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ABSTRACT This paper presents a groundbreaking advancement in terahertz (THz) technology through
the introduction of a novel ultrathin absorber. Composed of vanadium dioxide (VO2) and graphene, this
absorber offers a non-metallic solution for wideband absorption, covering an impressive frequency range
from 1.198 THz to 8.752 THz (7.554 THz). Our absorber exhibits exceptional tunable and switchable
performance, a significant achievement considering the challenge of achieving frequency tunability across
broadband absorption ranges, which was the primary focus of our research endeavor. Furthermore, our
proposed absorber demonstrates remarkable characteristics, achieving up to 80% absorption even at high
incidence angles of up to 80◦. Additionally, the absorber enhances Shielding Effectiveness in electromagnetic
interference (EMI) shields and stealth systems, further highlighting its versatility and potential impact in
various applications.

INDEX TERMS Absorber, graphene, switchable, tunable, VO2, wideband.

I. INTRODUCTION
Terahertz (THz) frequency, occupies a unique electromag-
netic (EM) spectrum characterized by its potential for diverse
applications across various fields [1], [2], [3]. The THz
region, often referred to as the ‘‘THz gap,’’ bridges the
gap between the microwave and infrared regimes, offering
a wealth of opportunities for exploration and innovation.
Moreover, THz technology has emerged as a promising
frontier in science and engineering, propelled by its ability
to penetrate a wide range of materials, including clothing,
plastics, paper, and biological tissues, while also exhibiting
low photon energy, non-ionizing radiation, and high spectral
resolution [4], [5]. In addition, in recent years, research efforts
in THz technology have surged, driven by the quest to unlock
its vast potential. Furthermore, scientists and engineers have
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developed a myriad of devices tailored to exploit the unique
properties of THz radiation. These devices encompass a
diverse range of applications, including communication sys-
tems, imaging techniques, spectroscopy, medical diagnostics,
security screening, and sensing technologies [6], [7]. Among
the various devices designed for operation within the THz
frequency region, absorbers play a particularly crucial role.
Absorbers, also known as absorptive materials or absorptive
coatings, are engineered structures that efficiently capture
and dissipate incident THz radiation. Moreover, in addition
to traditional absorbers, Metamaterials (MM) have emerged
as a transformative technology in the realm of THz frequency
applications [8], [9], [10]. MM are engineered structures with
properties not found in naturally occurring materials, offering
unprecedented control over EM waves at THz frequencies.
While metallic absorbers have traditionally dominated the
field of THz absorption, non-metallic absorbers, particularly
those based on materials like Vanadium dioxide (VO2),
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have garnered increasing attention due to their unique
properties and advantages. Non-metallic absorbers offer
distinct advantages over metallic counterparts, including
lower losses, dynamic tunability, and compatibility with
integrated circuit fabrication processes [11], [12]. VO2,
in particular, undergoes a phase transition from an insulating
to ametallic state at a critical temperature, enabling reversible
modulation of its electrical and optical properties. This
phase transition behavior makes VO2-based absorbers highly
versatile and suitable for a wide range of THz applications,
including dynamic switching devices, adaptive camouflage
systems, and temperature-sensitive sensors [13], [14], [15],
[16]. Graphene-based absorbers also hold promise, with
graphene’s unique properties enabling efficient THz absorp-
tion and tunability [17], [18]. The fusion of graphene and
VO2 offers unparalleled tunability, with dynamic adaptation
enabled by VO2’s phase transition and enhanced function-
ality, including durability, flexibility, and compatibility with
emerging THz technologies. This versatility positions the
absorber as a cornerstone in the next generation of THz
devices.

Several studies have investigated the development of
THz MM based VO2 absorbers, each offering unique
design features and promising applications. In [19], a VO2-
based absorber for CO2 gas sensing integrates a MM
perfect absorber with a MEMS-based microheater, enabling
switchable optical properties with high absorption efficiency
and rapid response. Yet, fabrication complexity and the
requirement for precise temperature and voltage control
pose challenges. Moreover in [20], an active broadband
perfect absorber MM based on hexagonal-patterned VO2 is
proposed, achieving adjustable absorption within the 6.5 to
7.90 THz range. Yet, it exhibits a low modulation depth and
requires a high operating temperature. In [21], researchers
explore a tunable broadband THz MM absorber utilizing
VO2, achieving over 90% absorption with a 0.33 THz
bandwidth but falling short of practical expectations. Addi-
tionally, [22] discusses dynamic and polarization-insensitive
MM based on VO2. However, MM perfect absorbers with
metal/insulator/metal structures face limitations, hindering
practical use. Furthermore, [23] explores a tunable broadband
THz MM absorber using VO2, suffering from structural
complexity. Moreover, [24] illustrates the transition to ultra-
wideband THzMM absorbers, showcasing a perfect absorber
achieving over 99% absorption in the 6.6-8.9 THz range.
In [25], a VO2-based absorber with a multi-ring structure
achieves dynamic absorption control via VO2’s phase-change
properties sensitive to temperature. However, its complex
structure may pose fabrication challenges. The authors
in [14], a THz absorber design employs graphene and VO2
for multi-channel control, promising diverse applications but
facing fabrication complexities. Additionally, the absorber
in [26] achieves over 90% perfect absorption within the
3.01–6.79 THz range, utilizing graphene and VO2 properties
for dynamic absorption control, despite design complexity.
In the pursuit of addressing the evolving demands of

modern technology, there arises a clear imperative for the
development of absorber that are not only simple and compact
but also nonmetallic, tunable and switchable, capable of
offering wide-ranging absorption properties.

