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Abstract: In this research, a three-dimensional (3D) graphene intrinsically chiral metastructure in terahertz (THz) region was 

proposed and analyzed. The unit cell consists of bi-layer cross-shaped graphene ribbons in which the back layer is rotated compared 

to the front layer. Parameter retrieval method and Kramers-Kronig relations are used for theoretical analysis and derivation of the 

right-handed and left-handed electromagnetic effective refractive indices of the proposed structure. Based on our analysis, the 

proposed meta-structure has a tunable and controllable chiral response due to the tunability of graphene and circular dichroism 

(CD) was reached to 0.2. In order to evaluate the performance of the THz device in biosensor application, its characteristics in 

chiral biomolecule (collagen) sensing was analyzed. With an optimum design, our simulations show that the refractive index 

sensitivity value can be obtained as high as 0.96 THz per refractive index unit (THz/RIU) for the CD spectra. Proposed graphene 

chiral metastructure is promising enabler for controllable polarization-sensitive devices and systems such as tunable polarization 

filters, rotators, polarizers, biosensors, phase shifters, operating in the THz region. 
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1. Introduction 

Chiral metastructures are artificial materials with attractive properties [1, 2]. By careful design of the unit cells, chiral 

metastructures can manipulate the electromagnetic wave (EM) properties such as amplitude, phase [3], and 

polarization states [4]. Chiral metastructures have been exploited in applications including the polarization filters [5, 

6], rotators [7, 8], polarizers [9, 10], sensors [11, 12], phase shifters [13, 14], and so on.  

There are intrinsic and extrinsic chirality in structures. In intrinsically chiral structure, the object does not coincide 

with its mirror image. In extrinsically chiral structure, a nonchiral structure forms a geometrical arrangement with the 

incident wave that cannot be coincided with its mirror image and so the whole arrangement is chiral [15, 16]. 

Chiral metastructures are either three dimensional (3D) or two dimensional (2D) structures. 3D chirality leads to 

circular dichroism (CD) as a manifestation of optical activity while 2D chirality leads to circular conversion dichroism 

(CCD) as a manifestation of asymmetric transmission (AT) [17]. 

Experimental investigation of metastructures is challenging especially when the wavelength becomes shorter and that 

is why different theoretical models are very useful in metamaterial research and development. Parameter retrieval 

method [18] is a basic and important technique to obtain the effective electromagnetic properties of media, including 

metamaterials. Another useful approach for theoretical analysis is the Kramers-Kronig integrals which relate to the 

real and imaginary parts of the effective electromagnetic parameters. The effective electromagnetic refractive indices 

of the right-handed and left-handed circularly polarized (RCP and LCP respectively) waves of the proposed chiral 

structure derived by parameter retrieval method [18] and Kramers-Kronig relations [19]. 

Due to the unique properties of graphene, which is an arranged honeycomb lattice of single layer carbon atoms, has 

attracted noticeable attentions in photonics [20]. Nowadays, different kinds of mid-infrared (MIR) and THz graphene-

based devices such as tunable filters [21, 22], polarizers [23, 24], absorbers [25-27], sensors [28, 29], logic gates [30, 

31], antennas [32, 33], and demultiplexers [34, 35] are designed and proposed. Few planar single-layer type graphene 

chiral metamaterial structures which are composed of patterned single graphene layer have been proposed to achieve 

tunable two-dimensional chiral responses due to the tunability of graphene with lack of CD and weak chirality 

responses of CCD [36-38]. However, they are limited to 2D and have weak chirality. In addition, they do not explain 

what type of characteristics and possibilities can be obtained by more complex three-dimensional (3D) structures. 

In this study, we proposed a 3D graphene intrinsically chiral metastructure composed of cross-shaped graphene 

patterns and analyzed its behavior in THz region. The transmission spectrum of the structure was analyzed under both 
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RCP and LCP incident waves. In addition, the tunability of transmission and circular dichroism (CD) was investigated. 

The parameter retrieval method and the Kramers-Kronig relations are used to derive the effective electromagnetic 

refractive indices of the proposed chiral structure. To promote the applicability of the proposed design, a THz 

biosensor to detect helical chiral biomolecules such as collagen was evaluated. 

Control over CD spectra is very useful in the field of biosensing because many biomolecules such as DNA and protein 

are naturally chiral [39, 40]. The CD spectrum of our proposed device is tunable and controllable just by changing the 

external electrical bias voltage of graphene; without need to re-fabrication of the structure or the use of complex 

instruments such as pump laser. This is an important advantage compared to other proposed metal- or dielectric-based 

bi-layer chiral metastructures.  

The remaining of this paper is organized as follows: In Section 2, the theoretical and simulation methods are presented. 

