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Abstract- A highly sensitive absorption-based sensor based on folded split-ring metamaterial 

graphene resonators (FSRMGRs) is designed, and its biomedical application in terahertz (THz) 

spectrum is investigated. The sensor has a nearly perfect absorption with a spectral absorption 

coefficient of 99.75% at 4 THz, with a high Q-factor (average) of 13.76. The resonance peak 

frequency is sensitive to the refractive index (RI) of the test medium (analyte) and a fairly high 

sensitivity of 851 GHz/RIU has been obtained. The specifications of the sensor can be tuned 

by an external DC-bias voltage applied to the graphene layer. According to the obtained results, 

the developed absorber appears to be a good candidate bio-sensing applications. 

Keywords: Graphene, Absorber, Metamaterial, Surface Plasmons, Terahertz, Refractive Index 

Sensor. 

1. Introduction 

The terahertz (THz) electromagnetic spectrum (0.3–10 THz) has attracted significant 

interest due to the unique features of its frequency band. One of the most frequently used 

THz applications are electromagnetic wave absorbers [1]. The absorbing structures can 

be used to design biomedical devices and sensors [2-7]. Meanwhile, metamaterials 

(MTMs) are artificial electromagnetic metal nanostructures originating from periodic 

single-cell arrays that are considerably smaller in size than the operational wavelength 

[8]. Because of the unique attributes of MTMs, which are not available 

in natural materials such as negative refractive index (RI) [9-12], MTMs are used to 

design and fabricate metamaterial perfect absorbers (MPA). Some applications of the 

MPA are in sensing [13], [14], photo-thermal conversion, micro-bolometers, photo-

catalysis, and thermal emitters [15–22].  

MPA can be used as a RI sensor with a high sensitivity to changes in the characteristics 

of its environment [23-27]. The RI sensors based on the structure of the MTMs can have 

a high detection speed and low environmental damages, and they are excellent options 

for biomedical sensing [28–32]. As some examples, a biosensor with combined 

resonators on a silicon substrate with a sensitivity of 85 GHz/RIU is represented in [33]. 

A refractive index MTMs biosensor based on split-ring resonator (SRR) on a Teflon 

substrate with a sensitivity of 300 GHz/RIU is represented in [34]. Finally, a high-

sensitivity MTMs biosensor based on double-ring shaped reported in [35] has a 

sensitivity of 638 GHz/RIU. 
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 Graphene is a two-dimensional (2D) single-layer structure in which carbon atoms are 

coordinated into a honeycomb structure. In the far-infrared to THz band, graphene supports 

surface plasmonic polaritons (SPPs) [36-42] and they have strong electric field constraints and 

low loss optical attributes compared to other plasmonic metals such as gold and silver [43], 

[44]. Also, graphene plasmonic sensors can improve sensing characteristics due to the high 

amount of modal confinement in graphene-insulator surfaces [45]. Compared to conventional 

materials, we can change its surface conductivity by using an external DC-bias voltage. 

The graphene conductivity regulation is due to a change in the Fermi level where it can be used 

to change the resonance peak frequency of an absorber in a wide spectrum [28]. 

In this paper, we have proposed a high sensitivity RI sensor composed of an array of 

folded split ring MTMs graphene-based resonators (FSRMGRs). Having an absorption value 

of 98.7% and a Q-factor of 13.76 for the resonance frequency, the proposed sensor provides 

a good frequency selectivity. Besides, the sensor has a high sensitivity of 851 nm/RIU 

(where RIU stands for refractive index unit) to changes in its environment, which can be 

a biological tissue under test with different refractive indices. The outcome of the work 

indicates that the designed structure can be used for THz biomedical sensors 

applications. 

