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A terahertz metamaterial comprised of an array of cross rectangular split-ring

resonators (CRSRR) was proposed and analyzed for sensing applications, and it

exhibited two resonances in the frequency range of 0.2–3 THz. The resonant

frequencies of different resonantmodes were explained using equivalent circuit

models. Furthermore, the influence on equivalent capacitance and inductance

of the circuit with respect to different geometrical dimensions of the CRSRR

structure were analyzed, and the results indicated that the resonant frequencies

of the proposedmetamaterial can be designed as the desired value by adjusting

the CRSRR unit geometry. In addition, the sensing performances of the

metamaterial were calculated based on the optimized structure, showing

that it had high refractive index sensitivity of 309 and 730 GHz/RIU at two

resonant frequencies, respectively. Meanwhile, such ability to operate at two

frequency bands enabled the designed sensor could characterize the identical

samples at different frequencies, thereby increasing the sensing sensitivity and

decreasing the impact of environmental disturbance. Our study opens up new

prospects in the design of terahertzmetamaterial sensors with high sensitivity in

a multi-band range, which is essential to meet increasing needs in terahertz

sensing.
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1 Introduction

Terahertz (THz) radiation (0.3–10 THz) falls in between infrared radiation and

microwave radiation of the electromagnetic spectrum. Unlike X-rays, THz waves are

non-ionizing and do not damage biological tissues [1, 2]. Moreover, THz waves are

sensitive to weak resonances such as hydrogen bonds, van der Waals forces, and non-

bonding (hydrophobic) interactions [3], thereby offering the capability for

macromolecule identification that cannot be achieved by mid-infrared (MIR)

spectroscopy. Furthermore, THz waves can penetrate materials composed of non-

polar molecules such as paper, plastic, and textiles, enabling easier security checks
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and safer inspection without direct contact between the operator

and the measured substance [4]. Finally, the THz time-domain

detection system provides both magnitude and phase

information, allowing for a direct evaluation of the refractive

index and the absorption coefficient of the analytes [5]. These

characteristics have thus been proved to be suitable for substance

detection to supplement the deficiencies of other spectral

detection methods, such as infrared spectroscopy.

Nevertheless, the application of THz waves is still limited due

to the interaction between some of the measured substances and

the THz wave being too weak to induce a pronounced

electromagnetic response, especially if the amount of analyte

is very small [6, 7]. Such as pesticide residue detection in

agricultural products, it is difficult to obtain the spectral

characteristics of pesticides because the pesticides themselves

exist only in trace amounts, resulting in a fewer substance that

can interact with terahertz waves. In this situation, metamaterial

(MM) has been involved to design ultra-sensitive sensors that can

operate in the THz region [8, 9]. MM is a kind of artificial

periodic unit structure that produces a significantly enhanced

electromagnetic field in localized areas under the external

excitation [10], which enhances the interaction between the

THz wave and the analyte, thereby making high sensitivity for

the detection of substance. The small change in the refractive

index (RI) of the analyte covered on the MM surface causes the

change in the ambient permittivity, which leads to the frequency

shift of MM’s resonance. Therefore, the detection of spectral

characteristics of the analytes can transform into the detection of

frequency shift induced by the analytes by using the THz MM

sensor, allowing one to transcend the inherent detection

limitation of traditional THz-TDS systems to realize trace

substances detection based on the tiny changes in ambient

permittivity induced by a small number of analytes.

The sensing technique that utilizes the resonant frequency

shift of MM to identify the covered substances has evolved into

one of the most sensitive and promising methods, and RI

sensitivity is usually used to evaluate the performance of such

MM sensors. Saadeldin et al. [11] reported a split-ring resonator-

based THz BioMed sensor with a sensitivity of 300 GHz/RIU.

Zhang et al. [12] proposed a THz MM biosensor consisting of cut

wires and split ring resonators for the molecular classification of

glioma cells, and the theoretical RI sensitivity was evaluated up to

496.01 GHz/RIU. Furthermore, Li et al. [13] designed a dual-

band MM sensor used in the frequency range 0.2-1 THz with the

RI sensitivity of 29 GHz/RIU at 0.286 THz and 74 GHz/RIU at

0.850 THz to identify the early-stage cervical cancer tissue. It

would be intriguing to design high-sensitivity THz MM sensors

for detecting trace substances.

