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Abstract
A new metamaterial refractive index sensor based on the impedance matching idea is sug-
gested to provide an ultra-narrowband absorption response at terahertz frequencies. In 
order to accomplish this, the graphene layer has been modeled as circuit components using 
the recently developed transmission line method and the recently proposed circuit model 
of Periodic Arrays of Graphene Disks. The given research gives a flowchart and equations 
for designing a sensor, greatly simplifying the sensor design approach. This study only 
explores Periodic Arrays of Graphene Disks but we think the offered technique is extensi-
ble to any available graphene forms that past designers supplied with a circuit model. We 
compare and contrast the full-wave simulation results with the suggested circuit model. 
The metallic ground prohibited the transmission of the episode wave, and all occurrence 
electromagnetic waves are restricted in the basic design between the graphene disk. As 
a consequence, a perfect narrowband absorption peak is obtained. Disk absorption spec-
tra have been discovered for a variety of refractive lists. The findings of the circuit model 
and full-wave simulations appear to be balanced. This RI sensor is suitable for biomedical 
sensing because of the combination of its features. The proposed sensor’s performance as 
a cancer early detection sensor was evaluated among biomedical sensors, and the findings 
indicated that the proposed sensor is an excellent candidate for this application.

Keywords Analyte · Refractive index sensor · Graphene · Metasurface · Circuit model · 
Transmission line method · Cancer · Biomedical sensing

1 Introduction

The uncontrolled and abnormal growth of cells in various parts of the body is what leads 
to cancer. These cells may occasionally expand into other tissues beyond their natural 
boundaries. This is known as metastasis, a significant reason for disease mortality. Accord-
ing to the World Health Organization, cancer is the second leading cause of death world-
wide. Due to systemic immunodeficiency, cancer patients are more susceptible to Covid-19 
infection than other groups. Scientific studies indicate that approximately 4% of Covid-19 
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patients have some form of cancer, which either causes severe Covid19 symptoms or 
results in patient mortality. Early detection and treatment can reduce cancer mortality. 
Lung, colorectum, liver, stomach, and breast cancer were predicted to kill 1.796, 0.935, 
0.83, and 0.768 million people in 2020 (Cao et al. 2021; Rastgordani and Kashani 2020a). 
The problems and forms of cancer therapy are determined by the stage of the disease. A 
wide range of cancer detection technologies, including radioimmunoassay, magnetic reso-
nance imaging, sonography, and others, have been developed over time to satisfy a variety 
of criteria. Magnetic resonance and computed tomography are often used to identify cancer 
cells in vivo and in vitro, although certain contrast agents restrict their resolutions (Sung 
et al. 2021). Near-infrared fluorescence imaging is useful for identifying cancerous cells or 
tissues due to its low background scattering and high penetration into the tissue. However, 
the image and dye’s shortcomings, such as limited photostability, low detection sensitivity, 
and low spatial resolution, render it unsuitable for in vivo cancer imaging. Furthermore, 
time-resolved fluorescence assays, gas chromatography-coupled mass spectroscopy, elec-
trochemiluminescent immunoassays, and others are being employed for the first screening 
of cancer patients in centralized and hospital-based labs (Liao et al. 2021). Even though 
these methods have improved in terms of specificity and sensitivity, they still have a num-
ber of disadvantages, such as being time-consuming, expensive, requiring expensive and 
sophisticated equipment, necessitating a time-consuming pretreatment and analysis pro-
cess, and not being able to detect cancer in its earliest stages (Borowczyk et  al. 2021). 
Therefore, it is essential for cancer prevention and disease management to develop safer 
and more effective methods for cancer detection and treatment (Ferlay et al. 2021), particu-
larly for cancer diagnosis. The study of liquid sensing is crucial because liquid analysts are 
frequently used in the biological and industrial sectors (Kayal et al. 2020; Ma et al. 2020). 
Terahertz (THz) modulated sensors are regarded as nondestructive inspection instruments 
because of their unique qualities of low photon energy and great penetration (Rastgordani 
et al. 2019a). These sensors may directly estimate the refractive index of analytes by non-
contact monitoring of changes in the absorption spectrum (Sotsky et al. 2021). Microflu-
idic chips are commonly used to improve detection capabilities by sensing and detecting 
small amounts of liquid analyte. The poor response of natural materials to THz waves, on 
the other hand, restricts the precision and stability of THz sensors. THz sensors’ sensitivity 
and accuracy for liquid analytes with equivalent refractive indexes would almost probably 
be limited as a result.

