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In this paper, a dual-band optically transparent square-shaped perfect metamaterial absorber 
operating in the frequency range from 2 to 4 terahertz (THz) is proposed. The structure consists 
of an indium tin oxide (ITO)-based split ring resonator (SRR) structure with additional splits and 
rectangular inner strips to form the top layer over the lead glass substrate. Perfect absorption 
is attained in the frequencies of 2.089 and 3.892 THz with absorbances of 99.99% and 99.98% 
in TE polarization mode, respectively. Perfect absorption is also achieved in TM polarization 
mode at 2.23 THz. Broadband absorption is found in TM polarization mode with full width half 
maximum (FWHM) of 1.1742. The proposed structure has one polarization-insensitive band in 
TE polarization mode. Absorbance is greater than 80% and 90% in the successive absorption 
peaks even at 60◦ and 75◦ of incidence, respectively. The resonance frequency is sensitive 
to the refractive index of the medium. As a result, the proposed metamaterial structure may be 
implemented as a refractive index (RI) sensor with a high sensitivity of 1109 GHz/RIU and 1954 
GHz/RIU in both absorption bands for a refractive index range of 1.34 to 1.40. It’s interesting 
to note that the refractive index of most biological samples ranges from 1.3 to 1.39. The figure 
of merit (FOM) of the proposed sensor can reach as high as 10 and 14 for the 1st and 2nd 
frequency bands. As a result, the proposed sensor has a high sensitivity and can be employed in 
medical applications. Potential applications of the proposed absorber include imaging, biomedical 
sensing, etc.

1. Introduction

Electromagnetic (EM) metamaterials are a class of composite engineered materials having qualities that exhibit unusual elec-
tromagnetic phenomena not present in natural materials [1–4]. Researchers have researched it extensively for studying negative 
refractive index, super lenses, tiny wireless components [5–10], and absorbers [11–15], etc. because it offers many unusual strate-
gies to manipulate light [16]. Solar cell enhancement, spectral imaging, non-destructive sensing, signature control, communications, 
and emissivity control are only a few of the applications for artificially manufactured electromagnetic absorbers. In addition to the 
above-mentioned structures, metamaterial absorbers made up of distinct electric and/or magnetic resonators have piqued the interest 
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of many researchers. metamaterial structures with a dielectric substrate constitute the majority of perfect metamaterial absorbers 
[17,18]. The perfect metamaterial absorber has a wide range of applications, including spectroscopic detectors [19], thermal imaging 
[20], and optical devices [21].

In the fast-increasing field of terahertz (THz)-based technologies [22,23], the development of perfect absorbers has recent times 
been a major issue of interest [24,20]. The frequency interval between 0.1 THz to 10 THz is referred to as THz waves. Since the first 
generation of perfect absorbers was devised by Landy et al. [25], perfect absorber development has progressively become a widely 
discussed topic. In 2008, Tao et al. [26] reported the first metamaterial absorber in the THz frequency regime, providing a perfect 
absorbance of 98% at 1.12 THz, based on numerical and experimental characterization. A metamaterial with a high effective medium 
ratio is presented for S-band and X-band microwave applications, with absorptances of 99%, 98%, and 81%, respectively, at 4.27 
GHz, 5.42 GHz, and 12.40 GHz [27]. For an incident angle up to 80 degrees, this scientific study proposes a resonator that delivers 
over 99% absorbance for all polarization angles, with 70% and 93% efficiency for TE and TM polarized waves, respectively [28]. 
This paper shows a modified penta-band SRR-based meta-atom absorber with five distinct resonant frequencies in the microwave 
regime, covering the S, C, X, and Ku bands [11].

The suggested absorber’s resonant frequencies can be modified by adjusting the chemical potential for a triple-band and a quad-
band absorber while maintaining over 80% absorption [29]. At 2.44 THz, an ultra-narrow perfect metamaterial absorber with an 
absorbance of 99.49% and a high quality-factor value is proposed in this study for refractive index sensing applications [30]. In the 
6.6-8.9 THz region, an ultra-wideband THz perfect metamaterial absorber with over 99% perfect absorption has been developed 
in this study [13]. Second, phase change material VO2 was incorporated into the absorber to enhance the functionality, and three 
tunable THz metamaterial absorbers based on VO2 were constructed, enabling broadband movement and multi-band conversion. In 
[31], a new all-metal metamaterial absorber is suggested. At 1.563 THz, this absorber can reach 99.95% absorption. Padilla et al. 
[32] designed a metamaterial that comprised a periodic array of metallic resonator, dielectric, and a ground plane (to inhibit EM 
radiation transmission) to demonstrate the earliest metamaterial absorber to show perfect absorption in the infrared regime with 
an exceptional absorbance of 97%. Using the surface plasmon approach, in [33], a polarization-insensitive broadband metamaterial 
absorber is suggested, which exhibits near unit absorbance in the visible regime, with possible usage in solar cells, thermal imaging, 
etc. In [34], a titan-based resonator is studied for near-perfect solar radiation absorption across the entire spectrum. The average 
absorbance of the absorber is up to 93.17%.