In this paper, a THz MM consisting of CRSRR arrays

arranged on the substrate of polytetrafluoroethylene (PTFE) is

proposed and it has two resonances within 0.2–3 THz. The

resonant mechanisms have been studied by analyzing the

surface electric fields and current distributions. Our study

aims to design a dual-band high-sensitivity THz MM sensor

according to the frequency location of the characteristic

absorption peak of the trace analytes. It is highly crucial to

make an optimum design of the MM geometry structure to

improve the sensitivity for sensing analytes [14]. Thus the

resonant frequencies of two resonant modes are investigated

using equivalent circuit models, and the influence of the CRSRR

geometry on the frequencies and modulation depths of the

resonances has been elucidated by changing several

geometrical dimensions, namely the short edge length, width,

and gap distance of the rectangular ring. Finally, an optimized

MM structure with resonant frequencies at 1.04 and 2.95 THz is

proposed. The frequency shifts (Δf ) of resonances, caused by the

changes in refractive indices of the analytes, are numerically

simulated, and the RI sensitivity, FOM (figure of merit), and

Q-factor of the THz MM sensor are calculated. Our research

could improve the resonance performance of the high-sensitivity

THz MM sensor, allowing the device to operate at specific

frequencies that correspond to the characteristic absorption

peaks of trace analytes.

2 Structure design and simulation

Figure 1A displays a schematic diagram of the THz MM

structure that is designed based on the classic structure of a split-

ring resonator (SSR). The metamaterial is composed of a 200-

nm-thick gold layer with the electrical conductivity δ = 4.56 ×

107 S/m, deposited onto a 30-μm-thick substrate of PTFE (with

the relative electric permittivity εr = 2.1), and the geometric

parameters of the gold unit cell are given in Table 1. Two

rectangular rings of the same size vertically overlap at the

center point, with a gap on the right of the top ring. During

resonant excitation, the gap accumulates a large number of

charges to form enhanced electromagnetic fields, which makes

SRR and its analogs very suitable for sensing applications

[15–17].

The electromagnetic responses of the designed THz MM

structure are evaluated via the finite integration technique

(FIT) method using CST Studio Suite 2020 commercial

software [18]. The boundary conditions for X/Y and Z

directions are set to unit cell and open boundary, respectively.

The terahertz transverse electromagnetic (TE) waves vertically

incident on the surface of the metamaterial from the metal side,

propagating in Z direction with a horizontally polarized E-field

(Ex) and a vertically polarized H-field (Hy). Finally, the

frequency-domain solver is used to analyze the simulation

results and obtain the terahertz transmission spectrum of the

metamaterial. Meanwhile, the field monitors need to be activated

to collect E-field, H-field, and surface currents at different

resonant frequencies.

The physical mechanisms of the resonant modes, the

resonance characteristic of the terahertz transmission spectra

Frontiers in Physics frontiersin.org02

Lu et al. 10.3389/fphy.2022.973033

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.973033


with different geometrical dimensions of CRSRR, and the sensing

performances of the optimized THz MM sensor are discussed in

the following section.

3 Results and discussion

3.1 Resonant mechanism of the
metamaterial

Figure 1B shows the simulated transmission spectrum of the

proposed dual-band THz MM structure. It has two separate

transmission dips, which correspond to two resonances,

namely low-frequency resonant mode at 1.04 THz (f1) and

high-frequency resonant mode at 2.95 THz (f2).

To elucidate the physical mechanisms of both resonant

modes, the surface electric fields of the MM structure are

collected at both frequencies of the resonant dips. Figures

2A,B depict the electric field distributions of the CRSRR at f1
and f2, respectively. In the resonant mode of f1, the enhanced

electric field is located at the gap edge, behaving as a capacitance

in an inductance-capacitance (LC) resonant circuit. Such

resonance is related to the circular transient current induced

by the incident THz field and it can be explained by the LCmodel

[19, 20]. In the other resonance mode of f2, the induced charges

are concentrated at the gap on the horizontal rectangular ring

and the two vertices on the left of the vertical rectangular ring,

forming strong electric fields. It shows that the dipole is excited

on the surface of the CRSRR, and this kind of resonance is caused

by the dipoles [21]. As a result, the two resonant modes can be

recognized as corresponding to LC resonance and dipole

resonance, respectively.