 

2. Graphene Conductivity 

Graphene's surface conductivity is expressed as a function of σg (ω, 𝜇c, τ, T). The 

conductivity calculations were investigated using the Kubo formula [46]. In the function 

of σg, ω is the angular frequency, 𝜇c is chemical potential, 2Γ =𝜏−1, whereas τ = 𝜇m𝜇 /e𝑣𝑓2 

is the electron relaxation time in graphene where 𝜇m is the carrier mobility and 𝑣𝑓 =106 𝑚𝑠   is the Fermi velocity. T is temperature and in terms of Kelvin. The characteristics 

of graphene-based devices, such as the absorbers and sensors, can be changed using the 

argument variables in σg.  

The graphene conductivity consists of a collection of two inter-band and intra-band 

terms. [36]. The surface conductivity of graphene is described as Eq. (1): 

 
(1) 

   Where:                                                                                                                                                                 

 

(2) 

 

(3) 

Here, qe =1.6×109 c is the charge of the electron, ħ is the reduced Plank's constants, and KB 

is the Boltzmann's constant. The chemical doping and electrical gating are two primary 

methods of adjusting the Fermi level of graphene. The form of electrical gating by using 

external DC-bias voltage is shown in Fig. 1. The voltage VG is used to adjust the chemical 

potential (𝜇c) of the graphene layer (See Eq. (4)) and consequently, the Fermi level. 
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Where, V0 is the voltage compensation related to the chemical doping, Ht and εr are the 

thickness and relative permittivity of the dielectric between graphene and electrode, 

respectively, and vF = 9.5×105 m/s is the Fermi velocity [36]. 

 

Fig. 1. Arrangement of the proposed structure and applying the external gate voltage VG. 

 

The gate bias is applied between the graphene layer and polysilicon DC gating pads, 

separated by a thin layer of SiO2. The thickness of the polysilicon layer is negligible and does 

not affect the overall performance of the designed structure. Implying V0=0, εr = 3.9, the 

variation of the chemical potential (𝜇c) for the different values of the external DC-bias voltage 

(VG) is shown in Fig. 2. Also, Fig. 2 indicates the change in chemical potential (μc) for different 

substrate thickness (Ht) values. It is evident that lower values of Ht are needed to achieve a 

higher value of μc at a specific voltage. 

 

Fig. 2. Variation in the chemical potential μc for the different values of the external Vg and for the different 

thickness values of the substrate. 

3. Structure design and numerical model 

The proposed FSRMGRs is shown in Fig. 3. The perspective view of the unit cell of the 

designed structure is shown in Fig. 3(a), which consists of three layers of the metallic plate, 

dielectric, and resonators. The metallic plate is a gold layer and acts as a reflector. Gold is a 

lossy metal, and its electrical conductivity is σ = 4.56 × 107 S/m. The dielectric layer is silica 

(SiO2) with electric permittivity ɛr = 3.9 and has a 4.625 μm thickness. Fig. 3(b) shows the 

front view of the top layer consists of a 0.35 nm thick FSRMGRs array with corresponding the 

VG
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Dielectric 
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Ht
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geometric parameters are HAu = 0.2 μm, HSiO2 = 4.625 μm, Rout = 2 μm, Rin = 1.45 μm, W1 = 1 

μm, W2 = 0.45 μm, W3 = 0.25 μm, W4 = 0.35 μm, W5 = 0.45 μm, respectively. The proposed 

structure’s period is L = 4.75 μm.  

 

Fig. 3. (a) The perspective view of the proposed THz structure consisting of graphene and reflector gold film, 

separated by a Sio2 spacer. (b) front view of the top layer of the proposed graphene array. 

 

Due to the thickness of the gold plate, and the fact that wave does not pass through it, 

the absorber's transmission coefficient is zero (T(ω) = |S21|2 = 0). The absorption 

coefficient of the structure is defined as A(ω) = 1 − R(ω) − T(ω), where R(ω) is the 

reflection coefficient and all three coefficients are functions of frequency. As a result, the 

absorption coefficient of the proposed THz absorber is equal to A(ω) = 1 − R(ω) = 1 − |S11|2 

[1]. 