In [35], a novel perfect metamaterial absorber comprised of a dielectric and metal structure is investigated, which can excite 
resonance in the visible regime with a narrow absorption bandwidth and a high quality-factor while exhibiting angle and polarization 
independence. Furthermore, when used as a refractive index sensor, it achieves a significant maximum sensitivity and figure of merit 
(FOM). A metamaterial absorber based on a metallic square structure is simulated in [36], confirming that the highest absorption 
is about 97.8% on average at multiple distinct frequencies and that the absorption spectra can be actively controlled by varying 
the medium temperature. The InSb dielectric gap layer, whose permittivity may be altered by changing the temperature, must 
be filled into the structure. For monitoring protein concentration, a four-resonator-based metamaterial THz biosensor produced 
by a surface micromachining approach is described in [12]. The developed biosensor is easy to use and highly sensitive without 
requiring rigorous experimental conditions, which is critical for biomolecule identification and medical diagnostics. This study [37]
designed and developed a polarization-insensitive metamaterial biosensor that determined the minimal sensing concentration and 
sensitivity for bovine serum albumin detection. For the purpose of identifying the severe acute respiratory syndrome-CoV-2 nucleic 
acid, integration of the photothermal effect with plasmonic sensing transduction was conducted here [38] to create a dual-functional 
biosensor.

In this paper, a THz metamaterial absorber with perfect absorption has been proposed. Dual-band absorption is achieved by this 
metamaterial absorber with perfect absorption in both. It performs well in terms of absorption in both TE and TM polarization modes. 
Moreover, the metamaterial perfect absorber has a high tolerance for incidence and polarization angle in both TM and TE modes, 
and they can exhibit perfect dual-band absorption across a wide range. The performance for refractive index sensing is simulated 
using a step size of 0.005 refractive index unit (RIU). The structures FOM as a biomedical sensor can reach as high as 10 and 14 for 
1st and 2nd absorption peaks, respectively. The structure is simple in its design. Implementing a simple, planar form is an excellent 
example of mitigating the complexities associated with an intricate structure, such as material compatibility, control over feature 
size, complex mask production, integrating multiple procedures, etc., which is a significant disadvantage in fabrication [12]. Also, as 
the structure is glass-based, it may provide a seamless integration with consumer devices, as they are excellent candidates for THz 
devices and circuits [39]. They also can consolidate THz systems onto a single chip or substrate. They can earn greater yield at lower 
manufacturing expenses for large-scale production, which is required to lower total production costs per unit while maintaining 
excellent performance in comparison to conventional semiconductor rivals such as GaAs and InP technologies. Furthermore, because 
the ITO transparent layer is employed as a top layer and enables optical detection and non-invasive monitoring, among other 
features, it is more appropriate for use in biomedical applications [40]. Since, the entire structure’s transparency allows for real-time 
monitoring and analysis of biological processes, this is especially useful in applications like optical biosensors, where it makes the 
procedure safer and less disturbing for the individual or sample. Additionally, the refractive indices of biomedical samples range 
from 1.3 to 1.39 [41]. In particular, blood and malignant cell organelles have refractive indices within the range of 1.35 to 1.39 
[42]. As a result, implementing a sensor that operates in this range and has excellent sensitivity and resolution could be extremely 
useful for diagnosing malignancies, carcinoma, and other diseases. Therefore, it can be concluded that the study is advantageous in 
many different prospects, starting from manufacturing, consumer production, biomedical detection, etc.

The study is organized in the described manner: the structural design of the proposed absorber is described in the first section, 
2

followed by the simulation results in the next part. Then, electric field, magnetic field, and surface current distribution plots offer 
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Fig. 1. (a) Simulation arrangement and (b) structural pattern of the proposed metamaterial absorber.

a detailed examination of the appearance of absorption peaks. A parametric analysis is also performed to support the parameter 
selection and tolerance, and the following section discusses the sensitivity and efficiency of the absorber for refractive index sensing 
applications.

2. Structure and design

We proposed the sample of the structure of the suggested metamaterial absorber illustrated schematically in Fig. 1 to create 
a perfect absorber with a basic structure studied in earlier works [43,44]. Fig. 1(a) presents the simulation arrangement for the 
presented study. A square split ring resonator (SRR) with additional splits and four rectangular inner strips render the construction. 
This metamaterial structure creates the upper plane above the substrate. The square-shaped structure is 43.2 μm in width and length. 
As present in Fig. 1(b), other structural parameters attributed to the structure are given as p = 39.6 μm, a = 12.6 μm, b = 14.4 μm, 
g = 3.6 μm, r = 3.6 μm, h = 2.52 μm, t = 0.18 μm. The proposed unit cell uses an ITO layer over and at the back of the substrate, 
while the dielectric layer is lead glass. The permittivity of lead glass is 6, and its electrical conductivity is 1 ×10−12 S/m. The electrical 
conductivity of the ITO utilized for the top layer over the ground and the back wire is 5 × 105 S/m.

