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The following paper proposes a novel design of a terahertz metamaterial absorber that can be used for refractive index 
sensing to detect cancerous cells. An epsilon negative metamaterial (ENG) with concentric octagonal ring resonators yields a 
near-perfect absorption rate of 99.19% at 3.076 THz. High values of the metrics like figure of merit (157.1 /RIU) and quality 
factor (307.1) indicate superior performance of the proposed design. The input parameters in the design are justified by 
parametric analysis. In addition, the absorption bands for different types of cells with distinctly different refractive indices are 
compared thus enabling the detection of cancerous cells. 
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1. Introduction  
 

Cancerous basal cells [1] emerge in the form of skin 

cancer, mostly in adults, in which the number of clusters of 

cancerous cells increases rapidly, along with the size, in its 

advanced stage. Jurkat cells [2], a type of T-lymphocyte 

cells, are responsible for blood cancer in children. An 

increase in cancerous cell clusters results in spill-over of the 

cells into the bloodstream, thus spreading to other body 

organs. Hence, early efficient detection of such malignant 

cells is essential. This can be made possible by using 

periodic structures of sub-wavelength units [3] called 

metamaterials. When the incident light on these periodic 

units is converted into heat energy to evaluate the 

absorption rate, the structure is called a metamaterial 

absorber (MA). They are preferably designed using 

low-loss dielectrics atop a substrate made of 

photoconductive materials like GaAs [4], [5]. The 

peculiarity of periodic structures gives rise to negative 

refractive index [6] and backward propagating waves [7], 

properties otherwise not found in naturally occurring 

materials. Hence, several works emphasize adjusting the 

optical and electromagnetic characteristics made possible 

with such designs. 

The tuneability of MAs is utilized in devising many 

sensing applications, such as temperature sensors [8], 

biomedical sensing [9,10] and imaging [11], etc. In this paper, 

a terahertz MA (TMA) is proposed to sense the refractive 

indices of the surrounding medium. In biomedical samples, 

the refractive index ranges from 1.3 to 1.39. In 

metamaterials, the excitation of surface plasmons in the 

metal-dielectric interface leads to the development of 

surface plasmon resonance (SPR). Apart from the 

construction of MMs, SPR has been established in [12] by 

coating MoS2 and Al metal atop a prism for imaging in the 

near-infrared (NIR) region. Multilayer dielectrics called 

photonic crystals can also be used to regulate SPR [13]. 

Other techniques for refractive index sensing include 

optical fiber sensing (OFS) and guided mode resonance 

(GMR) have been implemented throughout literatures [14] 

– [15]. In [15], a nano-cylindrical array of SiN4 and 

sodium, with SiO2 as the dielectric has been used as an RI 

sensor in the NIR region. The structure works under the 

principle of grated GMR over a refractive index range of 

1.330 to 1.340 to obtain a sensitivity of 852 nm/RIU. 

Among these, SPR-based MMs have comparatively low 

cost. They implement label-free detection [16] for which 

only a small amount of sample is needed [12]. The 

technique is also beneficial because unlike other 

techniques, the samples do not need to be purified or 

filtered. In addition, they enable real-time monitoring [17] 

useful for practical biomedical implementations. The 

terahertz (THz) frequency range is preferred for various 

sensing applications since, in this range, measurements can 

be performed sans destruction due to non-ionizing 

radiation. A large bandwidth, low scattering and high 

penetration depth also ensure accurate sensing and imaging 

performance. An early demonstration of TMA sensing was 

presented by Cong et al. in 2014 [18]. A multi-band TMA for 

refractive index sensing is proposed for three distinct 

resonant frequencies with sensitivities of 0.540 THz/RIU, 

0.7 THz/RIU, and 1.5 THz/RIU [19]. Du et al. [20] 

proposed graphene-based TMA for refractive sensing 

applications with a high sensitivity of 1.85 THz/RIU for a 

refractive index range 1.0-1.8. TMA-based biosensor 

essential for cancer detection is reported in [21], where a 

metamaterial absorber is designed with a polyimide 

substrate and gold metal patches, and a sensitivity of 1.649 
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THz/RIU is exhibited. RI sensing through SPR for the 

detection of cancerous cell has been proposed in [22]. For 

this purpose, a plasmonic metasurface was designed that 

yielded a sensitivity of 1250 nm/RIU for RI ranging from 

1.6 – 1.9 with 0.2 step width. La Spada et al. Reference [23] 

used an MA for cancer detection in the GHz range and 

observed absorption shift in case of malignant behavior. 