Terahertz technology has drawn substantial interest from the engineering community 
in recent decades due to its unique position in a variety of important applications such 
as sensing, biosensing, imaging, indoor communications, medicinal, and security applica-
tions (Ma et  al. 2020; Rastgordani et  al. 2019a; Sotsky et  al. 2021). THz spectrum has 
advantages such as higher operating frequency, dimension reduction, low photon energy, 
and nonionizing features (Failed 2022). Furthermore, due to the rapid advancement of 
nanotechnology in a variety of scientific and industrial fields, as well as the use of novel 
materials such as graphene, the Terahertz spectrum (roughly from 100 GHz to 10 THz) 
has emerged as a promising region for the realization of high-quality and high-efficiency 
modern plasmonic devices (Ma et al. 2020; Tang et al. 2016). A metamaterial (MTM) is 
a substance that is designed to be built from natural materials but does not exist in nature. 
Metamaterials can have a negative refractive index, inverse Doppler effects, super-lenses, 
artificial magnetism, and invisibility cloaking (Yeo et al. 2011; Amini and Atlasbaf 2022; 
Chaharmahali et  al. 2020). When the refractive index is negative, the electric permittiv-
ity ( � ) and magnetic permeability ( � ) are both negative, resulting in a negative reflec-
tion. High-sensitivity THz sensors based on metamaterial absorbers have received a lot of 
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interest in recent years (Rastgordani et al. 2021; Faruk and Sabah 2019). The resonant peak 
frequency is sensitive to the refractive index of the test medium (analyte), allowing for the 
development of a highly sensitive THz sensor. For terahertz researchers, graphene is one of 
the most intriguing metamaterials. Graphene is a two-dimensional (2D) single-layer struc-
ture composed of carbon atoms arranged in a honeycomb pattern. When compared to other 
plasmonic metals such as gold and silver, graphene offers surface plasmonic polaritons 
(SPPs) with strong electric field limitations and low-loss optical features in the far infra-
red to THz band (Rastgordani et al. 2021; Abdulkarim et al. 2022). Due to the substantial 
amount of modal confinement in graphene-insulator surfaces, graphene plasmonic sensors 
can also improve detecting characteristics (Failed 2022). In comparison to traditional mate-
rials, we may modify its surface conductivity by applying an external DC-bias voltage. 
The control of graphene conductivity is caused by a change in the Fermi level, which may 
be utilized to modify the resonance peak frequency of an absorber across a large range 
(Asgari and Fabritius 2021). Two THz refractive index sensors with a periodic array of 
graphene disks on dielectric material and gold metallic ground on the opposite side are 
presented in this study. The incoming terahertz waves are reflected by a gold mirror, which 
has adjustable absorption in reflection mode and minimal transmission. The design tech-
nique is based on the Fabry Perot resonator idea, which achieves the appropriate sensitivity 
in the structure’s specific operating frequency by using a mathematical term. All of the 
techniques in this study may be performed analytically without the need for an optimiza-
tion algorithm to optimize the dimensions.

2  Structure of the sensor I and the equivalent transmission line model

The finite integration method of the CST microwave studio 2019 software was used to 
simulate the suggested metamaterial (MTM) sensor. Using this programa, many numer-
ical calculations can be used to describe MTMs. The unit cell of the proposed structure 
is shown in Fig. 1. The plane wave is incident along the z-axis, and the x- and y-axes 
have periodic boundary conditions. The impedance match between the resonator and 
free space can be achieved by adjusting the design parameters. This increases incident 
wave absorption and reduces wave reflection, as shown in Fig.  1c. A single layer of 

Fig.1  The schematic view of the proposed graphene-based sensor composed of PGDM a perspective view. 
b side view. c top view
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periodic graphene disk arrays, a layer of a dielectric substrate, and a layer of a metallic 
reflector, typically made of gold, comprise the sensor structure (Biabanifard et al. 2020; 
Aidinis et al. 2021). According to circuit modeling (Khatami et al. 2022), the conduc-
tivity of the gold reflector is estimated to be 