To give an expanded overview of the design process, the initial goal was to develop a perfect absorber that would operate between 
1 and 5 THz. We chose a split ring resonator for the metamaterial structure that is widely used and intended for THz absorption. We 
added two more splits to a split ring construction along with rectangular strips that complemented to attain dual-band resonance. 
An extensive analysis of this modified structure’s electromagnetic properties was carried out. The structure is intentionally kept 
symmetrical enough to ensure at least one polarization-insensitive band. A distinctive element of this research was the inclusion of 
optical transparency as a prerequisite. To obtain optical transparency, a transparent substrate material like lead glass was utilized. 
For the top conductive layer, transparent indium tin oxide (ITO) was utilized instead of metal. It provides the added benefit of 
tuning capabilities through doping and material characterization, which may allow fine-tuning of the absorber’s performance to meet 
specific requirements. Incorporating a single material over the substrate highlighted the structure’s simplicity. In order to simplify the 
material integration process and lower complexity and potential difficulties during the fabrication process, this simplified approach 
was chosen.

The presented design’s simplicity greatly simplifies the manufacturing process, which increases its viability compared to others, 
as it might be challenging to obtain control over feature sizes at the micro- and nanoscale. Moreover, considering the limitations of 
size and strict tolerances, the exact alignment of several layers inside a complicated structure might be a crucial problem. Material 
compatibility is another frequent difficulty in these situations. Still, since our design only requires one material on the substrate, 
compatibility problems are avoided. Additionally, the production of intricate patterns poses difficulties in procedures like etching 
and depositing, where it becomes difficult to maintain consistency throughout the substrate. Complicated structures sometimes re-
3

quire complex mask production, for example, in photolithography, which presents an additional challenge. Furthermore, integrating 
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Fig. 2. Schematic image of a probable fabrication process of the proposed absorber.

multiple procedures for intricate structures can be a challenging undertaking that many production facilities may find difficult to 
handle. Therefore, the structure detailed here complies with most of the current technological standards.

3. Outline of the fabrication process

The proposed absorber is a thin film structure. A thin film is a layer of material with a thickness ranging from a fraction of a 
nanometer to several micrometers [45]. The micrometer range structures discussed here can be deposited utilizing various deposition 
methods such as sputtering, chemical vapor deposition (CVD), electron beam evaporation, atomic layer deposition, pulsed laser 
deposition, etc. We have discussed two different methods of fabricating the structure here.

3.1. Sputtering

A lead glass film can be employed as the substrate for developing the sample. This micrometer-scale thin film can be fabricated 
through physical vapor deposition and chemical vapor deposition, etc. Different sputtering methods, for instance, Magnetron sput-
tering can deposit distinct 180 nm ITO layers on both sides of this film. The wet etching method described in Fig. 2 can be utilized or 
traditional photolithography technology can be employed to create the resonant structure [46]. A commercial terahertz time-domain 
spectrometer (THs-TDS, ADVANTEST TAS7400TS) that can measure angles as small as 15 degrees can be employed to analyze the 
experimental study. Significantly, the observations can be carried out in a nitrogen atmosphere to remove any possible disruptions 
brought on by water vapor.

3.2. Inkjet printing

Inkjet Printing is an efficient technique for applying conductive layers to a lead glass film. ITO can be deposited by inkjet printing 
on both sides of the film [47]. Creating a layered structure with particular functions is made possible by this sequential process, 
which enhances the thin film’s overall performance and design in potential applications.

Inkjet printing is cost-effective while sputtering allows for precise control of film thickness and uniform coatings.

4. Results and discussions

A 3D electromagnetic simulator was utilized to simulate and analyze the structure. To design a functional THz metamaterial 
absorber, the transmission and reflection spectra of the incident wave function must be eliminated, thus benefiting the absorber’s 
interdependence with the occupying radiation. The frequency behavior of the absorption can be presented by equation (1).

𝐴(𝜔) = 1 −𝑅(𝜔) − 𝑇 (𝜔) (1)

here, 𝐴(𝜔), 𝑅(𝜔) = |S11|2, and 𝑇 (𝜔) = |S21|2 represent the absorbance, reflectance, and transmittance, respectively. As stated in 
equation (1), maximum absorption is achieved by minimizing either reflectance or transmittance or both. The imaginary compo-
nents of the effective electric permittivity and magnetic permeability of the proposed metamaterial must be large to remove the 
transmission coefficient. This is due to the fact that these are the only variables that have an impact on metamaterial loss [48]. If the 
proposed absorber’s absorption mechanism is discussed from an impedance-matching perspective, when considered a planar pattern, 
4

the absorber is perceived as a homogeneous dielectric material. The absorption characteristics can be stated in another form as
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Fig. 3. (a) Absorbance, reflectance, transmittance in TE polarization mode, (b) Absorbance, reflectance, transmittance in TM polarization mode.