In this paper, we introduce a novel ultrathin absorber
composed of VO2 and graphene, offering a non-metallic
solution for wideband absorption spanning from 1.198 THz
to 8.752 THz (7.554 THz). This absorber demonstrates
remarkable tunable and switchable performance, a challeng-
ing feat in achieving frequency tunability across broadband
absorption ranges, which constitutes the primary focus of
our research endeavor. Moreover, our proposed absorber
showcases outstanding characteristics, boasting up to 80%
absorption even at high incidence angles of up to 80◦. The
proposed absorber also contributes to enhancing Shielding
Effectiveness in EM interference (EMI) shields and stealth
systems. Three scenarios are explored: varying the graphene
chemical potential (µc) from 0.1 eV to 0.9 eV while
maintaining VO2 in the insulating phase (Case i), altering
the conductivity of VO2 (σVO2 ) while keeping µc constant
at 0 eV (Case ii), and varying the µc from 0.1 eV to
0.9 eV while maintaining VO2 in the conducting phase
(Case iii). Exploring these cases is crucial for understanding
the fundamental mechanisms underlying the tunable and
switchable properties of the proposed absorber.

II. DESIGN OF THE PROPOSED ABSORBER
Fig. 1 illustrates the structure of the proposed absorber.
Fig. 1(a) details the periodic pattern and unit cell configu-
ration, illustrating the interface of incoming EM waves with
the absorber. The absorber comprises a bottom silicon dioxide
(SiO2) substrate with a relative permittivity of εs = 2.2 and
a loss tangent (tan δ) of 0.006. The periodicity (L×W) is
set at 80 × 80 µm, and the substrate thickness is denoted
as ts. A graphene layer, grown atop the SiO2 layer with a
thickness of tg, is characterized by an initial µc = 0.1 eV at T
= 300 K and a relaxation time (τ ) of τ = 0.1 ps. Graphene is
a 2D material composed of a single layer of carbon atoms
arranged in a hexagonal lattice. The electrical and optical
properties of graphene can be tuned by adjusting its µc.
This tunability provides flexibility in tailoring the absorber’s
performance to specific frequency. The surface conductivity
(σG) of graphene is given by the sum of intraband (σintra) and
interband (σinter ) conductivity terms are determined using the
Kubo formula [27], [28], [29], [30] which are expressed by
equations (1)-(3):

σG(ω, τ, µc,T ) = σintra(ω, τ, µc,T ) + σinter (ω, τ, µc,T )

(1)

σintra(ω, τ, µc,T ) ≈ −j
e2kBT

πℏ2
(
ω − jτ−1

)
×

[
µc

kBT
+ 2ln

[
exp

(
−

µc

kBT

)
+ 1

]]
(2)
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FIGURE 1. Proposed absorber (a) Unit cell and periodic pattern, (b) Unit
cell with dimensions, (c) Front view, (d) CS, (e) Absorption and reflection
coefficient, (f) Impedance (Z), and (g) TE and TM modes.
(R = 2×10−6�, L = 3.18nH, C = 3.19fF ).

σinter (ω, τ, µc,T ) ≈ −j
e2

4πℏ
ln

[
2 |µc| + (ω − jτ−1)ℏ
2 |µc| − (ω − jτ−1)ℏ

]
(3)

where charge of the electron (e), Boltzmann constant (kB),
Planck constant (h̄) [29], [30], [31]. In simulations, the
graphene layer is represented as a thin layer with a thickness
of tg = 0.34 nm, characterized by a complex permittivity
εg = ε0 − j

(
σg (ω)

/
tgω

)
, where σg is the conductivity

of graphene. The conductivity of graphene can be adjusted
by modulating the chemical potential of the graphene. The
chemical potential can be varied in CST Microwave Studio.

On the graphene layer, three rings made of VO2 are
positioned. VO2 is a compound that undergoes a phase
transition at a specific critical temperature. Below this
temperature, VO2 is in the insulating phase, while above
it, it transitions to the metallic phase. Furthermore, with a
temperature increase from 300 to 360K, the VO2 material
transitions from its insulating phase to a conducting phase,
resulting in a variation in conductivity from 1 × 102S

/
m to

5×105S
/
m, respectively. The versatility ofVO2 in transition-

ing between insulating and metallic phases has catalyzed the
development of switchable devices. TheVO2 layer ismodeled
as a layer with a thickness of tv, and its relative permittivity
is defined accordingly. The permittivity of VO2 is dependent
on its thermal excitation. The permittivity of VO2, both
its real and imaginary components, are given by equations
(4)-(6) [32], [33], [34].