(
� = 4.56 × 107

)
 , making it a short-circuit 

even in the THz region. It is important to note that the Au reflector is thick enough to 
prevent terahertz waves from entering. Consequently, the Au reflector’s thickness has 
been set at 1 µm. The determination of a substrate is significant in light of the fact that 
the creation cycle and life expectancy of the gadget are reliant upon picking the right 
material for the substrate. The low losses at the THz frequency range of the polyeth-
ylene cyclic olefin copolymer (TOPAS COC with nd = 1.5 ) have been chosen for this 
work. The dielectric properties of TOPAS COC material make it ideal for THz appli-
cations. The thicknesses of the TOPAS COC 

(
T1
)
 , the disk graphene, and the sensing 

medium 
(
T2
)
 are, respectively, 25 and 1 µm, and the single-disk graphene P has a period 

of 13.84 µm.
The Kubo formula’s graphene conductivity describes its properties. This formula indi-

cates graphene’s conductivity over a wide frequency range, including terahertz, �g can be 
written as follows in the following relation (Rastgordani et al. 2020):

where:

� is Radian angular frequency, �c is Fermi energy level, � is Relaxation time, T  is Abso-
lute temperature, KB is Boltzmann’s constant, e is Electron charge, ℏ is reduced Planck’s 
constant.

The graphene layer’s extremely thin thickness is indicated by �c = 0.08 eV,Δ = 1 nm , 
and T = 300°K, which is the standard for ambient temperature in this study. In the terahertz 
frequency range, the Pauli Exclusion principle states that when 𝜇c ≫ kBT  , the inter-band 
conductivity is negligible. As a result, the simplified conductivity relation between gra-
phene and a Drude-like model is as follows:

The transmission line method is used to generate the metasurface sensor’s equivalent circuit 
model. A series RLC branch model for a layer of graphene disk with a periodic configuration 
has been proposed for the circuit model of a single-disk graphene metasurface sensor, and it 
is depicted in Fig. 2, the impedance of the RLC branches of the model series (Biabanifard and 
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Abrishamian 2018). The following formula can be used to determine the proposed absorber’s 
TLM input impedance for the normal THz incident wave:

where the impedance of free space is Z0 = 120� and that of the ground is ZAu = 0 due to 
the fact that the gold layer’s thickness is greater than the terahertz wave’s penetration depth. 
Additionally, the substrate’s impedances, Zd1 = Z0

/
nd1

 , and Zd2 = Z0
/
nd2

 respectively, are 
added, and the substrate layers’ wave propagation constants are �d1 = 2�fnd1

/
c and 

�d2 =
2�fnd2

/
c , where f denotes the work frequency range and c denotes the speed of light. 

As a result, the following formula is used to determine the proposed circuit model’s reflec-
tion coefficient:

When the incident wave is perpendicular to the surface, the formula yields the absorption 
A from the S-parameters.

S11 and S21 are the reflection and transmission coefficients, respectively. With the transmis-
sion coefficient equal to zero, ||S21(�)||2 = 0 there is little transmission across the structure. As 
a result, the simplified form for calculating absorption for the suggested device is used.

(6)Za = jZd1 tan
(
�d1T1

)
, ZAu ≅ 0

(7)ZL = Za ∥ Zg

(8)Zinput = Zd2 +
ZL + jZd2 tan �d2T2

Zd2 + jZL tan �d2T2

(9)Γ =
Zinput − Z0

Zinput + Z0

(10)A = 1 − ||S21(�)||2 − ||S11(�)||2

(11)A = 1 − ||S11(�)||2 = 1 − |Γ|2

ZAu

R

L

C

Zd1Z0

ZaZinput

ZL

Zg

TOPAS
Air

Zd2

Analyte

Fig. 2  The developed circuit model of the proposed sensor
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The inductance, capacitance and resistance of the graphene disk can be calculated using 
circuit theory as follows (Barzegar-Parizi et al. 2015):

In which �eff  , ℏ , and e are the average permittivity of the medium, the reduction Planck’s 
constant and the electron charge respectively. In detail, �eff = �0

(
1 + �d

)/
2 , �0 is the dielec-

tic permittivity of the air and �d = n2
d
 is the relative permittivity of the dielectric material. In 

Table 1, The first eigenvalue for the disk’ss surface current equation is q11 . In this research, the 
parameters of the first mode of the resonance frequency of a single-disk graphene metasurface 
sensor are S1 = 0.6087r , K1 = 1.2937 (Chen et al. 2021). Equation (16) is then used to get the 
fill factor of the graphene array disk, 2a∕P (Daraei et al. 2020).