 The reflection coefficient can become zero if the appropriate parameters are chosen for the 

graphene layer so as to ensure that the impedance at the top of the structure matches well to 

120π ohm impedance of free space. The dielectric layer in the designed structure acts like a 

Fabry–Perot cavity due to the existence of the graphene resonators and the metallic reflective 

plate. Note that graphene has a metallic behavior at the THz spectrum and traps the incident 

wave inside the structure [47]. 

To ensure high-performance single-band MPA for sensing applications, the unit cell 

specifications must be expertly optimized. The proposed absorber was numerically simulated 

using the CST Microwave Studio software. When setting boundary conditions, the x/y-

directions of the unit cell are chosen as periodic, and a z-direction open boundary is used. 

The incident wave was represented as a Floquet port in the z-direction (with an electric 

component along the y-direction). The proposed system is simulated using hexahedral 

meshes. Finally, the frequency-domain solver is used to analyze the designed structure. 

The results will be presented in Section 4. 

4. Results and discussion 

Rout

Rin

W1

W2

W3W4

W5

L

L

HSiO2 
HAu 
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The absorption spectrum of the optimized structure for specific graphene layer 

parameters, including, 𝜇c = 0.5 eV, τ = 1 ps, and T=300° K is shown in Fig. 4, a perfect narrow-

band absorption peak at 4 THz is achieved.  

 

Fig. 4. The absorption spectrum of the proposed structure. 

 

The distribution of the absolute value of the electric field for the proposed THz structure at 

the resonance frequency of 4 THz is presented in Fig. 5(a). As seen in Fig. 5(a), when f= 4 

THz, the electric field is almost balanced on the FSRMGRs and concentrated near the gaps of 

the resonance. Fig. 5(b) shows the electric field at 5.56 THz (out of resonance), which it is clear 

that at this frequency, there is almost no electric field distribution in FSRMGRs. According to 

Eq. (1-3), when the chemical potential 𝜇c increases, graphene's surface conductivity increases. 

The absorption spectrum for different values of 𝜇c is shown in Fig. 6. As seen when the 

chemical potential increases to 𝜇c = 0.5 eV, the absorption value of the graphene-based 

structure increases and then decreases. Furthermore, as the 𝜇c increases, the resonance 

frequency of the proposed MPA is blue-shifted, and the absorption peak frequency changes 

from 1.86 THz to 5.2 THz. It is worth mentioning that in this work, the chemical potential of 

graphene is in the range of 0.1–0.9 eV, which can be calculated using Eq. (4) and generated 

from an external DC source with the range of 13.6-30.6 V. 

 

 

Fig. 5. Electric field (Abs) distribution of the proposed THz structure at (a) 4 THz, (b) 5.56 THz. 

(a) (b)
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Fig. 6. The absorption spectrum for different values of 𝜇c. 

The Equivalent circuit model of the MPA is shown in Fig. 7. The resonance frequency of 

the MPA expressed as: 𝑓 = 1 2𝜋√𝐿𝑒𝑞𝐶𝑒𝑞⁄   (5) 

Where, 𝐿𝑒𝑞 and 𝐶𝑒𝑞 are the equivalent capacitance and inductance, respectively [2], [48]. 

The increase in 𝜇c will result in a decrease in 𝐿𝑒𝑞 due to the absorption peak’s shifting to higher 

frequencies. The concentration of the carrier will increase as the chemical potential 𝜇c increases 

from 0.1 eV to 0.5 eV, leading to increased excitation of the SPPs [49], [50]. Therefore, the 

absorption value rises. When the 𝜇c reaches 0.5 eV and relaxation time τ=1 ps, the SPPs 

resonance reaches a maximum. As a result, by applying a DC-bias voltage, we can both 

precisely adjust our desired resonance frequency of the graphene-based devices, which is useful 

for systems that need to be recalibrated. Also, we can significantly improve the performance 

of the designed system. Here the goal is to increase the value of absorption at the resonance 

frequency. 