εVO2 =
1
4

{
εd (2 − 3V ) + εm(3V − 1)

+

√
εd (2 − 3V ) + εm (3V − 1)2 + εdεm

}
(4)

The relative permittivity of VO2 can be described through
Drude model.

ε (ω) = ε∞ −
ω2
p (σ )

ω (ω + iγ )
(5)

where ε∞ = 12 is the permittivity at the infinite frequency.
ωp (σ0) is calculated using equation 6.

ω2
p
(
σVO2

)
=

(
σVO2

/
σ0

)
ω2
p (σ0) (6)

The plasma frequency, denoted as ωp (σ0) = 1.4 × 1015

rad/s and γ = 5.75 × 1013 rad/s represents the damping rate
parameter.

The three VO2 rings that are placed on the graphene
layer include (i) the 1st ring in a circular shape with radii
of ri1, and rO1, respectively (ii) the 2nd ring in a square
shape, with radii of ri2, and rO2, respectively and (iii) the
3rd ring in a circular ring shape with radii of ri3, and rO3,
respectively. The dimensions of these rings and the layers
are presented in Fig. 1(b) and Fig. 1(c). The arrangement
of VO2 rings during the metallic phase provides a wideband
absorption bandwidth ranging from 1.198 THz to 8.752 THz
(7.554 THz) with a centre frequency (fc) of 4.975 THz. The
circuit schematic (CS) of the suggested absorber is illustrated
in Fig. 1(d). The absorber’s high absorption is attributed
to EM resonances occurring within its structure, thereby
defining its functionality through the CS.
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The absorber configuration is devoid of metal, with the
resistive characteristic facilitated by the VO2 resonators
and graphene reflector. The VO2 material contribute to its
dispersive properties, resulting in effective impedance and
functioning as the medium. This medium is terminated at
the dispersive graphene reflector, providing resistance Rg.
The impedance offered by the VO2 layer is expressed as
ZCS = ZVO2 = η0

/√
ϵVO2

, where η0 represents free-space
impedance.

The impedance at the transmission line’s input terminal can
be computed using the following equation (7).

Z1=ZCS

[
Rg+jZCS tanβtv
ZCS+jRg tanβtv

]
(7)

The resonance exhibited by the absorber structure can be
illustrated using the series RLC circuit, which provides a
bandpass response. In this context, the resistance value can
be determined utilizing the conductivity of the VO2 resonator
as R ≈ 1

/
σVO2 . The inductance and capacitance values

can be computed at the resonance frequency, taking into
account the center frequency of the operational bandwidth.
The impedance offered by the resonance circuit is denoted
as ZRes, and the total input impedance can be calculated
as Zin = ZRes ∥ Z1. Utilizing the calculated input
impedance, the reflection coefficient is estimated using
the following equation, assuming zero imaginary part. The
reflection coefficient is subsequently computed with 0 =

(Zin − η0)
/

(Zin + η0), considering the zero-imaginary part
of the Zin. The agreement between simulated and calculated
results confirms the validity of the absorber’s operation. The
absorption and reflection plots of CS, and CST are shown in
fig. 1(e). The absorption coefficient (A) is calculated using
equations 8 and 9.

A = 1 − R− T = 1 −

(
Zeff − Z0
Zeff + Z0

)
= 1 −

(
Zrel − Z0
Zrel + Z0

)2

(8)

Zrel =

√
(1 + S11)2 − S221
(1 − S11)2 − S221

(9)

Here R is the reflection coefficient, given by R =
∣∣S211∣∣, and

T is the transmission coefficient, given by T =
∣∣S221∣∣. The

graphene layer at the bottom having a thickness of 0.34 nm,
provides the perfect reflection making T = 0. The relation
between A, effective impedance (Zeff ), relative impedance
(Zrel) and free space impedance (Z0) is given in equation 8.
The real and imaginary parts of the impedance plots are

shown in Fig. 1(f). The observations indicate that the real part
of the impedance approximates unity, while the imaginary
part approaches zero across the frequency spectrum, implying
a close alignment between the absorber’s impedance and
the characteristic impedance of free space. Consequently,
no reflections occur, leading to the achievement of perfect
absorption. In Figure 1(g), the absorption characteristics of
the proposed absorber are presented under both TE and

TM incidences. The uniform response observed for both
incidences suggest the structural symmetry of the absorber.

FIGURE 2. Absorption plots for different configurations of
(a) Configuration-I, (b) Configuration-II, (c) Configuration-III, and
(d) Proposed configuration.