where the disk’s radius is a and a = 2.42�m . Lg = �Rg according to Eq. (14). The induc-
tive value is computed using the assumptions Rg = Z0 and � = 3 ps . Thus, the capacitance 
value is obtained by using CgLg =

1
/
�2
0
 , the resonance condition of the RLC circuit. Fur-

thermore, the patterned graphene disks’ period cannot exceed their diameter, so 2a∕p must 
be less than unity. The technique for designing such that the quantity of capacitor, inductor, 
and resistor components pulled within the feasible ranges for an absorber in the THz spec-
trum is discussed below. The quantity of the fill factor, 2a∕p , is chosen at the start as an 
arbitrary value. A high fill factor causes the PAGDs to have a higher quantity of capacitive 
elements; conversely, a lower fill factor causes the PAGDs to have a smaller number of 
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(18)r = a × q11

Table 1  Eigenvalues of the 
equation governing the surface 
current on graphene disks

2r/P 0.1 0.5 0.9
rq11 0.539 0.527 0.417
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capacitive elements. Because a narrowband absorption response requires less capacitance 
than a broadband absorption response, 2a∕p ≺ 0.35 is a reasonable and appropriate assump-
tion that should be used. When this consideration is combined with Eq. (12) to Eq. (15), 
the period of the PAGDs is computed as follows:

Then, the relation a = P × FF∕2 , where FF is the value of the fill factor, could be used 
to determine the disks’ radius. In addition, with regard to Eq. (14), the following factors 
determine graphene’s chemical value (Rastgordani and Kashani 2020b):

In Fig. 3. the compelte design flow of the analytical method.

3  Simulation results and discussion of the Sensor I

The proposed metasurface’s characteristics of reflection (R), transmission (T), and absorp-
tion (A) are depicted in Fig. 4a at the normal incidence angle. These characteristics include 
a band of perfect absorption peaking at 99.9%, negligible transmission, and highly efficient 
reflection within a frequency range of 1.4–2.2 THz. Because the conductivity qualities of 
graphene may be modified in various ways, such as chemical doping or electrical gating, 
the absorber’s absorption rate can be optimized. Figure 4 depicts the absorption spectra 
of the suggested structure for certain graphene parameters such as � = 3 ps , �c = 0.08 eV , 
and T = 300°k. The capacity to alter the position of the resonance peak for a sensor with a 
central frequency of 1.8 THz is demonstrated in Fig. 4b. As illustrated in Fig. 4b, changing 
the chemical potential value from �c = 0.08–0.38 eV shifts the location of the resonance 
peak from f0 = 1.8 to 3.5 THz.

Figure 5a depicts the normalized input impedance of the suggested structure with a cen-
tral frequency of 1.8 THz in two districts real and imaginary. At f0 =1.8 THz, the structural 
impedance is matched to free space. The structure’s analytical circuit model is executed 
using an easy-to-implement MATLAB algorithm. Following that, the EM response of the 
planned structure was evaluated using FEM, which was obtained using the CST Microwave 
Studio Full-wave simulation software and the frequency-domain electromagnetic solver. 

(19)P =

√
S2
1
�2�eff

k1Cgq11

(20)�c =
k1P

2ℏ2

�S2
1
e3Lg

Fig. 3  The complete design flow of the analytical method
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These two distinct approaches are used to investigate the device’s absorption spectra, as 
depicted in Fig. 5b so that Full-wave numerical modeling simulations using both TE and 
TM polarized plane waves at normal incidence illuminate the structure. By precise analysis 
of Fig. 5b, it can be concluded that the circuit model approach and Full-wave numerical 
modeling are verifying each other and that the structure response to TE and TM polarized 
waves is the same.