Table 1

Performance analysis at both frequency bands for normal incidence and normal polarization 
in TE and TM polarization modes.

Polarization 
Mode

Resonant 
frequency, THz

Absorption, 
%

FWHM, 
THz

Quality 
factor

FBW, 
%

TE Mode 2.089 99.99 0.5106 4.019 24.88
3.892 99.98 0.7358 5.25 19.04

TM Mode 2.23, 2.87 98.48 (2.23 THz) 
96.34 (2.87 THz)

1.1742 – 45

4.43 73.4 0.4073 10.88 9.19

𝐴(𝜔) = 1 −𝑅(𝜔) =
𝑍(𝜔) − 𝜂0
𝑍(𝜔) − 𝜂0

= 𝑧(𝜔) − 1
𝑧(𝜔) + 1

(2)

where 𝑍(𝜔) is the wave impedance of the absorber, 𝜂0 is the free space wave impedance, and 𝑧(𝜔) is the normalization of the wave 
impedance that can be estimated from S-parameters. The absorption reaches its optimum when the real part of 𝑧(𝜔) equals one and 
the imaginary portion is about zero, as shown in equation (2), indicating that the absorber’s wave impedance should be adjusted to 
that of free space. Within the absorption spectrum, the real and imaginary parts of the normalized wave impedance oscillate about 
one and zero, respectively. Minor incidence wave reflections are induced by well-matched impedances, which explains the effective 
broadband absorption behavior in a different approach.

A metamaterial structure’s reflection rate can be decreased by altering its geometrical parameters, which modify the design’s 
characteristics and influence its impedance. When the absorption rate is high, and the reflection rate is low, the metamaterial 
structure’s impedance at resonance frequency matches free space impedance, resulting in perfect absorption. Perfect absorption is 
attained when the impedance of the medium (𝑍 =

√
𝜇𝑟∕𝜀𝑟) matches with the impedance of the surrounding medium (𝑍0 =

√
𝜇𝑟∕𝜀𝑟). 

At that point, the wave doesn’t reflect from the medium (𝑅(𝜔) = 0). Matched impedance is attained at two frequency bands in the 
proposed design.

Finite difference time-domain (FDTD) simulations based on a 3D electromagnetic simulator are utilized in obtaining the results. 
The unit cell structure with the electric field parallel to the z-axis is illuminated with a normally incident plane wave. The unit cell 
boundary condition with Floquet-port is utilized to simulate the absorption spectra. In the boundary condition setup, a unit cell 
boundary condition is regarded along the x and y axes, and an open boundary is considered along the z-axis.

Figs. 3(a) and 3(b) present the transmittance, reflectance and absorption spectra for the suggested metamaterial absorber in TE 
and TM polarization modes, respectively. Table 1 delineates absorption characteristics in both TE and TM polarization modes. The 
modified SRRs or sectional resonance structures used in the unit cell are strongly coupled to the electric or magnetic fields to match 
the impedance to free space which reduces the reflectance. Near zero reflectance 𝑅(𝜔) = |S11|2 and transmittance 𝑇 (𝜔) = |S21|2 have 
been attained at two frequency bands with resonance at 2.089 and 3.892 THz in TE polarization mode, as shown in Fig. 3(a). APLF and 
APHF at TE polarization mode are 99.99% and 99.98%, respectively. In TM polarization mode, three bands have absorption maxima 
of greater than 70%. At three peak frequencies of 2.23, 2.87, and 4.43, the absorption spectra are 98.48%, 96.34%, and 73.4%, 
respectively, in the TM polarization mode. Dual-band perfect absorption is achieved in the TE polarization mode. At TM polarization 
mode, which has two near-perfect (more than 90%) absorption peaks, a broad absorption band with a fractional bandwidth of 45% 
is achieved, which is evident in Fig. 3(b). These two peaks can be seen at 2.23 and 2.87 THz, respectively. Another absorption peak 
of 73.8% was discovered at 4.43 THz. In TM polarization mode, the largest full width half maximum (FWHM) bandwidth of 1.1742 
THz is attained. At perfect absorption peaks in TE polarization mode, the FWHM bandwidth is 0.5106 and 0.7358 THz, respectively, 
at low and high frequencies. Absorption peaks at TE polarization mode have better quality than TM polarization peaks.

Tables 2 and 3 show how the polarization angle and incidence angle affect the FWHM and Q factor of the dual-band perfect 
absorber, respectively. The Q-factor is defined as 𝑄 = 𝑓0∕𝐹𝑊𝐻𝑀 in order to explain the frequency selectivity of these absorption 
spectrums (𝑓0 is the peak frequency of an absorption band). The equivalent highest Q factor values for the specified metamaterial 
5

absorber obtained are about 14 and 35 for the 1st and 2nd absorption peaks. As a result, the suggested metamaterial absorber has a 
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Table 2

FWHM and quality factor variation with polarization angle variation.