III. EVOLUTION OF THE PROPOSED ABSORBER
Fig. 2 illustrates the absorption plots for various absorber
structures achieved by removing different rings from the
proposed absorber. In the first absorber structure depicted
in Fig. 2(a), the circular-shaped 1st ring is removed. The
absorption spectra exhibit consistent high absorption rates
exceeding 80% across the entire frequency band. The
reduction in absorption can be attributed to the absence of the
1st ring. Fig. 2(b) presents the absorption spectra plot after
removing the 2nd ring, which is square-shaped. The absorber
demonstrates a multiband behavior, indicating absorption
across multiple frequency bands. The absence of the 2nd ring
results in a narrower absorption bandwidth, suggesting that
the 2nd ring significantly contributes to achieving wideband
absorption in the absorber structure.

In Fig. 2(c), the gradual decrease in absorption rate is
observed when removing the 3rd ring, which has a circular
shape. This behavior is depicted in the absorption spectra.
The reduction in absorption can be attributed to the strong
absorption characteristics of the 3rd ring. The accumulation
of charge carriers is diminished in the absence of this ring,
resulting in a lower absorption rate for this modified structure.
In the proposed absorber structure depicted in Fig. 2(d),
where all the rings are present, the absorber demonstrates
robust charge accumulation. It exhibits a wideband response
ranging from 1.198 THz to 8.752 THz with absorptivity of
>90%, with an observed percentage bandwidth of 151.83%.

IV. PERFORMANCE ANALYSIS
The performance of the proposed absorber is investigated
by varying its physical parameters, including the radius of
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the 1st ring (ro1, ri1), 2nd ring (ro2, ri2), 3rd ring (ro3, ri3),
thickness of the VO2 layer (tv), and thickness of SiO2 (ts).
Absorption spectra along with electric field (EF) distribution
(EFD) for these parameters is investigated to understand
their influence on the absorber’s performance. Only one
parameter is changed by keeping other parameters intact.
In the first set, the outer ring radius (ro1) of the 1st ring
is systematically varied from 12 to 16 µm with a period
change of 1 µm, as illustrated in Fig. 3(a). For lower values
of ro1, the absorber exhibits lower absorption, approximately
85%. This may be attributed to reduced interaction between
incident EM waves and the absorber structure, as evidenced
by the EF distribution shown in Fig. 3(a). When ro1 = 14
µm, the absorber shows improved absorption, likely due
to enhanced resonance and increased interaction, resulting
in better overall performance. However, for higher values
of ro1, absorption slightly reduces, as indicated by the EF
distribution, which shows less distribution on the VO2 rings.
The reason for less absorption for higher values of ro1 can
be attributed to the reduced interaction between incident
EM waves and the absorber structure. As the ro1 increases,
there is a decrease in the effective coupling between the
incident waves and the absorber, leading to a decline in the
absorption efficiency. Additionally, at higher values of ro1,
the distribution of the EF tends to concentrate less on the VO2
rings, resulting in decreased absorption.

In the subsequent analysis, the inner radius (ri1) of the 1st

ring is systematically adjusted from 8 µm to 12 µm with a
period change of 1µmas illustrated in Fig. 3(b). The absorber
exhibits a slightly lower absorption percentage, below 90%,
for smaller values of ri1. However, at ri1 = 10 µm, the
absorber demonstrates excellent absorption with wideband
characteristics. The observed variations in absorption can
be attributed to the impact of changing ri1 on the resonant
behavior and interaction of the absorber with incident EM
waves. Moreover, the EFD analysis reveals that for higher
values of ri1, there is a reduction in absorption efficiency. This
reduction can be attributed to the distribution of the EF, which
shows less concentration on the VO2 rings as ri1 increases,
thus resulting in decreased absorption.

Continuing with the analysis, the outer radius of the 2nd

ring (ro2) is systematically changed from 28 µm to 32 µm
with an increment of 1 µm as shown in Fig. 3(c). Lower
values of ro2 result in an absorption percentage ranging
between 80% to 85%. However, at ro2 = 30 µm, the absorber
exhibits excellent absorption characteristics and demon-
strates wideband absorption performance. The observed trend
suggests that adjusting ro2 influences the absorber’s resonant
behavior and its ability to interact effectively with incident
EM waves, affecting the overall absorption performance.
Moreover, the EFD analysis reveals that for ro2 = 30 µm,
the EF is more concentrated around the VO2 rings, indicating
enhanced interaction and absorption efficiency. For higher
ro2 values, absorption slightly decreases due to the altered
distribution of the EF, leading to reduced interaction with the
VO2 rings. For higher ri2 values, absorption slightly decreases

due to the altered distribution of the EF, leading to reduced
interaction with the absorber structure, resulting in a slight
reduction in absorption efficiency.