 

Fig. 7. The equivalent circuit model of the MPA. 

At this point, the influences of the geometric parameters such as Rin, W1, W2, and W3 on the 

function of the single-band MPA are studied. Given that our proposed structure is also 

essentially a ring, the results of previous work on the ring structure can be used. The inductance 

of the simple ring is related to the approximated formula [51]: 𝐿𝑒𝑞~ 𝜇0𝜋𝑅𝑚2𝐻𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 
(6) 

R

L

C

ZD

ZAu
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Where, 𝜇0 is the free-space permeability and 𝑅𝑚 = (𝑅𝑖𝑛 + 𝑅𝑜𝑢𝑡) 2⁄ .  

Increasing the internal radius (Rin) of the FSRMGRs decreases the width of the graphene 

strip, resulting in a higher inductance value, which causes a red-shift in the resonance 

frequency. It is in good agreement with the absorption spectrum shown for the different Rin in 

Fig. 8. In the meantime, by increasing Rin, the absorption peak frequency and the Q-factor value 

decrease.  

 

Fig. 8. The absorption spectrum of the proposed structure when Rin changes. 

 

Increasing W1 will induce a lower inductance value. Although the capacitance increases 

consequently, the influence of the inductance in the resonance frequency is more relevant, 

resulting the resonance frequency to have a blue-shift. This trend is shown in Fig. 9. In the 

meantime, the absorption peak frequency and the Q-factor value increase. 

 

Fig. 9. The absorption spectrum of the proposed structure when W1 changes. 

Increasing the width of the FSRMGRs (W2) will decrease the width of the graphene strip, 

resulting in a higher inductance value, which causes the resonance frequency to have a red-

shift. This trend is shown in Fig. 10. In the meantime, the absorption peak frequency and the 

value of the Q-factor increase to W2 = 0.45 μm and then decrease. 
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Fig. 10. The absorption spectra of the proposed structure when W2 changes. 

The gap between two split rings W3 can be considered as a parallel plate capacitor. Thus its 

capacitance is related to [51]: 𝐶𝑒𝑞~ ɛ0 𝐻𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 × (𝑅𝑜𝑢𝑡 − 𝑅𝑖𝑛)𝑊3  
(7) 

Where, ɛ0 is the free-space permittivity. Therefore, the wider the gap between the two rings, 

the smaller the corresponding capacitance. Moreover, the inductance decreases as the amount 

of graphene strip decrease as a result of increasing W3. Fig.11 shows the absorption spectrum 

for different values of W3 between 0.25 μm and 0.75 μm, which introduces the resonance 

frequency with a blue-shift. 

 

Fig. 11. The absorption spectrum of the proposed structure when W3 changes. 

When the absorber is designed to be used as a sensor, its equivalent capacitance, in addition 

to its dependence on the dielectric material between the graphene layer and the reflector, also 

depends on the RI and thickness of the analyte. Changing the RI and thickness of the analyte 

changes the value of the equivalent capacitance, thus changing the absorption peak frequency, 

which is the same as the sensor application of the designed structure.  The designed plasmonic 

RI sensor based on a graphene-based MTM absorber is shown in Fig. 12, in which a test 

medium (analyte) with the thickness of HAnalyte = 1 µm is placed at the top of the structure. The 

equivalent circuit model of the FSRMGRs sensor is shown in Fig. 13. The resonance frequency 

of the sensor expressed as: 
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𝑓 = 12𝜋√𝐿𝑒𝑞(𝐶𝑒𝑞 + 𝐶𝐴𝑛𝑎𝑙𝑦𝑡𝑒) 

 

(8 ) 

Since 𝐶𝑒𝑞 has a small value versus 𝐶𝐴𝑛𝑎𝑙𝑦𝑡𝑒, the equivalent capacitance of the sensor is more 

affected by the analyte parameters. As a result, a slight change in the analyte characteristics, 

including thickness and RI, can cause significant changes in the absorption frequency and 

absorption value, making it suitable for use in sensor applications.  