Polarization 0◦ 10◦ 20◦ 30◦ 45◦ 60◦ 75◦

FWHM Peak 1 0.52 0.51 0.53 0.54 0.59 1.27 1.21
Peak 2 0.74 0.77 0.82 0.95 1.04 0.9 0.43

Q-factor Peak 1 4.019 4.1 3.96 3.91 3.62 1.72 1.81
Peak 2 5.25 5.05 4.75 4.08 3.69 4.3 10.27

Table 3

FWHM and quality factor variation with incident angle variation.

Incidence 0◦ 10◦ 20◦ 30◦ 45◦ 60◦ 75◦

FWHM Peak 1 0.52 0.5 0.48 0.46 0.39 0.3 0.11
Peak 2 0.74 0.74 0.73 0.69 0.58 0.59 0.14

Q-factor Peak 1 4.019 4.18 4.29 4.51 5.29 6.91 14.75
Peak 2 5.25 5.27 5.26 5.64 6.73 6.63 35.53

Fig. 4. Variation of absorption characteristics at both peaks with (a) incident angle variation and, (b) polarization angle variation.

much higher Q-factor than earlier ones, suggesting that it could be used for sensors or detection. Finally, we investigate the device’s 
sensitivity to incidence and polarization. Practically, it is preferable to be independent of the incident light’s polarization and to 
have a higher resistance to the incidence variation, since this will obviate the equipment’s polarization prerequisites. The absorption 
spectrum is displayed for various angles of incidence and polarization within the range of 0◦ to 75◦ in order to assess the sensor’s 
viability for practical applications. Absorption characteristics for both incident and polarization angle variation in TE polarization 
mode are delineated in Fig. 4.

Absorption characteristics for incident angle variation in TE polarization mode are delineated in Fig. 4(a). The two absorption 
peak amplitudes for TE waves remain larger than 99% for incident angles ranging from 0◦ to 30◦. The absorption peak decreases with 
the rise of the angle of incidence, yet for a 60◦ incident angle, both low and high-frequency exhibit 81.1% and 86.5% absorption, 
respectively. As absorption is 99%, even around at 30◦ incident angle, thus, this absorber shows perfect absorption at both frequency 
bands as presented in Fig. 4(a). The incident magnetic flux between metal oxide layers tends to decrease as the angle of incidence 
increases, resulting in minimal absorption.

Absorption peak variation with alteration of polarization angle in TE polarization mode is depicted in Fig. 4(b). An unexpected 
spectral peak arises at roughly 2.85 THz with off-normal polarization, as seen in Fig. 4(b). This is because of a zero permeability 
dispersion near the frequency of magnetic plasmas. Furthermore, research suggests that the inherent dispersion of the effective 
parametric properties is accountable for this additional element which doesn’t rely on metamaterial structure [49]. Absorption is 
93.7% even at around 75◦ polarization angle at the first frequency band. Absorption frequency is also polarization insensitive for the 
first band.

By taking into account the normal incidence and polarization of the incoming wave function, all of the absorption peaks have an 
absorption of greater than 99% for both absorption bands, as observed. Fig. 5 depicts the change in FWHM, Q factor, and resonance 
frequency as a function of incident angle and polarization angle at both absorption peaks.

At the resonance frequencies of 2.089 and 3.892 THz, the surface current distribution formed by the incident electromagnetic 
6

interaction with the absorber is illustrated in Fig. 6. To better understand the metamaterial absorber’s physical absorption mechanism, 
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Fig. 5. (a) FWHM, Q factor, (b) Resonant frequency variation with incident angle variation, (c) FWHM, Q factor, (d) Resonant frequency variation with polarization 
angle variation.

Fig. 6. Surface current distribution in TE polarization mode, (a) 2.089 THz, (b) 3.89 THz.

we assessed the surface current distribution of the top and bottom layers of the unit-cell layout at both resonances. The activation 
of the magnetic dipole resonance mode is evident by the development of a current loop of antiparallel currents on the top and 
bottom layers. Surface currents flowing in opposite directions on two metallic layers cause magnetic flux coupling with the incident 
H-field. Surface currents on the bottom surface are antiparallel to those on the top layer at resonance wavelength, suggesting that 
the absorption spectra are generated by magnetic resonance response. The surface current density is predominantly centered on ITO-
based inner strips and back wire construction at the lower resonant frequency. The frequency at which the metamaterial structure 
exhibits the greatest absorption of electromagnetic waves is known as the resonant frequency of a metamaterial absorber. An inverse 
proportionality characterizes the relationship between the resonator length characterized by the top layer of the structure and 
resonance frequency. This phenomenon is in perfect harmony with the accepted model of the LC circuit [50], [51]. The dynamics 
between capacitance (C) and inductance (L) are outlined in this model. Equation (3) presents the inverse relationship between the 
resonance frequency and length, which reflects the expected behavior in keeping with this LC circuit model’s properties.