Moving forward, the inner radius of the 2nd ring (ri2)
is systematically changed from 24 µm to 28 µm with
an increment of 1 µm. Lower values of ri2 result in
absorption below 80%. However, at ri2 = 26 µm, the
absorber demonstrates a wideband absorption bandwidth,
providing over 90% absorption, as depicted in Fig. 3(d). This
suggests that the adjustment of ri2 significantly influences the
absorber’s resonant characteristics and its ability to achieve
higher absorption rates across a broader frequency range. For
higher ri2 values, absorption slightly decreases due to the
altered distribution of the EF, leading to reduced interaction
with the absorber structure, resulting in a slight reduction in
absorption efficiency.

Fig. 3(e) and Fig. 3(f) depict the absorption spectra for
the variation of the outer and inner radius of the 3rd ring
(ro3, ri3), respectively. When ro3 is set to 30 µm and ri3 to
33 µm, the absorber exhibits wideband absorption spectra
with an absorption bandwidth of 151.83%. This suggests that
adjusting the outer and inner radii of the 3rd ring plays a
crucial role in achieving enhanced absorption performance
across a broad frequency range. For higher values of ro3 and
ri3, the decrease in absorption can be attributed to the altered
distribution of the EF. This alteration results in reduced
interaction between incident EM waves and the absorber
structure, leading to a slight decrease in absorption efficiency.

In Fig. 3(g), the absorption spectra are depicted for the
change in the thickness of the VO2 film (tv) from 0.05 µm to
0.15 µm at an increment of 0.025 µm. The absorber exhibits
wideband absorption spectra for tv = 0.1 µm. However,
for higher or lower values of tv, the absorber performance
gradually changes and does not provide wideband absorption
characteristics. The decrease in absorption for higher or
lower values of tv can be attributed to the altered thickness
of the VO2 film. At the optimal thickness of tv = 0.1
µm, the absorber demonstrates wideband absorption spectra.
However, deviations from this thickness result in changes to
the resonant behavior and interaction of the absorber with
incident EM waves, leading to reduced absorption efficiency
and the loss of wideband absorption characteristics.

Finally, Fig. 3(h) illustrates the absorption spectra with
variations in the SiO2 layer thickness (ts) from ts = 0.3 µm
to ts = 0.7 µm. At ts = 0.5 µm, the absorber demonstrates
excellent absorption characteristics. Deviating from this
value, either by increase or decrease, results in a deterioration
of the absorber’s performance. The decrease in absorption,
when deviating from the optimal SiO2 layer thickness (ts
= 0.5 µm), is attributed to changes in the interaction
with incident waves. At the optimal thickness, enhanced
resonance leads to excellent absorption, as indicated by
EF distribution. Deviations disrupt this resonance, reducing
absorption efficiency. Therefore, optimizing both VO2 and
SiO2 layer thickness is crucial for wideband absorption. This
indicates that the optimization of the thickness of the VO2
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FIGURE 3. Absorption spectra and EF distribution for change in (a) rO1, (b) ri1, (c) rO2, (d) ri2, (e) rO3, (f) ri3, (g) tv, and (h) ts.
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and SiO2 layers is crucial for achieving the desired wideband
absorption characteristics in the absorber structure.

In conclusion, the systematic analysis of the proposed
absorber structure’s performance by varying key physical
parameters, including outer and inner radii of the 1st, 2nd, and
3rd rings (ro1, ri1, ro2, ri2, ro3, ri3), as well as the thickness
of the VO2 layer (tv) and the SiO2 layer (ts), has provided
valuable insights. Optimal adjustments of these parameters
have been identified to enhance the absorber’s absorption
characteristics. Specifically, the absorber exhibits excellent
performance when the outer radius of the 1st ring (ro1) is set
to 14 µm, the inner radius of the 2nd ring (ri2) is 26 µm, and
both the outer (ro3) and inner (ri3) radii of the 3rd ring are
set to 30 µm and 33 µm, respectively. Additionally, a VO2
layer thickness (tv) of 0.1 µm and a SiO2 layer thickness
(ts) of 0.5 µm contribute to achieving wideband absorption
characteristics. These findings underscore the importance
of carefully tuning these parameters for optimizing the
absorber’s performance in diverse applications.

FIGURE 4. Absorption performance at various incidence angles under
(a) TE, and (b) TM polarizations. (c), (d) EF and H under TE incidence. (e),
(f) EF and H under TM incidence.