To further explain the underlying physical mechanisms, the

surface currents corresponding to the resonant modes are also

studied. Figure 2C exhibits the surface current distribution of the

CRSRR at f1, the current directions are consistent in the whole

structure, forming a current loop, which indicates that it is an LC

resonance. Thus the equivalent circuit can be described as shown

in Figure 2E. By neglecting the resistance generated by the

inductance, the equivalent impedance of the circuit can be

approximately expressed as follows:

Z1(ω) � jωL1 + 2 × jωL1
′ + 1

jωC1
(1)

Figure 2D exhibits the surface current distribution

throughout the CRSRR at the high-frequency resonant mode

f2. Unlike the current loop in LC resonance, the direction of

current on the left side of the structure is symmetrical to that on

the right, which means the charges flow from any direction of

point d to point c. Both surface currents parallel to the exciting

electric field, which is similar to the electric dipole resonance

[22]. The equivalent circuit based on this current distribution is

depicted in Figure 2F, in which the impedance can be

approximately expressed as follows [13]:

Z2(ω) � 2 ×
1

jωC2
′ +

jωL2 × (jωL2
′ × 2 + 1

jωC2
)

jωL2 + 2 × jωL2
′ + 1

jωC2

(2)

FIGURE 1
(A) Schematic diagram of the proposed THz MM sensor; (B) simulated transmission spectrum of the proposed THz MM.

TABLE 1 Geometrical dimensions of the CRSRR structure.

Parameter Value (μm) Description

p 70 Periodic length of the structural unit

a 20 Short edge length of the rectangular ring

w 3 Width of the rectangular ring

g 2 Gap of the ring

t 0.2 Thickness of the gold layer

h 30 Thickness of the PTFE substrate
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where, ω present angular frequency. The resonance occurs

when the imaginary part of the impedance is zero. Hence, both

resonant frequencies f1 and f2 of the CRSRR can be calculated

according to the resonance formula as f � ω/2π, which are

determined by the equivalent capacitance C related to the

structure’s gap and the equivalent inductance L related to the

structure of the metal unit itself [23, 24]. Therefore, the

influence of the metamaterial’s geometrical dimensions on

the equivalent capacitance and inductances are numerically

simulated by CST. The effect of the CRSRR geometry on the

resonance characteristics of the metamaterial is also

discussed.

3.2 Influence of geometrical parameters
on resonance characteristic

In order to obtain further insight into the resonances

characteristic of the proposed MM, several geometrical

parameters of the CRSRR structure are altered. By increasing

the short edge length a of the rectangular ring from 16 to 24 µm

without changing the other geometric parameters (w = 3 μm, g =
2 µm), the resonant frequencies f1 and f2 have varied as shown in

Figure 3A. The increase in the value of a makes the equivalent

inductance L larger [25]. Considering the influence of L, both
resonant frequencies in two modes exhibited the red-shift with

FIGURE 2
E-field distributions of the designed CRSRR at (A) f1 = 1.04 THz, (B) f2 = 2.95 THz; Surface current distributions of the designed CRSRR at (C) f1 =
1.04 THz and (D) f2 = 2.95 THz; Equivalent circuit models at (E) f1 = 1.04 THz and (F) f2 = 2.95 THz.
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the increase of a. Figure 3B shows the transmittance for different

a, and the color bar shows the magnitude of transmission

intensity. The positions of the resonant frequencies are

indicated with the black trace, showing that the distance of

the two resonances is decreased due to the a increment. The

resonant frequencies and modulation depths under different a
are displayed in Figure 3C. The frequency f1 shifts from 1.36 to

0.85 THz while f2 shifts from 3.29 to 2.50 THz when a raises from
16 to 24 µm. Meanwhile, the modulation depths of the dip in the

low-frequency resonant mode increased to 97.9 % from 91.2 %,

while it increased from 98.6 % to 99.2 % in the high-frequency

resonant mode.