(𝐿𝐶)−1∕2
7

𝑓 =
2𝜋

∝ 1
𝑙

(3)
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Fig. 7. Electric field distribution of the dual-band perfect absorber at (a) 2.09 THz, (b) 3.89 THz, magnetic field distribution of the dual-band perfect absorber at (c) 
2.09 THz, (d) 3.89 THz.

where 𝑓 is the resonant frequency and l is the length of the top split ring resonator structure. The higher resonant frequency has 
contributed to a fall in surface current concentration across the inner strips, with increased density at the upper and lower arms 
of L-shaped strips. Two sets of strong regional antiparallel current loops are produced at the lowest frequency, which indicates the 
excitation of the second-order (with respect to the fundamental mode) magnetic resonance condition. The top layer’s induced surface 
currents are primarily concentrated on the left and right portions of the inner square structure formed by ITO strips, antiparallel to the 
back layer’s induced currents. Similarly to the lower absorption peak, the generated antiparallel surface currents of the top structure 
are largely localized on the right and left parts of the outer and inner structure, resulting in second-order magnetic resonance, as 
illustrated in Fig. 6(b).

As stated before, we also research the electric field |𝐸| and magnetic field |𝐻| distributions of resonant peak 2.09 and 3.89 
THz at the xy plane. Fig. 7 illustrates the electric and magnetic field distribution for both frequencies in order to fully comprehend 
the physics of the proposed dual-band metamaterial absorber. The first resonance frequency is mainly contributed by the resonator 
formed due to the space between each outer L-shaped strip and inner rectangular strip as illustrated in Fig. 7(a). In the case of the 
second resonant frequency shown in Fig. 7(b), the electric field is mainly localized in corners of L-shaped strips and rectangular inner 
strips which are not perpendicular located across the back-metal strip directly enabling the electric energy to be mainly confined in 
those regions. In these two circumstances, the electric field is largely concentrated in the specified zones, allowing electric energy to 
be restricted to those spots. It implies that because of the inclusion of the top metamaterial structure, the substrate layer captures 
the majority of the light, resulting in complete absorption. To gain a better understanding of the complex working principle, the 
simulated magnetic field |𝐻𝑧| at 2.09 and 3.89 THz in the xz planes are illustrated in Figs. 7(c) and 7(d). Generally, the lead glass 
substrate can be considered an excellent reflection cavity because of its low inherent loss, which causes lesser power loss internally 
and reduces the working bandwidth. This is due to the fact that lower internal loss causes light to be confined well in the cavity.

Many studies have indicated that the structural characteristics of metamaterial absorbers strongly influence their absorption 
efficiency, and physical defects that may develop during the manufacturing process, too, should be considered [36]. As a result, 
in the sections discussed below, we will look at the impact of structural parameters on the absorber’s absorption capabilities one 
after another. We first demonstrate how the thickness of the dielectric substrate influences the structure’s behavior, as presented in 
Figs. 8(a) and 8(b), with all the other parameters held constant. Figs. 8(a) and 8(b) illustrate how the thickness of the lead glass 
substrate influences the location and intensity of the device’s absorption peak in different ways. The resonance bands are around 
peak frequencies of 2.089 and 3.892 THz. The absorption peak of high frequency (APHF) is 99.98%, and the absorption peak of 
low frequency (APLF) is 99.99%. At both frequencies, the dual-band absorber has near-unity absorption in TE polarization mode. 
The absorption spectrum of the dual-band absorber with the variation of substrate width h from 2.3 μm to 2.7 μm is illustrated in 
Fig. 8(a). The APLF doesn’t change noticeably while the APHF reduces with the extension of h. At both peaks, a blue shift with an 
8

increase in substrate width is noticed, as illustrated in Fig. 8(a). It is discernible from Figs. 8(a) and 8(b) that when the thickness 
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Fig. 8. Variation of resonance frequency of absorption peaks with (a), (b) substrate width, h, (c), (d) split width of outer structure, g, (e), (f) strip width of outer 
L-shaped structures, e in TE polarization mode.

of lead glass grows, the resonance wavelength shifts slightly towards the longer wave. The specifics of spectral drift and absorption 
level are shown in Figs. 8(a) and 8(b). It has been discovered that as the thickness of substrate width grows (from 2.3 to 2.8 μm), 
the position of the resonant absorption peak varies only by a few nanometers while the absorption efficiency remains essentially 
constant (>99%). The sensitivity of the absorption of the metamaterial structure to h can be attained by 𝑆ℎ = 𝜆∕ℎ, which is 0.0236 
and 0.0523 for 1st and 2nd absorption spectra, respectively. It is clear that both the operating wavelengths of the absorber are very 
slightly susceptible to change to the variation of h. The absorption efficiency is not influenced by the thickness of the substrate.