Proper control of the EM properties of the TMA can also 

result in a high resolution [24] and appropriate absorbing 

frequency bandwidth. Reference [25] proposes a TMA 

using two Concentric Ring Resonators (CRRs) for 

cancerous cell detection. However, we find that the 

absorption peaks are furnished with higher bandwidth, and 

lower absorption as the refractive index of the surrounding 

medium gradually increases following a constant step size. 

In [26] ad [27], TMAs with low sensitivity of 0.2695 

THz/RIU and 0.1392 THz/RIU have been proposed. 

Reference [28] also suggests a unique TMA using Split 

Ring Resonators (SRRs) for biomedical sensing, but it 

suffers from a very low magnitude of sensitivity. In [29], 

another TMA is proposed for biomedical sensing but with 

very limited sensitivity. Moreover, in [25][28][29], the 

designs also suffer from polarization angle variations as 

they are not at all polarization- insensitive, thereby 

reducing their practical feasibility. So, there is an absolute 

need to design a TMA that can detect the cancerous cells 

with high sensitivity and whose absorption characteristics 

do not change with the polarization angle alterations. 

Hence, this paper depicts a very simple yet unique design of 

a TMA which possesses polarization-independent 

characteristics and shows up high sensitivity of detecting 

cancerous cells, such as basal and jurkat. Table 1 further 

justifies the performance of the proposed TMA for the 

detection of cancerous cells in terms of Sensitivity, Quality 

Factor (Q-Factor), and Figure of Merit (FoM).

 
Table 1. Comparison of performance of the sensor 

 
 

Refractive Index 

(n) Range 
Sensitivity FoM (RIU-1) Q-Factor Reference 

Biomedical Sensing 

1.36 – 1.4 1.65 THz/RIU 5.92 11.3 [21] Yes 

1.34 – 1.39 1.5 THz/RIU 25 44 [25] Yes 

1 – 1.5 0.2695 

THz/RIU 
5.39 48.3 [26] Yes 

1.4 – 2.0 0.1392 

THz/RIU 
3 15 [27] No 

1.1 – 1.9 187 GHz/RIU 6.015 32.167 [28] Yes 

1.0 – 1.39 0.3 THz/RIU 2.94 22.05 [29] Yes 

1.0 – 1.6 851 GHz/RIU 3.16 13.76 [30] Yes 

1 – 6 280 GHz/RIU 8.54 30.5 [31] Yes 

1.35 – 1.40 1.447 

THz/RIU 

36.175 92.75 [32] Yes 

1 – 1.6  3.923 

THz/RIU 

6.111 14.92 [33] Yes 

1.332, 1.372, 1.46, 

1.76, 2.15 

36.36 

GHz/RIU 

24 Not 

Reported 

[34] Yes 

1 – 1.09 42.86 

THz/RIU 

19.44 475 [35] No 

1.35 – 1.39 1.571 

THz/RIU 
157.10 307.6 Proposed 

paper 

Yes 

 

The next section explains the structural design of the 

proposed model, followed by simulation results. Thereafter, 

the absorption mechanism and a parametric analysis are 

discussed in the third section. The fourth section presents 

the design's refractive index sensing capability, and in the 

last section, the conclusion is presented. 

 
2. Experimental 
 

This paper proposes a novel design for a metamaterial 

absorber useful in detecting cancer cells. Fig 1 shows the 

schematic diagram of our proposed design. The metal 

placed at the top and bottom of the structure is gold and 

gallium arsenide (GaAs, εr = 12.94, loss tangent tanδ = 

0.006) with thickness h = 6 μm is the dielectric spacer [32]. 

The conductivity of gold is taken as 4.1 x 107 S/m [32]. The 

value of thickness h is sufficiently low to enhance THz 

design's mechanical flexibility. Gold is selected as the metal 

patch due to its reflective and low-loss properties. GaAs is a 

highly suitable semiconductor for high-frequency 

applications owing to its high electron mobility, and 

absorption and emission of light become efficient. Three 

concentric octagonal ring resonators, each of thickness t = 2 

μm are placed on the GaAs substrate. The length of the unit 

cell, u = 100 μm, and, r1 = 45 μm, r2 = 40 μm, r3 = 35 μm, 

r4 = 30 μm, r5 = 25 μm, r6 = 20 μm. The ground metal 
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plane is such that the transmission of EM waves is 

sufficiently prevented. Along x and y axes, periodic 

boundary conditions are applied while transverse 

electromagnetic (TEM) wave excitation is received along 

the z axis. The design of the structure and all associated 

simulations are performed in CST Microwave Studio. 