On the other side, the width of the proposed CRSRR

structure has also been discussed. Figure 4A depicts the

transmission spectra with different values of w. The width

is inversely proportional to the equivalent inductance L,
which meant that the inductance decreased with increasing

width w [26]. Therefore, the resonant frequencies f1 and f2
were proportional to the ring width. As the value of w
increases from 1 to 4 µm (at keeping a = 20 μm, g = 2 µm),

the resonant frequencies increases, that is, the positions of the

dips have blue-shifts, which agrees well with the results

depicted in Figure 4B. Figure 4C shows the relations

between resonance characteristics and the value of w. The
frequency f1 moves from 0.95 to 1.09 THz while f2 moves

from 2.77 to 3.03 THz with an increasing value of w.
Meanwhile, the modulation depth of resonance dips also

increased, increasing from 90.7 % to 96.5 % and from 95.7

% to 99.4 % in lower and higher frequency resonant modes,

respectively.

To further investigate the variation trend of the resonant

characteristics of the designed CRSRR, the gap distance g is set at
values from 1 to 5 µm while keeping the other geometric

parameters unchanged (a = 20 μm, w = 3 µm). Figure 5A

displays the transmission spectra with the variation of g. For
the split-ring structure, the equivalent capacitance almost

entirely comes from the charge accumulation at the gap. The

larger the gap, the smaller the capacitance, and the resonant

frequencies would be higher. Figure 5B shows the blue shifts in

both frequencies as predicted. Unlike the effect of parameters a

and w, the offsets induced by increasing g are minor. As shown in

Figure 5C, the resonance frequency changes from 1.02 to

FIGURE 3
(A) The transmission spectra of the proposed MM with varying a of CRSRR from 16 to 24 μm (the changing step is 2 μm); (B) Contour plot of
numerically simulated transmittance for different a; (C) The relations between resonant frequencies (modulation depths) and the value of a.
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1.09 THz for f1 and from 2.89 to 3.04 THz for f2with the variation

of g. Also, the modulation depth of the transmission increases

from 95.2 % to 96.7 % in the low-frequency resonant mode but

reduces from 99.1 % to 98.9 % in the high-frequency

resonant mode.

In summary, the metal layout and the gap distance affect

the resonance characteristics of the proposed MM. Therefore,

the THz MM sensor can be designed with desired resonant

frequencies by simply designing the geometric parameters of

the CRSRR structure. We proposed a dual-band sensor with

initial resonant frequencies at 1.04 and 2.95 THz, in which the

geometrical dimensions are of a = 20 μm, w = 3 µm and g =

2 µm. It can be used for detecting trace substance which has

characteristic absorption peaks in the range of 0.2–3 THz.

3.3 Sensing performance of the terahertz
dual-band sensor

The sensing principle of the THz MM is that, the changes

in the surrounding permittivity caused by the analytes with

different refractive indices will induce the variation of

resonant frequencies in the relevant transmission spectrum

[27]. Usually, refractive index sensitivity (S), figure of merit

(FOM), and Q-factor are the three critical parameters for

assessing the sensing performance of a sensor [28, 29]. Here,

the RI sensitivity is defined as:

S �
∣∣∣∣∣fanalyte − fref

∣∣∣∣∣∣∣∣∣nanalyte − nref
∣∣∣∣ � Δf

Δn (3)

where Δf is the frequency shift induced by the addition of the

analyte layer and Δn is the change of RI. In order to compare

the sensing characteristics in different frequency regions, the

parameter FOM can be introduced as follows:

FOM � S

FWHM
(4)

where FWHM is the full width at a half-maximum of the resonant.

In turn, the Q-factor represents the sharpness of the resonant, and

the higher the Q-factor, the better the sensing performance. Here,

the Q-factor can be calculated based on the formula below [29]:

FIGURE 4
(A) The transmission spectra of the proposed MM with varying w from 1 to 4 μm (the changing step is 1 μm); (B) Contour plot of numerically
simulated transmittance for different w; (C) The relations between resonant frequencies (modulation depths) and the value of w.
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Q � f

FWHM
(5)

In practice, the influence of the analytes on the permittivity of

the surrounding environment needs to be considered. In this

case, the equivalent capacitance of the designed dual-band

metamaterial sensor is approximately equal to the sum of the

capacitance of the metamaterial (Cres) and the capacitance caused

by in addition of the analyte layer (Canalyte) [30]. The Canalyte

increases with the ambient permittivity, which in turn rises with

the refractive index of the analyte increment. Therefore, the

resonant frequency of the sensor would decrease due to the

increasing permittivity, which can be described as follows:

fanalyte � 1

2π
��������������
L(Cres + Canalyte)√ (6)

Since the permittivity ε is proportional to the refractive index

(n) as ε = n2 [31], the sensing performance of the proposed

THz MM sensor is investigated by changing n of the analyte layer
from 1.0 to 1.3 with a changing step of 0.05. The analyte thickness

should be in the range where the THz waves and MM can react

strongly. Therefore, An analyte layer with a fixed thickness of ta =

10 μm is placed on top of the MM sensor for numerical analysis.