Sensing is one of the numerous uses of perfect MTM absorbers that has recently 
gained a lot of interest from academics and scientists. In this part, we look at the sen-
sor’s specifications as well as its performance. The sensor is made up of an absorber and 
a layer of test media (analyte) on top of a graphene disk. The thickness of the analyte 
is 1  μm. The substance to be examined is the analyte layer. Depicts the metasurface 
sensor’s full-wave simulation results for various refractive indices ranging from 1 to 
1.5 in Fig. 6c. Raising the refractive indices shows an apparent shift in the resonance 
frequency. The obtained outcomes demonstrate that the metasurface sensor is highly 
responsive to changes in the refractive index. Also, as depicted in Fig. 6b, two breast 
cells, a breast normal cell (MCF10A) and a breast cancer cell (MCF7), are used as tar-
get analytes to examine the sensing performance of the proposed graphene metasurface. 
Analytes are not equally distributed in the sensing area in practical experiments. In this 

Fig. 4  a The reflection (R), transmission (T), and absorption (A) characteristics of the proposed metasur-
face at a normal incidence angle b The tunability of the resonance peak with chemical potential variations 
for sensor with central frequency of 1.8

Fig. 5  a The Normalized input impedane and absorption spectra of the designed sensor b Spectra of the 
absorption achieved by applying the equivalent circuit model and the FEM for TE and TM modes
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simulation, MCF10A and MCF7 breast cells are assumed, with comparable refractive 
indexes of 1.38 and 1.4. Sensitivity (S), the figure of merits (FOM), and the Q-factor are 
the three most essential metrics for assessing sensor performance, and they are derived 
using Eqs. (21–23) (Zamzam et al. 2021).

Δf indicates the frequency changes of the absorption peaks, Δn represents the analyte’s RI 
changes, and FWHM denotes full width at half maximum in Eq. (22).

The proposed sensor’s fundamental parameters and specifications are listed in 
Table 3. The proposed sensor has a quality factor of 15.69, respectively. In Table 2, pro-
posed sensor specifications are presented.

The following relation that follows can be used to calculate the absorbed electromag-
netic power:

(21)S =
Δf

Δn

(22)S =
Δf

Δn

(23)Qfactor =
f

FWHM

Fig. 6  a The schematic diagram of the breast cancer cell and their sensing b Absorption spectra of pro-
posed sensor for different refractive index of MCF10A and MCF7 on the graphene metasurface c Absorp-
tion spectra of proposed sensor for different refractive index of the analyte
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where � , �′′′ and 
⇀|E| are angular frequency the material’s total electric field’s amplitude, 

permittivity’s imaginary part, and the material’s total electric field’s amplitude, respec-
tively. With x-polarized light incident, the proposed metasurface sensor’s electric field dis-
tributions are depicted in Fig. 8. As depicted in Fig. 7a, b, the electric distributions for the 
TE and TM modes could be achieved with nanalyte = 1 , and �c = 0.08 eV , respectively.

(24)P = (1∕2)��
�� |E|2

Table 2  The RPF, S, FWHM, FoM, and Q-factor using different RI of analyte for sensor

Refractive index RPF [THz] S [THz/RIU] FWHM [THz] FOM Q-factor

1 1.80 0.113 15.92
1.1 1.79 0.1 0.107 0.93 16.72
1.2 1.78 0.1 0.117 0.85 15.21
1.3 1.71 0.7 0.113 6.19 15.13
1.4 1.69 0.2 0.107 1.86 15.79
1.5 1.66 0.3 0.108 2.77 15.37

Table 3  Comparison between the sensor specifications of reported in previous work and proposed sensor

Refs Year Mechanism Operating rang 
[THz]

Sensitivity 
[THz/RIU]

Chen et al. (2013) 2013 Hybridization of magnetic and 
electric resonators

2–5.5 0.13

Cong and Singh (2014) 2014 Metamaterial absorber 0.4–1 0.163
Xiong et al. (2021) 2021 Metamaterial absorber 0.2–0.9 0.126
This work 2022 Metamaterial absorber 1.3–2 0.28

Fig. 7  Electric field distributions of the disks metasurface sensor for a TM mode b TE mode
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4  Structure of the sensor II and the equivalent transmission line model