The sensitivity of the absorber’s performance with respect to the split length, g, of L-shaped structures of the metamaterial unit 
9

cell is also investigated. Changing gap length, g, between L-shaped structures shifts both absorption peaks. When g is varied from 
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Table 4

Comparison between previous research and suggested perfect metamaterial absorber.

References Li et al. [12] Zhang et al. [52] Xing et al. [53] Yao et al. [54] Abdulkarim et al. [55] Proposed (TE)

Design structure Brick Square Oval Rectangular Square Square

Unit cell dimension, μm 2.4 × 2.4 35 × 35 2.5 × 2.5 One side 4.32 9.5 × 9.5 43.2 × 43.2

Absorption peaks 2 2 2 2 2 2
Frequency (Peak), THz 4.59 3.5–4.1 4.95 5.08 22.46 2.089

6.18 7.15 9.2 8.56 28.95 3.892

Absorption rate,% 99.91% 90% 99.8% 97% 98.44% 99.99%
99.31% 98.9% 99.6% 99% 99.28% 99.98%

Published year 2019 2019 2018 2016 2021 –

2 μm to 4 μm, the rightward shifts at both bands are noticeable in Figs. 8(c) and 8(d). APLF varies slightly with varying g with respect 
to second absorption resonance. APHF reduces with decreased g. The sensitivity of the absorption of the metamaterial structure to 
the split width, g, can be calculated by 𝑆𝑔 = 𝜆∕𝑔, which is 0.083 and 0.122 for the 1st and 2nd absorption spectra, respectively.

The strip width, e, of L-shaped structures of the absorber is the last structural characteristic we studied. Figs. 8(e) and 8(f) depict 
the device’s relationship with the structural parameter, e. It shows the absorption spectra and the relationship between the resonant 
frequencies and the strip width. Absorption peaks after modification of L-shaped structure width from 39.2 μm to 40 μm with a 
span of 0.2 μm are presented in Figs. 8(e) and 8(f). As e increases, the resonant peak experiences a red shift, as shown in Figs. 8(e) 
and 8(f). The sensitivity of the absorption of the metamaterial structure to the strip width e can be attained by 𝑆𝑒 = 𝜆∕𝑒, which is 
0.065 and 0.145 for 1st and 2nd absorption spectra, respectively. APLF hardly decreases with variation, but APHF decreases with 
increasing e. Both peaks show a rightward shift with extended outer structure width. Even with a slight change in e, the device’s first 
resonance wavelength exhibits a more significant influence with alteration of the strip width than other structural characteristics. 
From all the parametric analysis, it is clear that the second resonance wavelength is more susceptible to change with parametric 
variation. Simultaneously, the substantial reliance of the resonance location on the structure’s parametric value suggests that the 
device is adaptable, but this also tends to negatively influence real manufacturing. It demonstrates that it is quite susceptible to low 
accuracy in the manufacturing of the devices, which considerably raises the uncertainty of optimal production and simulation results 
significantly.

According to the findings, the size of the metamaterial substrate determines the absorber’s absorption resonance characteristics, 
and the operating wavelength may be modified by varying the thickness of the dielectric layer and the split and strip width value of 
the metamaterial structure. As the absorption effectiveness is not affected by changes in structural parameters, the structural charac-
teristics may be modified to create a tunable bandpass metamaterial absorber. The impact of the studied elements on performance 
metrics, like the absorber’s absorption bandwidth and Q-factor, will be substantial. Those findings can also be used as a frame of 
comparison and a guide for test findings.

Table 4 illustrates the summary of a comparative investigation. In [12], a dual-band and polarization-insensitive metamaterials 
ideal absorber comprised of monolayer graphene was built and investigated in the mid-infrared region. At 4.59 and 6.18 THz, 
two dual-band perfect absorption peaks are observed. In this literature [52], a tunable THz metamaterial absorber with dual-band 
absorption comprised of a dielectric layer and a periodic combination of Au is studied. The broadband absorption rate in the 3.5–4.1 
THz region can reach above 90%, and at 7.15 THz, it can approach 98.9%. In [53], adjusting the chemical potential of graphene, two 
perfect absorption peaks are attained. Similarly, in [54], the investigation of a dual-band perfect absorber made up of a periodical 
formed elliptical graphene structure with a metal ground partitioned by a thin SiO2 dielectric layer. The structure proposed in this 
study has higher absorption rates in both absorption bands than all other structures discussed. Several layers of materials are also 
employed in [12] and [55]. However, the suggested construction only uses one material layer over the substrate. The proposed 
structure is simple, planar, and doesn’t require tuning to attain perfect absorption.