 

   
(a) 

  
(b) 

 

Fig. 1. The proposed design in (a) Top view and (b) Side view 

(color online) 

 
 
3. Results and discussion 
 

In order to determine the absorption of the structure, 

the reflection and transmission of the incident plane wave 

needs to be eliminated. For an efficient terahertz MA, the 

absorption is given by:  

 

    (1) 

where A, R, and T are the coefficients of absorption, 

reflection, and transmission, respectively. Since 

transmission of EM waves is prevented, T = 0. From Eq. 1, 

it can also be observed that the reflection coefficient should 

be negligible in order to maximize absorption. The 

detection of the cancerous cells depends on the analysis of 

the absorption spectrum of the proposed sensor, shown in 

Fig 2 (a). For the resultant peak, near-perfect absorption of 

99.19 is observed at 3.076 THz, and the full-width 

half-maximum (FWHM) is determined to be 0.01 THz, thus 

showing a narrow absorption bandwidth required for 

sensing applications. Further, the Q-factor of the proposed 

design is calculated using equation (2), which comes out to 

be 307.6. It is a vital metric to justify the sensor's 

performance and a high value is always desired. 

 

                    (2) 

where,  is the resonant frequency. Since the structure is 

laterally symmetrical, it is polarization independent that 

ensures practical utility of the design. For ease in obtaining 

results, the structure is simulated at a polarization angle of 

0°. 

 

   
 

Fig. 2. Absorption characteristics of the TMA (color online) 

 

The absorption characteristics obtained for hexagonal 

and circular rings is compared with that obtained for the 

octagonal rings used in the model. It can be observed from 

Fig. 3, that neither of the graphs presents a distinct high 

absorption. The graphs show an absorption band that is not 

practically feasible with very low absorption rates and 

higher bandwidth, hence justifying the choice to use the 

octagonal resonators instead of the circular and hexagonal 

ones. Increasing or decreasing the number of resonators, 

the absorption rate is still comparatively lesser (around 

90%), qualifying the use of three octagonal resonators as 

the justified design. 

 
Table 2. Comparison of absorption bands with different shapes of concentric resonators 

 

Shape of concentric 

rings 
Absorption (%) 

Resonant Frequency 

(THz) 

FWHM 

(THz) 
Q factor 

Hexagonal 80.3 3.08 0.022 140 

Circular 89 3.084 0.015 205.6 

Square 70.3 3.084 1.6 1.9275 

Octagonal 99.19 3.076 0.01 307.6 
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(a)                                              (b) 

 

Fig. 3. Variation in the (a) shape of the rings and (b) number of rings, with their corresponding absorption characteristics (color online) 

 

The absorption of electromagnetic radiation is due to 

the matching of impedance to that of the free space. This 

can be understood from the input impedance (Z11) plot 

shown in Fig. 4 (a). The input impedance at resonance 

frequency is 433.5 – j 69.1Ω, and its magnitude is 439Ω, 

which is close to the free space impedance of 377Ω. From 

Fig. 4(b), a negative permittivity and positive permeability 

is observed. The structure is thus an epsilon negative 

metamaterial (ENG) with a resonance that is plasmonic in 

nature. The input impedance, effective permeability and 

effective permittivity were obtained from the s-parameters 

using the following equations [36]. 

 

      (3) 

          (4) 

          (5) 

    
(a)                                                      (b) 

 
(c) 

 

Fig. 4. Absorption mechanism (a) Input impedance (b) Effective permittivity and permeability (c) Surface current distribution (color 

online) 
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A detailed understanding of the absorption 

characteristics can be further inferred from the surface 

current distribution at the resonant frequency, given in Fig. 