As illustrated in Fig.  8, the proposed sensor comprises periodic two-layer graphene disk 
arrays arranged near a metallic ground covered with dielectric spacers. Figure 8 depicts the 
geometrical parameters. Dielectric spacers with thicknesses of T1 = 18.9μm , T2 = 5μm , and 
T3 = 1μm divide the two-layer graphene disks with a diameter of 2a. P is the disk arrays’ 
period and is 6.3 μm . To facilitate the electrical gating procedure, thin graphene stripes with a 
thickness of 0.1 m are employed to electrically link the disk arrays (Fardoost et al. 2017). As 
a result, each graphene layer may be dynamically and individually modified using an external 
bias circuit, as illustrated in Fig. 8b. The dielectric layer is made of SiO2 with �r = 3.9 . To get 
the best results in terahertz, we also used Zeonex, a dielectric made of cyclo-olefin polymer 
(COP). The relative permittivity of Zeonex is 2.34. Zeonex was chosen for its unique optical 
properties, including low absorption loss, high glass transition temperature, minimal material 
dispersion, and insensitivity to humidity, as well as its ease of injection molding or extrusion 
into film and sheet. It is suitable for terahertz applications because it has a very low terahertz 
absorption loss. Additionally, Zeonex is insensitive to the majority of solvents and acids. Con-
sequently, it is a viable option for a terahertz absorber’s substrate (Rastgordani et al. 2019b).

The following are the various sensor components’ equivalent impedances (Fig. 9). We were 
able to achieve the total input impedance. Also, using Eq. (10), the total reflection coefficient 
of the proposed structure could be determined. 

(25)Za = jZd1 tan
(
�d1T1

)
, ZAu ≅ 0

(26)ZL1 = Za ∥ Zg1

(27)Zb = Zd2 +
ZL1 + jZd2 tan �d2T2

Zd2 + jZL1 tan �d2T2

(a) (b)

VDC

Gate Voltage

VDC

Gold

SiO2

Graphene

Zeonex

Fig. 8  The schematic view of the proposed graphene-based sensor composed of PGDM a top view b per-
spective view



 B. Amini, Z. Atlasbaf 

1 3

446 Page 12 of 17

where the impedance of free space is Z0 = 120� and also, the impedance of the ground is 
ZAu = 0 because the thickness of the gold layer is greater than the penetration depth of tera-
hertz wave. Moreover Zd1 = Z0

/
nd1

 , Zd2 = Z0
/
nd2

 and Zd3 = Z0
/
nd3

 are the impedance of 
the substrates. Also, the wave propagation constants of the substrate layers are 
�d1 =

2�fnd1
/
c , �d2 = 2�fnd2

/
c and �d3 = 2�fnd3

/
c which f is the work frequency range 

and c, is the speed of light. Where the disk’s radius is 1.1 µm,� = 3 ps and �c = 0.08 eV 
(Fig. 10).

5  Simulation results and discussion of the Sensor II

The figure depicts the reflection (R), transmission (T), and absorption (A) properties of 
the proposed metasurface. Figure 10a at the normal angle of incidence. A perfect absorp-
tion band with a peak at 97%, negligible transmission, and highly efficient reflection in the 
2.2–3 THz frequency range are among these characteristics. Figure 10b depicts the pro-
posed structure’s absorption curve at various chemical potentials. By shifting the graphene 
chemical potential from 0.08 to 0.38, the absorption amplitude decreases as well as the fre-
quency shift of the absorption peak, as depicted in this figure. When the chemical potential 
of the graphene is 0.08, the absorption peak reaches its highest value.

Biomedical sensing is one of the most important uses of refractive index sensors. The 
typical biological analyte refractive index ranges between 1.3 and 1.5. Figure 11 depicts 
the simulation results for the test medium with refractive indices ranging from 1.3 to 1.4 
and a step of 0.01. The suggested sensor is suitable for breast cancer sensing, as demon-
strated by the simulation results and calculations.

The proposed sensor’s fundamental parameters and specifications are listed in Table 4.
The proposed sensor has a quality factor of 27.33, respectively. In Table 5, proposed sensor 
specifications are presented.

(28)ZL2 = Zb ∥ Zg2

(29)Zinput = Zd3 +
ZL2 + jZd3 tan �d3T3

Zd3 + jZL2 tan �d3T3

Fig. 9  The developed circuit model of the proposed sensor
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The electric field distributions of the proposed metasurface absorber with the x-polar-
ized light incident are shown in Fig. 12. As shown in Fig. 12a, b, we could achieve the 
electric distributions for the TE and TM modes with �c = 0.08eV . So, the amplitude of the 
total electric field, 

⇀|E| , inside the patch for the TM mode is equal to the TE mode.
Figure 13 depicts the test setup for measuring the proposed sensor’s absorption curve, 

and the THz pump laser generates a broad-band THz wave, which then passes through the 

