to the centre
frequency of the third and fourth absorption bands,
respectively, as third and fourth ‘V’ stubs are in each
quadrant of an absorber, hence, maximum current exists
across them as shown in figure 6c and d. It is also inferred

Bull. Mater. Sci.

Figure 8.

(2021) 44:281

Page 7 of 8

Absorption coefficients in TM mode for various angles of (a) Phi and (b) Theta.
1.0

1.0
Cu
Au
Ag

Polyimide
RogersRT6010
Silicon

0.8

0.6

Absorption

Absorption

0.8

0.4

0.2

0.0
0.5

281

0.6

0.4

0.2

1.0

1.5

2.0

2.5

Frequency(THz)

(a)

0.0
0.5

1.0

1.5

2.0

2.5

Frequency(THz)

(b)

Figure 9. Calculated absorption bands for different (a) conductor materials and (b) dielectric materials.

that the surface current density increases as the operating
frequency increases i.e., current distribution at 1.95 THz is
more when compared to a lower resonant frequency of 0.65
THz.
To investigate the performance of the proposed absorber
for different polarizations, the angle of incidence of optical
wave and rotational angle of the proposed absorber is taken
into consideration. The measured absorptivities at TE and
TM polarizations are plotted in figures 7 and 8, respectively.
For TE polarization, the absorption peaks remain constant
for various incidence angles of an electromagnetic wave,
while the magnitude of absorption peak decreases as the
absorber is rotated through an angle of 0–60° as illustrated
in figure 7a and b, respectively. For TM polarization, the
absorption peaks remain constant for various incidence
angles of electromagnetic wave and it shows the rising
absorption peaks as the absorber is rotated between the
angles of 0 – 60° as shown in figure 8a and b, respectively.

The dependence of absorption spectra on various materials
of the absorber is investigated with graphs shown in figure 9.
By using different conducting materials namely copper (Cu),
silver (Ag), gold (Au) for patch, and ground plane of absorber
has a negligible effect on the absorption rate as shown in
figure 9a. From figure 9, it has been observed that the proposed absorber realizes six bands of absorption with their
respective centre frequencies of 0.65, 1, 1.33, 1.45, 1.74 and
0.95 THz for all the conductor materials, and their corresponding absorption rates are 90, 78, 98, 99, 91 and 71%,
respectively. Even though silicon as a dielectric provides
additional bands, its pressure resistance, temperature adaptability and mechanical stability are low along with the less
absorption rates. The usage of polyimide as a substrate provides better tunable absorption bandwidth with a low cost
when compared to Rogers RT 6010 as depicted in figure 9b.
From table 1, it is observed that the proposed absorber
realizes more number of absorption bands with wide

1
180–200 THz
05 9 05 ko
High
Yes
Multilayer with optical switch
2
0.53–1.55 THz
0.30 9 0.30 ko
Moderate
No
Graphene patch array
1
2.24 THz
0.27 9 0.27 ko
Low
No
Capacitive golden layers
No. of bands
BW coverage
Unit cell size
Complexity
Tuning
Technique

6
0.3–2 THz
0.14 9 0.14 ko
Low
Yes
Open ended stubs with graphene

1
4.5–5.7 THz
0.32 9 0.32 ko
Moderate
Yes
Multilayer with photoresist

1
1.5–3.5 THz
0.40 9 0.40 ko
Moderate
No
Graphene layer

[15]
[6]
[4]
[3]
This paper

Performance comparison with similar kinds of literature.
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bandwidth coverage ranging from 0.3 to 2 THz. The unit
cell size is minimized to the level of 0.14 9 0.14 ko and
hence, more number of unit cells are equipped in the
required dimension of an absorber, which increases its
sensitivity and efficiency. An electrostatically controllable
graphene stubs are included in every ‘V’ stub for realizing frequency tuning over its respective bands which is
not reported in other works. The proposed design has
open ended stub based structure i.e., less complex on
comparing with similar research works that were reported
earlier.

5.

Conclusion

In this paper, six band absorbers with and without frequency
tuning are proposed and validated for the frequency range
of 0.3–2 THz. The effect of various conducting and
dielectric materials on the absorption bands are analysed
with the simulation results. The individual tuning of every
absorption band by the respective ‘V’ stubs graphene is well
explained through the experimental graphs. The effect of
current density on the absorption rate is verified with the
surface current distribution diagram. With advanced technologies, it is feasible to have many emerging and future
applications in the THz range in addition to the existing
applications. Hence, the proposed absorber will play a vital
role in the near future also.
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