V. TE AND TM INCIDENCE
Fig. 4 depicts the absorption plots of proposed absorber for
various incidence angles (θ) ranging from 0◦ to 80◦ under
TE and TM incidence. Under TE (Transverse magnetic)
incidence, as illustrated in Fig. 4(a), the suggested absorber
achieves absorption rates exceeding 80% for angles θ < 75◦.
Particularly noteworthy is its excellent absorption, surpassing

90%, for angles θ < 60◦ within the operating frequency
band spanning from 1.198 THz to 8.752 THz. However,
as the θ > 75◦, the absorption diminishes. As the incidence
angle becomes steeper, the efficiency of interaction between
the incident waves and the absorber will decrease. This
reduced interactionwill result in less effective absorption and,
consequently, lower absorptivity at higher incidence angles
(θ < 80◦). Under TM (Transverse magnetic) occurance,
as shown in Fig. 4(b), the recommended absorber exhibits
excellent absorption characteristics. For θ < 75◦, the
absorber demonstrates absorption rates exceeding 90% and
gradually decreases as the incidence angle increases. In the
range between 55◦ and 75◦, the absorber maintains absorp-
tion levels above 80%, but performance starts to deteriorate
beyond 75◦. This behavior suggests that the absorber is
particularly effective for TM-polarized incident waves at
lower incidence angles, making it appropriate for applications
such as THz imaging, sensing, and communication systems
operating within the specified angular range. The absorber’s
performance under different polarization conditions enhances
its versatility for various THz applications.

Fig. 4(c) – Fig 4(f) displays the EM field distribution of
our proposed structure under TE and TM polarizations. The
three VO2 rings drive absorption, supported by the graphene
sheet. Under TE polarization, the EF intensity peaks show
high concentration of field vectors around the VO2 rings,
while the magnetic field (H) shows good field distribution
around the rings. For TM polarization, EF and H peaks occur
around the VO2 rings. The EFD predominates around the
VO2 rings, while the H distribution is slightly diminished
in comparison. Furthermore, due to the shallower absorption
depth under TM polarization relative to TE polarization,
the EM field distribution under TM polarization is not as
prominent as under TE polarization. This underscores, the
proposed structure primarily relies on electric resonance
for absorption, wherein EM waves interact with the EF
components, maximizing absorption efficiency.

Fig. 5(a) depicts the biasing of the proposed absorber. The
electrical conductivity of graphene undergoes modification
when a direct current (DC) voltage is applied, as referenced
to the polysilicon layer. Consequently, this adjustment
influences the response of the absorber. As depicted in the
Fig. 5(b), we observe that as the bias voltage (Vg) increases
from 0 to 3V, the µc of graphene also increases from 0 to 1eV
for the proposed absorber. This increase in bias voltage leads
to a corresponding increase in the conductivity of graphene,
resulting in reconfigurable characteristics within the device.

Three scenarios are explored in this investigation: Case
(i) involves varying the graphene µc from 0.1 eV to 0.9 eV
while maintaining VO2 in the insulating phase. In Case (ii),
the conductivity of VO2 (σVO2 ) is altered while keeping µc
constant at 0.1 eV. Case (iii) involves varying the µc from
0.1 eV to 0.9 eV while maintaining VO2 in the conducting
phase. In Case (i), under the insulating phase of VO2,
an increase in µc from 0.1 eV to 0.9 eV results in an
augmentation of absorption. At µc = 0.9 eV, the absorber
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FIGURE 5. (a) Proposed absorber biasing scheme, (b) Bias voltage vs µc.
Absorber performance for (c) various µc values when VO2 is in an
insulating phase (σVO2

= 1 × 102 S/m) and (d) various σVO2
values when

µc = 0.1 eV, and (e) various µc values when VO2 is in conducting phase.

displays wideband absorption, as depicted in Fig. 5(c).
Conversely, as µc decreases, there is a corresponding
reduction in absorption. At µc = 0.3 eV, the absorber
resonates in multiple bands with a maximum absorptivity of

60%. At µc = 0.5 eV, a maximum absorptivity of 80% is
observed, and at µc = 0.7 eV, a maximum absorption of 90%
is achieved. The increase in µc under the insulating phase of
VO2 leads to an increase in absorptivity due to the tunable
nature of graphene’s electronic properties.

In the insulating phase of VO2, it exhibits poor electrical
conductivity, limiting its ability to interact with and absorb
EM waves effectively. However, introducing graphene with
a higher µc enhances its conductivity. The increased carrier
concentration in graphene enhances its ability to more
efficient coupling with incident EM waves. This enhanced
coupling results in a higher absorptivity, as a greater portion
of the incident energy is absorbed by the absorber. Conse-
quently, graphene becomes highly conductive, allowing it to
absorb a broad range of frequencies ranging from 1.198 THz
to 8.752 THz. This leads to wideband absorption capabilities
of the absorber under the insulating phase of VO2. In Case
(ii), the conductivity of VO2 (σVO2) is increased from σVO2 =