In Section 3, the simulation results are presented and discussed. Sensing application of the proposed structure is given 

in Section 4. Finally, the paper is concluded in Section 5. 

2. Theoretical and Simulation Methods 

The schematics of the periodic, unit cell, front, and back views of the proposed periodic 3D graphene intrinsically 

chiral metastructure are respectively shown in Figs. 1(a-d). The metastructure is composed of five layers: the front 

cross-shaped graphene pattern (Fig. 1(c)), the dielectric spacer, the back rotated cross-shaped graphene pattern (Fig. 

1(d)), the dielectric, and the metal gold bar. The front patterned layer is rotated compared to the back one to achieve 

the chiral response. The proposed structure is optimized in CST full-wave Software package to get the best chirality 

response, CD, and best sensing platform. Geometrical parameters are obtained by use of the genetic algorithm 

optimization technique in CST. Genetic algorithms (GAs) are heuristic searches and optimization techniques inspired 

by natural evolution and known as a computational technique with potential applications in mathematical immunology 

[41]. Optimum parameters are given in Table 1. 

 
Table 1. Optimum parameters of the proposed structure of Fig. 1. 

Parameter Value 

Rotation angle of the front pattern to the x-axis (θf) 45° 

Rotation angle of the back pattern to the x-axis (θb) 120° 

Angle between the two rectangle strips of each graphene cross-shaped 

patterns (ψ) 40° 

Length of rectangle graphene strips (L) 20 µm 

Width of rectangle graphene strips (w) 5 µm 

Thickness of the first dielectric spacer (d1) 6 µm 

Thickness of the second dielectric spacer (d2) 6 µm 

Unit cell dimension in x and y directions (P) 22 µm 

Thickness of Alumina layers 50 nm 

Thickness of Silicon layers 50 nm 

Ultra-thin layers of alumina and silicon are only utilized for electrostatic biasing of graphene patterns and have negligible effects 

on responses at high frequencies [42]. Quartz with the refractive index of 1.96 [37] is used as the main dielectric substrate 

of the proposed structure. Two ports are placed in front and back of the proposed 3D graphene intrinsically chiral metastructure 

for excitation and detection of the RCP and LCP THz waves, respectively. The circularly polarized (CP) modes are defined with 

respect to +z axis. The CP modes of the two mentioned ports are adjusted with the electric field of 𝐸𝑥 = 𝑒𝑥𝑝(−𝑗𝑘𝑧), 

𝐸𝑦 = 𝑒𝑥𝑝(−𝑗𝑘𝑧 + 𝑗𝑎), and Ez=0 (k denotes the wave vector, aϵ(0, 2π) shows the phase of CP modes, and a=π/2 or 

3π/2 corresponds respectively to LCP or RCP waves). 
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Fig. 1. Schematics of the (a) periodic, (b) unit cell, (c) front, and (d) back views of the bi-layer 3D THz graphene chiral structure. Quartz dielectric 

is used as the main dielectric substrate between the front and back cross-shaped graphene patterns, and under the back-graphene cross-shaped 

pattern array. In addition, ultra-thin layers  of alumina and silicon are utilized for electrostatic biasing of graphene. 

The thickness of the graphene is assumed to be Δ=0.335 nm [43, 44]. The graphene relative permittivity is [45]: 

𝜀 = 1 −
𝑗𝜎𝑔

𝜔𝜀0𝛥
  (1) 

in which σ is the surface conductivity of the graphene and it is composed of the inter-band and intra-band electron transition 

contributions. σ and the electron transition contributions are as follows [46]: 

𝜎𝑔 = 𝜎′ + 𝑗𝜎′′  = 𝜎𝑖𝑛𝑡𝑟𝑎(𝜔) + 𝜎𝑖𝑛𝑡𝑒𝑟(𝜔), (2a) 

in which σintra and σinter are [46]: 

𝜎𝑖𝑛𝑡𝑟𝑎(𝜔) =
2𝑘𝐵𝑒2𝑇

𝜋ℏ2 𝑙𝑛 [2𝑐𝑜𝑠ℎ (
µ𝑐

2𝑘𝐵𝑇
)]

𝑗

𝜔+𝑗𝜏−1, (2b) 

𝜎𝑖𝑛𝑡𝑒𝑟(𝜔) =
𝑒2

4ℏ
[𝐻 (

𝜔

2
) +

4𝑗𝜔

𝜋
∫

𝐻(𝜁)−𝐻(
𝜔

2
)

𝜔2−4𝜁2

∞

0
𝑑𝜁], (2c) 

𝐻(𝜁) =
𝑠𝑖𝑛ℎ(

ℏ𝜁

𝑘𝐵𝑇
)

[𝑐𝑜𝑠ℎ(
µ𝑐

𝑘𝐵𝑇
)+𝑐𝑜𝑠ℎ(

ℏ𝜁

𝑘𝐵𝑇
)]

. (2d) 

in which ℏ = 1.054 × 10−34 Js is the reduced Plank’s constant, kB=1.38×10-23 J/K is the Boltzmann’s constant, e=1.6×10-19 C is 

the electron charge, and T=300 K. τ is the relaxation time calculated by [47]: 

𝜏 =
µ𝑐µ

𝑒𝑣𝑓
2 (3) 

where vf=106 m/s is the Fermi velocity and µ is the carrier mobility [48]. In the THz band, we have: ℏ𝜔 ≪  µ𝑐. So, the inter-

band transition is neglected, and the intra-band transition is dominated [49]. 