4 (c). The surface current is denser at the outer octagonal 

resonator than the inner resonators at the resonant 

frequency. A magnetic behavior is observed that, due to 

the presence of localized surface plasmon (LSPs) 

generates coupling. LSPs are charged oscillations present 

at the metal-dielectric interfaces. Magnetic coupling 

reduces the metallic absorption loss and leads to narrow 

absorption peaks at resonance. The current distribution 

along the top plane is also observed to move in an 

oscillating spiral, thus reducing density along with the 

inner concentric resonators. The current is weakly 

distributed at the top of the inner rings, while it is slightly 

larger along the edges. To justify the choice of parameters, 

a parametric sweep is performed for unit cell dimension, u 

and substrate height, h. Hence, an inverse relationship is 

observed between the parameter magnitude and the 

resonant frequency. Fig 5 (a) concludes that a unit cell 

dimension of u = 100µm provides the best absorption 

along with a narrow bandwidth, ultimately resulting in a 

better quality factor. From Fig 5 (b), it can be clearly 

observed that the optimal peak is obtained when the 

substrate thickness is h = 6 µm. A remarkable drop in the 

absorption rate is obtained by increasing or decreasing the 

substrate height. The absorption rate in a metamaterial 

absorber reaches its zenith when the impedance at input 

becomes equal to the impedance of the free space 

(approximately 377Ω). Hence, further changing the 

substrate height magnitude, this phenomenon of 

impedance matching is disrupted, and we observe a 

decrement in the absorption rate. 

 

  
(a)                                             (b) 

 

Fig. 5. Parametric sweep for (a) unit cell dimension and (b) height of the substrate (color online) 

 

In designing an RI sensor, the materials must be so 

chosen that change in external temperature and pressure 

have negligible impact on their densities, and thus, the 

measurement of refractive index would not be interfered. In 

addition, it must also be insensitive to the polarization 

direction. By being insensitive to such external factors, the 

sensing applications prevent any and all forms of obstacles 

to attain optimum performance. Therefore, in sensing and 

imaging applications, refractive index sensors are widely 

preferred for biosensing applications like cancer detection, 

blood plasma detection, detection of analyte concentration, 

as gas sensors, as temperature sensors, etc. 

The absorption spectra are obtained for different values 

of refractive index. This observation is important for 

effective cancer cells detection. In Fig. 6 (a), the absorption 

bands for refractive indices ranging from 1.35 to 1.39 are 

plotted with a step size of 0.01. Due to the very small 

variation in refractive index, the shift in the bands is 

significant, thus becoming highly sensitive to the refractive 

index in the surrounding medium.  
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(a)                                  (b) 

 

Fig. 6. Absorption characteristics (a) for varying values of refractive index (b) Sensitivity (color online) 

 
The sensitivity S, which is the ratio of the change in 

resonant frequency to that of the refractive index of the 

surrounding medium, and the corresponding FoM, which 

is the ratio of the sensitivity to the full-width 

half-maximum, i.e., 

 

              (6) 

Hence by calculating the slope of the resonant 

frequency vs. refractive index plot in Fig. 6 (b), the 

sensitivity is found to be 1.571 THz/RIU, and FoM is 

157.1. The resonant frequency can hence be expressed in 

terms of the refractive index as: 

 

            (7) 

Fig. 7 shows the absorption spectrum for normal and 

cancerous Basal and Jurkat cells. Since cancer cells have 

abnormal cell cycles [37], the cancerous version of a 

particular cell type tends to have a higher refractive index 

value than its normal counterpart. As the value of the 

refractive index increases, the resonant frequency 

decreases.  

 

Table 3. Absorption characteristics for normal and cancerous basal and jurkat cells 

 

 

Type of Cell 

Basal Jurkat 

Normal Cancerous Normal Cancerous 

Refractive Index  1.36 1.38 1.375 1.39 

Peak Absorption  94% 94.92% 94.81% 94.62% 

Resonant Frequency  2.748 2.725 2.73 2.71 

Q-Factor 61.06 68.125 56.875 54.2 

FWHM 0.045 0.04 0.048 0.05 
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Fig. 7. Absorption characteristics for varying values of refractive index for normal and cancerous cells (color online) 

 

4. Conclusion 
 

The paper analyzes a novel design of a metamaterial 

absorber that can be used to detect cancer cells in the 

terahertz regime. This is brought into effect by modeling 

the absorber to become highly sensitive to changes in the 

refractive index in its surrounding medium. The proposed 

sensor thus acts as a refractive index sensing device with a 

sensitivity of 1.571 THz/RIU for refractive indices varying 

from 1.35 to 1.39. This sensor can be applied to any other 

biomedical samples with this range of refractive indices. 

However, we have focused only on cancer cells and 

obtained the absorption bands for the same. The efficacy of 

the design is also determined by a high Q-factor of 307.6 

and an FoM of 157.10. It is attributed to its simple design, 

lightweight, and feasible use in biomedical sensing.  
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