1 × 102S/m to σVO2 = 5 × 105S/m while keeping µc
constant at 0 eV. With increase in σVO2 it is observed that the
absorption increases providing wideband absorption > 90%
ranging from 1.198 THz to 8.752 THz for σVO2 = 3×105S/m
and σVO2 = 3 × 105S/m as depicted in Fig. 5(d). When
σVO2 = 1×102S/m, the absorber shows very less absorption
of around 10%. Next, for σVO2 = 1×104S/m, the absorption
increases providing maximum absorption of > 60%. For
σVO2 = 1 × 105S/m, maximum absorption up to 90%
is exhibited. As σVO2 increases, the electrical conductivity
of VO2 improves. Higher σVO2 facilitates better interaction
with incident EM waves. At µc = 0 eV, graphene itself
has limited conductivity. The increased conductivity in VO2
provides additional pathways for electron flow and enhances
the interaction between graphene, VO2 and incident waves.
VO2 acts as a critical component that amplifies the absorber’s
capability to interact with and absorb incident EMwaves. The
improved electrical conductivity in VO2 provides additional
pathways for electron flow, promoting better synergy with the
graphene layer. In Case (iii), the absorption characteristics
are analyzed across varying values of µc while maintaining
σVO2 in the conducting phase as depicted in Fig. 5(e). It is
noted that an increase in µc corresponds to a frequency
shift towards higher frequencies. This observation stems
from the role of µc in tuning the resonant frequency of the
absorber, indicating its influence on the absorption behavior.
These scenarios demonstrate the versatility of the absorber’s
tunable properties and highlight the collaborative impact of
both graphene and VO2 in achieving optimized absorption
characteristics for diverse THz applications, ranging from
communication devices to sensing and security systems.

VI. FIELD DISTRIBUTION
Fig. 6(a), Fig. 6(b), and Fig. 6(c) shows the Electric
Field (EF), Magnetic Field (H), and Surface Current (SC)
distribution on the proposed absorber under the condition
where the µc is held constant at 0 eV, and different values
of σVO2 are considered. As the σVO2 increases, a significant
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FIGURE 6. EF distribution on the proposed absorber at a frequency of
4.97 THz for different values of conductivity (σVO2

) in S/m.

(a) σVO2
= 1×102, (b) σVO2

= 1×103, (c) σVO2
= 1×104, (d) σVO2

= 1×105,

(e) σVO2
= 3×105, (f) σVO2

= 5×105.

rise in charge accumulation is observed, leading to a more
pronounced and robust field distribution surrounding the
absorber. Initially, when the σVO2 is 1 × 102 S/m, both
absorption and charge accumulation are very minimal.
As the conductivity increases to 1 × 103 S/m, there is
a slight increase in charge accumulation on the 3rd ring,
resulting in the absorber beginning to absorb incident
EM waves.

Further increasing the conductivity to 1 × 104 S/m
leads to a notable increase in charge accumulation on the
3rd and 2nd rings, thereby enhancing absorption. With a
conductivity of 1 × 105 S/m, there is an increase in charge
accumulation on the 3rd, 2nd, and 1st rings, resulting in further
absorption enhancement. Similarly, when the conductivity
is increased to 3 × 105 and 5 × 105 S/m, there is a
considerable increase in charge accumulation across all rings,
further augmenting absorption. This augmented distribution
significantly contributes to increased absorption efficiency,
rendering the absorber more proficient in absorbing incident
EM waves. The increase in conductivity results in a higher
concentration of charge carriers within the material, which
enhances the ability of the absorber to accumulate charge
on its rings. When the σVO2 increases, more charge carriers
become available, leading to greater charge accumulation on
the rings of the absorber. This phenomenon occurs because
the higher conductivity facilitates more efficient movement
of charge carriers within the material, allowing them to
redistribute and accumulate on the rings of the absorber
more effectively. As a result, the charge distribution on the
rings increases with the increase in conductivity. It is evident
that VO2 undergoes a phase transition from an insulating
state for lower values of σVO2 to a conducting state for
higher values of σVO2 . This transition is accompanied by
a significant increase in charge accumulation within the
VO2 material, facilitating the absorption of incident EM
waves. Therefore, the proposed absorber offers the switching
property from the insulating phase to the conducting phase.
Moreover, VO2 serves as a crucial component in switchable

devices, enabling the controlled modulation of electrical
conductivity. This capability renders VO2-based devices
invaluable in various sectors, including smart windows,
thermal regulation systems, and energy-efficient electronics.
Additionally, the tunable nature of VO2 makes it well-suited
for THz technologies, enabling the optimization of absorption
characteristics and enhanced performance in communication
devices, sensing technologies, and security systems across
diverse applications.

VII. PROPOSED ABSORBER AS THZ EM SHIELDING
A metal-free, ultrathin configuration enhances shield effi-
ciency, aligning with the need for optimal shielding. This
broadband absorber, offering flawless absorption,meets these
criteria, making it suitable for EMI shields and stealth sys-
tems. To assess consistency, Shielding Effectiveness (ShEff)
calculation includes components such as absorption (ShEffA),
reflection (ShEffR), and multiple reflections (ShEffMR). ShEff
quantifies a shield’s ability to attenuate EM signals, crucial
for preventing EM interference. These ShEffcomponents can
be computed using the subsequent equations (10), (11), (12),
and (13) [35]:

ShEff = ShEff A + ShEff R + ShEff MR (10)

ShEff A = −10 × log10
TX

1 − Ref
(11)