The dispersion relation of the incident electromagnetic wave on the air-graphene-air can be expressed by [50]: 

𝛽 = 𝑘0√1 − (
2

𝜂0𝜎𝑔
)

2

 (4) 

where β, k0, and η0 are respectively the propagation constant of electromagnetic wave, the wave vector of incident 

light, and the impedance of air [50].  

Thin graphene strips with the width of 100 nm, shown in Fig. 1(b), are considered to bias the cross-shaped graphene 

patterns electrically [26, 51]. The graphene chemical potential µc, of each layer could be controlled individually by the 

applied external bias voltage. The relation between µc and the applied bias voltage can be expressed as [52-54]: 

|µ𝑐(𝑉)| = ℏ𝑣𝑓√𝜋|𝑎0(𝑉 − 𝑉0)|; (5) 
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where V0 is the offset voltage [53], 𝑎0 =
𝜀0𝜀𝑑

𝑒𝑑
 in which a0 is the capacitive model of the structure, ε0 is the vacuum 

permittivity, εd is the dielectric permittivity, d (d1=d2=6 µm) is the thickness of the dielectric, V is the external applied 

bias voltage to graphene layers (shown in Figs. 1(a) and 1(b)).  

The chirality response of the proposed structure, circular dichroism (CD), is defined as the differential of the RCP and 

LCP absorption spectra, 𝐴𝑅 = 1 − |𝜏𝑅|2 − |𝑟𝑅|2 and 𝐴𝐿 = 1 − |𝜏𝐿|2 − |𝑟𝐿|2where τR, τL, and rR, rL are respectively 

the transmission and reflection coefficients of RCP and LCP waves [55, 56]: 

𝐶𝐷 = 𝐴𝐿 − 𝐴𝑅 (6) 

Since there is a relation between transmission and absorption, some works such as [55] reported their CD spectra based on the 

differences in transmissions.  

By assumption of the incident electromagnetic wave as 𝑒𝑗𝜔𝑡, related to the incident angular frequency of ω, the constitutive 

relations for an isotropic chiral medium can be written as [57]: 
𝑫 = 𝜀𝑟𝜀0𝑬 − 𝑗

𝜅

𝑐
𝑯 (7) 

𝑩 = 𝑗
𝜅

𝑐
𝑬 + 𝜇𝑟𝜇0𝑯 (8) 

where D, E, B, and H are respectively the electric and magnetic flux densities and fields. Also, 0 , 
0 , 

r , 
r , c, and 

κ are respectively the permittivity and permeability of vacuum, the relative permittivity and relative permeability of 

the chiral medium, the speed of light in vacuum, and the chirality parameter. By using Maxwell’s equations and doing 

some algebra, the wave equation of a chiral medium can be written as [57]: 

𝛻2𝑬 + 2
𝜅𝜔

𝑐
𝛻 × 𝑬 +

𝜔2

𝑐2
(𝜇𝑟𝜀𝑟 − 𝜅2)𝑬 = 0 (9) 

So, the eigenmode of the electromagnetic wave equation of the chiral medium is only the RCP or LCP wave. In this 

regard, the fields split into two uncoupled CP waves. Although, the proposed THz complex structure is an anisotropic 

medium, each of the CP waves sees the chiral medium as an equivalent isotropic medium [57]. 

The effective electromagnetic refractive indices of the chiral media could be derived by use of the parameter retrieval 

method [18] and the Kramers-Kronig relations [19]. In the parameter retrieval method, by deriving electric and 

magnetic fields for a chiral slab, and applying the boundary conditions of continuity of tangential electric and magnetic 

fields at the both surfaces of the chiral slab and doing some manipulations, we get [18]: 

𝜏𝑅,𝐿 =
4𝑍𝑒𝑗𝑛𝑘0𝑑1𝑒±𝜅𝑘0𝑑1

(1+𝑍)2−(1−𝑍)2𝑒2𝑗𝑛𝑘0𝑑1
 (10) 

𝑟𝑅,𝐿 =
(1−𝑍2)(𝑒2𝑗𝑛𝑘0𝑑1−1)