Fig. 10  a The reflection (R), transmission (T), and absorption (A) characteristics of the proposed metasur-
face at a normal incidence angle b The tunability of the resonance peak with chemical potential variations 
for sensor with central frequency of 2.6

Fig. 11  a Absorption spectra of proposed sensor for different refractive index of MCF10A and MCF7 on 
the graphene metasurface b Absorption spectra of proposed sensor for different refractive index of the ana-
lyte

Table 4  The RPF, S, FWHM, FOM, and Q-factor using different RI of analyte for sensor

Refractive 
index

RPF  [THz] S  [THz/RIU] FWHM  [THz] FOM Q-factor

1 2.6 0.09 28.88
1.1 2.54 0.6 0.089 6.74 28.5
1.2 2.47 0.7 0.091 7.69 27.14
1.3 2.43 0.4 0.09 4.44 27
1.4 2.38 0.5 0.089 5.61 26.7
1.5 2.27 1.1 0.088 12.5 25.79
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collimated lens and the polarizer, which may be altered as a vertical or horizontal polarised 
wave and is tuned based on the experimental conditions. Following that, the beam split-
ter divides the optical light into two equal-intensity waves. So, after passing through the 
lens, half of the light may be sent to the CCD camera, while the other half can be directed 
to the objective lens and the target device. As a result, the Optical Signal can measure the 
reflected wave from the target device (Norouzi Razani et al. 2022).

UV light is utilized for photolithography, whereas electron radiation is used for e-beam 
lithography, which implies that the photoresist is exposed to light in photolithography, 
whereas a focussed electron beam can be used for exposure in beam lithography. Because 
e-beam lithography is less expensive than photolithography, we do not need to employ a 
photomask in this process, whereas photolithography requires the use of a mask. Another 
significant distinction is that photolithography cannot be utilized for dimensions smaller 
than, say, 2  µm, therefore e-beam lithography can be used instead. Because of its tiny 
dimensions, graphene can be patterned using e-beam lithography following the transfer 
process, and graphene etching will be done via Reactive Ion Etching. “Fabrication process 
and sensing system design of the proposed sensor”, all of these steps can have fabrication 
errors, so, naturally, the fabricated device will have different results from the simulated 
case considerably. For example, the dimensions of the device after the discussed lithogra-
phy techniques can be a little bit different from the simulation, or the thickness of dielec-
trics can be slightly different from the simulated structure. Therefore, fabrication errors 

Table 5  Comparison between the sensor specifications of reported in previous work and proposed sensor

Refs Year Mechanism Operating 
rang  [THz]

Sensitivity    
[THz/RIU]

Soltani et al. (2016) 2016 Dielectric resonator 0.5–1 0.5
Tang et al. (2018) 2018 Plasmon induced transparency 1–6.5 0.36
Keshavarz and Vafapour (2019) 2019 Metamaterial reflector 1.1–2.1 0.54
Wang et al. (2020) 2020 Metasurface absorbers 0.4–2.5 0.5
Emaminejad et al. (2021) 2021 Split-ring resonator (SRR) 0.8–2.2 0.45
This work 2022 Metamaterial absorber 2.2–3 0.66

Fig. 12  Electric field distributions of the disks metasurface sensor for a TE mode b TM mode
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will be expected in all of the stated procedures. Another issue is the cost of the device for 
fabrication, because utilizing two different lithography techniques may increase the cost of 
fabrication.

6  Conclusion

As a result, we investigated one-layer and two-layer graphene disk arrays and based high-
sensitivity graphene metasurface refractive index sensors. We compared the results of the 
circuit model for various refractive records with those of the full-wave simulation for high-
sensitivity sensors in order to investigate the precision of the proposed model. The pro-
posed sensor can be used in a variety of settings, including biomedical systems. The one-
layer and two-layer graphene disk arrays metasurface sensor’s absorption spectra for breast 
cancer cells and healthy cells have prompted us to consider its potential use in biomedical 
systems.

Author contributions BA (Bahareh Amini) wrote the manuscript text and prepared the figures. ZA (Zahra 
Atlasbaf) validated the whole data and confirmed the results.

Funding No funding was received for this research.

THz pump laser Optical signal 
analyzer(OSA)

Beam splitter

Beam splitter

Lens
Polarizer

Lens

Objective lens
Charged-coupled 
device(CCD) camera

Fig. 13  The test setup for measuring the absorption curve of proposed sensor
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