 

Fig. 12. The proposed plasmonic RI sensor based on a graphene-based MTM absorber. 

 

Fig. 13. The Equivalent circuit model of the sensor. 

The sensing application is one of the fields in which the MPA can be used [52]. This 

technique is based on changes in the surrounding medium's RI which changes the metamaterial 

plasmonic structure's resonance frequency. The sensitivity (S), FOM, and Q-factor are the three 

critical parameters for measuring and ensuring the performance of a sensor [53], [54]: 𝑆 = ∆𝑓∆𝑛 
(9) 

𝐹𝑂𝑀 = SFWHM 
(10) 

 𝑄 = 𝑓FWHM 
(11) 

 

Here, Δf is the frequency change of the absorption peak, Δn is the RI change, and FWHM 

represents the full width at half maximum [4]. Fig. 14 shows the absorption spectrum while the 

Test Medium

(Analyte) HAnalyte

R

L

C

ZD

ZAu

ZAnalyte
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RI of the surrounding medium (analyte) is changed from 1.0 to 1.6 (with a thickness HAnalyte = 

1 µm). The resonance peak frequency has a red-shift when the RI rises. Due to fact that the 

dielectric constant ɛr is proportional to the RI (𝑛) with ɛr = 𝑛2 [55], increasing the RI causes 

the capacitance of the analyte layer (CAnalyte) to increase. As a result, according to Eq. (5), the 

resonance peak frequency has a red-shift when the RI rises. It should be noted that the RI of 

the normal biomedical analyte is generally in the range of 1.3 - 1.5. For example, the blood 

refractive index for healthy human beings is 1.35, and the 𝑛 of blood samples infected with 

subtypes of avian influenza viruses are almost 1.5. Also, the refractive index of blood for 

Human MCF-7 breast cancer is 1.401 [56] and for blood samples infected with T-type leukemia 

is 1.39.  

For the biosensor evaluation, we used the RI of the analyte in the range of 1.35–1.4 when 𝑛 

changing with a step of 0.01. The variation of the absorption peak frequency is significant even 

though the 𝑛 changes are tiny. As shown in Fig.14, the proposed sensor can be used for highly 

sensitive biosensor applications. 

 

Fig. 14. Absorption spectra vs. the changes of the RI of the analyte. 

 

The sensitivities of the proposed plasmonic graphene-based sensor are presented in Table 

(1) for each RI values. Based on the results provided in Table. 1, the maximum sensitivity is 

860 𝐺𝐻𝑧/𝑅𝐼𝑈 which is a significant result compared to current research [57-67]. According to 

the formula |𝑑𝜆 𝑑𝑛⁄ | = 𝑐 𝑓02⁄ × (𝑑𝑓 𝑑𝑛⁄ ) [67], where 𝑐 is the speed of light, 𝑓0 is the resonance 

frequency, and 𝑛 represents the refractive index of the analyte, the maximum sensitivity is 

corresponds to 16.125 𝜇𝑚/𝑅𝐼𝑈. Another sensor parameter is the figure of merit (FoM). The 

values of the FoM for each RI are also represented in Table (1). According to the results of 

sensitivities and the FoM presented in Table. 1 and as well as comparisons with similar 

research, the proposed sensor is very suitable for medical applications such as sensing, cancer 

cells, and virus detection.  In summary, the average FWHW of the resonance peak frequency 

is 272 GHz. According to Eq. (9), (10) and (11), the average sensitivity S = 851 (GHz/RIU) 

(corresponding to 15.59 𝜇𝑚/𝑅𝐼𝑈), FoM = 3.16 (1/ RIU) and Q-factor of 13.76 for resonance 

peak frequency.  
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Table 1. The resonance peak frequency (RPF), the shift of RPF (ShRPF), sensitivity (S), The FWHM, FoM, and 

Q-factor using different RI of test medium (analyte).   