Figure 6A shows the transmission spectra for analytes with

different refractive indices. Both resonances are red-shifted with

increasing RI. Moreover, the distance of the red-shift in the high-

frequency resonant mode is more obvious than that in the low-

frequency resonant mode. Figure 6B depicts the offset of the

resonant frequency as a function of RI for both resonant modes.

With the increase of RI, the positions of resonant dips shift in an

approximately linear manner. In turn, the slopes of the fitting

curves represented the RI sensitivity of the sensor at the current

resonant frequency, which are 309 GHz/RIU for the f1 and

730 GHz/RIU for f2, respectively.

To demonstrate the great sensing potential of the proposed

dual-band THz MM sensor, the effect of tiny changes of RI on the

resonant frequency is afterward numerically evaluated by

increasing n of the analyte layer in a range [1.16, 1.2] with a

changing step of 0.01. As shown in Figure 7, the spectral dips are

red-shifted 13.3 GHz in resonant mode 1 and 21 GHz in resonant

FIGURE 5
(A) The transmission spectra of the proposed MM with varying g from 1 to 5 μm (the changing step is 1 μm); (B) Contour plot of numerically
simulated transmittance for different g; (C) The relations between resonant frequencies (modulation depths) and the value of g.
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mode 2 when the value of n increased by 0.04, which means both

resonances are still exhibiting visible frequency changes with the

tiny increase of RI. It allows one to distinguish substances in the

case of slight differences detected, that is, small changes in the

dielectric constant caused by the presence of trace substances can

be measured. Therefore, the proposed sensor based on the

FIGURE 6
(A) The transmission spectra of the proposed sensor with the changes of the RI of analytes; (B) Resonant frequency shift of the sensor as a
function of refractive index and the linear fitting results.

FIGURE 7
The frequency shift of the transmission spectra with RI changed from 1.16 to 1.2 (the changing step is 0.01) in the resonant mode (A) f1 and (B) f2.
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CRSRR structure meets the high-sensitivity requirements for

sensing applications.

In order to obtain a quantitative description of the sensing

performance, the RI sensitivity, FOM, and Q-factor of the

designed sensor are calculated according to Eqs. 3–5. It is

found that S(f1) = 309 GHz/RIU, FOM(f1) = 2.97 (RIU−1),

and Q-factor(f1) = 9.96 for the low-frequency resonant mode,

while S(f2) = 730 GHz/RIU, FOM(f2) = 2.52 (RIU−1), and

Q-factor(f2) = 10.17 for the high-frequency resonant mode.

Comparing these results with those most recently reported in

the literature [13, 23, 24, 26, 27, 32, 33] (see Table 2), it could be

concluded that the proposed dual-band THz MM sensor

provides the highest sensitivity among the other analogous

appliances. In addition, it enabled one to characterize identical

samples at multi frequencies due to its two resonance modes,

thereby increasing the selectivity and sensitivity of detection.

4 Conclusion

In this paper, we propose a THz MM with CRSRR structure

and investigate the tuning behavior of unit geometry on resonance

characteristics. It is able to design a multi-band sensor with

customized resonant frequencies and the interval of resonances

by different geometrical parameters of the CRSRR unit. The

proposed sensor exhibits a perfect modulation depth of 95.89%

at 1.04 THz and 99.06% at 2.95 THz. The sensing performance

shows that it has promising prospects for sensing applications,

with the theoretical RI sensitivity of 309 GHz/RIU and Q-factor of

9.96 in the low-frequency resonant mode; and the RI sensitivity of

730 GHz/RIU and Q-factor of 10.17 in the high-frequency

resonant mode. Meanwhile, as compared to the most

traditional sensors with a single resonance, the proposed sensor

enables one to realize the multi-channel detection of the analytes,

showing more accurate identification results. This work

contributes to designing a multi-band THzMM sensor for high

sensitivity sensing, which is of great significance for the

development of state-of-the-art trace substance detection in future.
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