ShEff R = −10 × log10
1
Ref

(12)

ShEff MR = −10 × log10
(
1 − Ref 2

)
(13)

where TX andRef are transmission and reflection coefficients.
The computations were conducted, and graphs illustrating the
ShEffA, and ShEffR are presented in Fig. 9. The ShEffA value
remains consistently above 30 dB within the operational
bandwidth and can be further enhanced with increased
reflector thickness. A practical ShEffA requirement of over
10 dB ensures minimal impact from multiple reflections.
Moreover, the ShEffR effect remains marginal, staying within
1 dB, indicating that the absorber design effectively contains
incoming EM wave power. Notably, the suggested absorber
configuration offers a non-metallic structure with an expan-
sive absorption spectrum. Its ultra-slim profile marks it ideal
for applications in Insulating and enclosing. Additionally, the
absorber provides excellent absorption across a broad range
of incident angles, enhancing its versatility.

VIII. COMPARISON AND FABRICATION OF PROPOSED
ABSORBER
The proposed absorber is compared with relevant research
articles, as shown in Table 1. It demonstrates a notable
absorption bandwidth of 7.554 THz, accompanied by a
compact design. Additionally, the absorber exhibits non-
metallic properties and the capability to switch between
insulating and metallic phases. Moreover, tunability is
achieved by adjusting the properties of graphene and VO2.
Furthermore, owing to the symmetric design, the broadband
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FIGURE 7. HF distribution on the proposed absorber at a frequency of
4.97 THz for different values of conductivity (σVO2

) in S/m.

(a) σVO2
= 1×102, (b) σVO2

= 1×103, (c) σVO2
= 1×104, (d) σVO2

= 1×105,

(e) σVO2
= 3×105, (f) σVO2

= 5×105.

FIGURE 8. SC distribution on the proposed absorber at a frequency of
4.97 THz for different values of conductivity (σVO2

) in S/m.

(a) σVO2
= 1 × 102, (b) σVO2

= 1×103, (c) σVO2
= 1×104, (d) σVO2

= 1×105,

(e) σVO2
= 3×105, (f) σVO2

= 5×105.

FIGURE 9. Frequency response of (a) ShEffA, (b) ShEffR .

absorber is insensitive to polarization and performs well
at high incidence angles. The fabrication process of the
suggested absorber for THz frequency applications involves a
series of intricate steps, each contributing to its functionality
and performance. Initially, the SiO2substrate, characterized
by a relative permittivity (εs) of 2.2, is prepared using
standard fabrication techniques. The periodic pattern and
unit cell configuration are then defined, typically using
lithography, to ensure precise interaction of incident EM
waves with the absorber. Following substrate preparation,

TABLE 1. Comparison analysis.

chemical vapor deposition (CVD) techniques are employed to
grow a graphene layer atop the SiO2 substrate. This graphene
layer, serves as a crucial component in the absorber structure,
offering exceptional conductivity and optical properties.
To construct the resonating VO2 layer, stencil deposition
techniques are utilized, allowing for the precise positioning
of three rings made of VO2 on the graphene layer. VO2,
a compound known for its phase transition behavior at
specific critical temperatures, plays a pivotal role in achieving
dynamic absorption control within the absorber.

During the fabrication procedure, stringent quality control
methods are applied to confirm the accuracy and integrity
of each component. To effectively control the temperature
of VO2 in experiments, several methods can be employed.
One common approach is to utilize external heating or
cooling systems, such as resistive heaters or Peltier devices,
to precisely regulate the temperature of the VO2 sample.
By carefully adjusting the temperature using these external
systems, researchers can induce and control the phase
transition of VO2 with high accuracy. Additionally, advanced
experimental setups may incorporate temperature sensors
and feedback control mechanisms to monitor and maintain
the desired temperature of the VO2 sample throughout the
experiment. This ensures stable conditions for studying the
phase change behavior and its practical implications [36],
[37], [38], [39], [40]. Also, advanced characterization
techniques, such as scanning electron microscopy (SEM)
and atomic force microscopy (AFM), are often employed to
assess the structural integrity and performance of the fabri-
cated absorber, validating its suitability for THz frequency
applications.
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IX. CONCLUSION
In conclusion, this paper introduces a pioneering ultrathin
absorber that represents a significant advancement in THz
technology. By leveraging the unique properties of VO2
and graphene, we have achieved a non-metallic solution
for wideband absorption, addressing a crucial need in the
field. The remarkable tunable and switchable performance
of our absorber marks a notable milestone in achieving
frequency tunability across broadband absorption ranges.
Moreover, its exceptional absorption characteristics, even at
high incidence angles, underscore its potential for practical
applications. Additionally, the absorber’s contribution to
enhancing Shielding Effectiveness in EMI shields and stealth
systems further enhances its utility and value. Overall, our
work lays a solid foundation for future developments in THz
absorber technology and opens up exciting possibilities for
advancements in various fields.
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