Refractive 

index 

RPF ShRPF 

[THz] 

S [THz/RIU] FWHM 

[THz] 

FoM Q-factor 

1 4 ---- ---- 0.286 ---- 13.98 

1.1 3.914 0.086 0.860 0.282 3.04 13.87 

1.2 3.834 0.166 0.830 0.278 2.98 13.79 

1.3 3.746 0.254 0.846 0.272 3.11 13.77 

1.4 3.658 0.342 0.855 0.267 3.2 13.7 

1.5 3.570 0.430 0.860 0.261 3.29 13.67 

1.6 3.486 0.514 0.856 0.257 3.33 13.56 

 

As shown in Fig. 15, resonance peak frequency changes have a linear performance in terms 

of analyte RI changes.   

  

Fig. 15. The resonance peak frequency changes with the analyte RI changes. 

The effect of the refractive index changing on the maximum absorption of the sensor is 

shown in Fig. 16.  There is a very slight decrease in the overall absorption of the proposed 

sensor relative to the rise in the refractive index, which is beneficial. 

 

Fig 16. The effect of the refractive index changing on the maximum absorption of the sensor. 

 

Table (2) compares the results obtained in this paper with the most recent works in the 

literature. As seen the proposed method provides the highest sensitivity among the similar 

works reported in the literature.  
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Table 2. Comparison of the sensing performance of the proposed sensor with the previous works. 

Reference Year Topology 
Operating 

Range [THz] 

Sensitivity 

[GHz/RIU] 

[57] 2009 
Parallel-plate waveguide resonance 

cavity 
0.1-0.5 91.25 

[58] 2012 
Parallel-plate waveguide resonance 

cavities 
0.2-0.3 225 

[59] 2013 Hybrid terahertz plasmonic waveguide 0-1.2 261 

[60] 2014 Metamaterial absorbers 0.5-1 163 

[61] 2014 Photonic column array 0.4-3 261 

[62] 2016 Metal-dielectric-metal waveguide 0-3 457 

[63] 2016 Dielectric sensor 0.5-1 500 

[64] 2019 Metamaterial reflector 0-3 540 

[65] 2018 Double ring sensor 3.82 160 

[66] 2013 Fourfold symmetric metamaterials 2-5.5 130 

[67] 2018 Graphene micro-ribbon array 1.5-6.5 360 

[33] 2019 H-shaped Resonator 0.6-1.2 85 

[34] 2019 Plasmonic spiral-shaped resonators 1.5-3 300 

[68] 2019 H-shaped metamaterial 2.65 530 

[69] 2019 Tamm plasmon-polaritons 1.132 700 

[70] 2020 Split ring resonator metamaterial 0.1-1.9 300 

[71] 2020 Ring resonator metamaterial 0.4-2.5 500 

[72] 2021 Graphene split ring-resonator 1.4 453 

[73] 2021 Graphene plasmonic meta surface 14 745 

This work 2021 
Folded Split-Ring Metamaterial 

Graphene Resonators 
2-6 851 

 

 

5. Conclusion 

In summary, a graphene-based metamaterial (MTM) perfect absorber (MPA) in THz band 

for biosensor application is proposed. The structure is based on folded split-ring resonators. 

The structure is simulated using the finite element method and the obtained results show that 

when the chemical potential of graphene is μc=0.5 eV, the proposed design has the best 

performance. The sensor has near perfect absorption with a spectral absorption coefficient of 

99.75% at frequency 4 THz. Due to the high sensitivity and high FOM of the designed system, 

it can be used as a high performance refractive index (RI) biosensor. The findings indicate that 

the plasmonic sensor can achieve an average absorption value of 0.987 and a Q-factor of 13.76, 

a sensitivity of 851 GHz/RIU (corresponding to 15.59 𝜇𝑚/𝑅𝐼𝑈). 
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