In order to explore application areas for suggested metamaterial structure in the sensing area because of its robust ideal ab-
sorption capabilities, we investigated the relation between absorption properties and refractive index. As the refractive index of the 
surrounding medium increases and other parameters remain constant, the frequency of each of the absorption peak shifts leftward 
dramatically, as seen in Figs. 9(a) and 9(b). In Figs. 9(c) and 9(d), we look at the functional relationship of resonant wavelength shift 
and medium refractive index. The resonance wavelengths for various refractive indices are shown as green dots, while the black line 
is a linear approximation of the resonant frequency data set.

The graphs of resonance frequency vs refractive indices shown in Figs. 9(c) and 9(d) are often used to calculate the sensitivity 
value. As shown in equation (4), sensitivity (S) is defined as the ratio of shift in resonant frequency (𝑓0) to shift in refractive index, 
(n).

𝑆 =
Δ𝑓0
Δ𝑛

(4)

Curve fitting yields a linear relationship between the resonance frequencies and the surrounding medium’s refractive index, repre-
sented by equations (5) and (6) for the 1st and 2nd absorption peaks, respectively.
10

𝑓 = −1.1099𝑛+ 3.4461 (5)
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Fig. 9. (a), (b) Absorption spectra for varied refractive indices for 1st and 2nd absorption bands, (c), (d) plot of resonant frequencies versus index of refraction for 1st 
and 2nd absorption bands.

Table 5

Comparative analysis of the presented sensor’s performance in relation of sensitivity.

References Metal Frequency, 
THz

Sensitivity 
(GHz/RIU)

Normalized 
sensitivity

RI range

[56] Au 0.7 163 0.729 1-1.8

[41] Au 2.249 300 0.133 1-1.39

[57] Al 1.04 663 0.638 1.5-2.1

This work (1st) ITO 2.089 1109 0.53 1.34-1.40

This work (2nd) ITO 3.892 1954 0.50 1.34-1.40

𝑓 = −1.9544𝑛+ 6.1601 (6)

As a result, the proposed biomedical sensor’s sensitivity has been estimated to be around 1109 GHz/RIU and 1954 GHz/RIU for 1st 
and 2nd absorption peaks, respectively. Table 5 shows a comparison in relation to the sensitivity of similar designs considered for 
biomedical applications. Based on the comparison, it can be deduced that it has outstanding sensing capabilities and may be used to 
assess changes in the surrounding refractive index accurately.

The FOM, the percentage of the sensitivity to the FWHM of the suggested absorber presented by equation (7) [41], is another 
essential measure used to compare the sensing characteristics of various sensors.

𝐹𝑂𝑀 = 𝑆

𝐹𝑊𝐻𝑀
(7)

The highest FOM in the suggested design was discovered to be 10 and 14 for the 1st and 2nd absorption bands, respectively. Table 6
11

compares the presented sensor’s performance with respect to the figure of merit. The proposed refractive index sensor design is 



Heliyon 10 (2024) e26842S.J. Mishu, M.A. Rahman and N. Dhar

Table 6

Comparative analysis of the presented sensor’s performance in relation to figure of 
merit (FOM).

References FOM Technique Year

[58] 4 MPA integrated microfluidic channel 2016

[59] 0.5 Terahertz metamaterials 2017

[60] 7.5 Asymmetric metamaterial resonator 2018

[12] 0.85 Terahertz metamaterials 2019

[61] 0.4 Planar antenna array 2019

[41] 2.94 Terahertz metamaterial absorber 2019

[62] 0.67, 37 Terahertz metamaterial absorber 2020

[63] 1.53, 1.57 High-Q metamaterials 2020

[64] 2.94 Terahertz metamaterials 2022

This work (1st) 10 Metamaterial perfect absorber -

This work (2nd) 14 Metamaterial perfect absorber -

extremely sensitive regarding sensing biomedical materials. Furthermore, its high FOM makes it an outstanding sensor. With this 
type of sensor operating between the range of refractive indices of 1.35-1.39, the accuracy of diagnosing malignancies, carcinomas, 
and other disorders can be greatly increased. As a result, the study’s conclusions provide benefits for a variety of detection disciplines 
in addition to biomedical applications. The study makes a promising advancement in MTM-based biosensing technology.

5. Conclusion

In this paper, a dual-band perfect metamaterial absorber with perfect absorption in both frequency bands is suggested. The 
formation of a unique metamaterial absorber that may be utilized to trace biological specimens, particularly cancerous cells, in the 
THz frequency range is studied and analyzed. The proposed absorber is extremely responsive to fluctuations in the surrounding 
medium’s refractive index. When compared to similar published articles in the literature, the findings of the study were found to 
be superior. The results are analyzed regarding unit cell size, frequency range, absorption characteristics, polarization and incidence 
study, etc. Interestingly, both blood and cancerous cell organelles have refractive indices between 1.35 and 1.39, which is a smaller 
range. Thus, the creation of the proposed sensor with outstanding sensitivity and resolution that operates in this refractive index 
range has great potential for the identification of cancers, carcinomas, and other illnesses. The suggested biosensor is a functional 
and practical device for detecting biological materials.
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