(1+𝑍)2−(1−𝑍)2𝑒2𝑗𝑛𝑘0𝑑1
 (11) 

where Z, n, k0, and d1 are respectively the impedance of the chiral structure, refractive index of the chiral structure, 

vacuum wavenumber, and the thickness of the spacer between the front and back graphene patterns. The optical path 

of incident RCP or LCP wave in forward direction is nRd1 or nLd1. For the reflected wave in the backward direction, 

the optical path is nLd1 or nRd1). Therefore, the total optical paths for RCP and LCP waves are (nR+nL)d1. Based on the 

Eq. 11 we can state that rR=rL=r. As the optical paths in forward direction are different for RCP and LCP waves, 𝜏𝑅 ≠

𝜏𝐿 and thus 𝐴𝑅 ≠ 𝐴𝐿 . 

The refractive indices of RCP and LCP waves nR, L, and the chirality parameter κ, for a time harmonic field of ejωt 

could be respectively obtained by [18]: 

𝑛𝑅,𝐿 =
𝑗

𝑘0𝑑1
{𝑙𝑛 [

1

𝜏𝑅,𝐿
(1 −

𝑍−1

𝑍+1
𝑟)]} (12) 

𝜅 =
𝑗

2𝑘0𝑑1
𝑙𝑛 (

𝜏𝑅

𝜏𝐿
) (13) 

Because of the multibranch form of complex logarithmic function, Eq. (12) ambiguously gives the real and the 

imaginary parts of 𝑛𝑅,𝐿 as follows: 

𝑅𝑒{𝑛𝑅,𝐿} =
−1

𝑘0𝑑1
𝐼𝑚 {𝑙𝑛 [

1

𝜏𝑅,𝐿
(1 −

𝑍−1

𝑍+1
𝑟)]} +

2𝑚𝜋

𝑘0𝑑1
 (14a) 
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𝐼𝑚{𝑛𝑅,𝐿} =
1

𝑘0𝑑1
𝑅𝑒 {𝑙𝑛 [

1

𝜏𝑅,𝐿
(1 −

𝑍−1

𝑍+1
𝑟)]} (14b) 

where m is an integer determined by the branches of the ln function, respectively. Z is obtained by: 

( )

( )

2

2

1

1

R L

R L

r
Z

r

 

 

+ −
= 

− −
 (15) 

The resulting uncertainty due to the existence of m in Eq. (14a), is referred as a branching problem, which affects only 

the real part of the refractive indices. The imaginary part of these parameters can be unambiguously determined using 

Eq. (14b). Considering this fact, K-K relations which connect the real and imaginary parts of the material parameters 

based on the causality principle are applied for solving the branch selecting problem in Eq. (14a). 

In addition, the effective parameters of the chiral metastructure could be derived by use of Kramers-Kronig relations 

as follows [19]: 

( )  ( ) 
( ) 

2 20

Im2
Re Re .

u a u
a a P V du

u


 



=  + 
−  (16) 

and 

( ) 
( )  ( ) 

2 20

Re Re2
Im .

a u a
a P V du

u




 

 − 
= − 

−  (17) 

where ω, P.V., a(ω), and u respectively refer to the wave angular frequency, the principle value of the integral, one of 

the electromagnetic effective parameters of the chiral metastructure, and variable which the Integral is calculated 

based on it. By insertion of n(ω) in Eq. (16), we have: 

( )  ( ) 
( ) 

2 20

Im2
Re Re .

u n u
n n P V du

u


 



=  + 
−  (18) 

We also have [18]: 

,R Ln n =   (19) 

By using Eqs. 12-19, the real part of the nR,L could be calculated by use of its imaginary part as follows [19]: 

( ) 
( ) ( )  ( ) ,

, 2 2 2 20 0

Im Im2 2
Re 1 . .

R L

R L

u n u u u
n P V du P V du

u u

 


  

 

= +   
− −   (20) 

3. Results and discussion 

CST microwave studio as a full wave simulation Software is used to analyze the transmission spectra of our proposed 

structure. Absorbing boundary condition is used along the z-direction and periodic boundary conditions are applied to 

the x and y directions. 

Due to the chiral nature (asymmetric geometry and lack of mirror symmetry) of the proposed metastructure shown in  

Fig. 1, transmission and absorption spectra for RCP and LCP waves would be different (τR and τL, as a result AR and 

AL, are not equal in the resonance frequencies; 𝜏𝑅 ≠ 𝜏𝐿 in chiral metastructures; Eq. (19)) causing differences in the 

resonance frequency, resonance intensity and CD. The simulated reflection and transmission, and absorption (for RCP, 

and LCP) spectra of the meta-structure depicted in Fig. 1 are respectively shown in Figs. 2(a) and 2(b). 
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(a) 

 

(b) 

Fig. 2. (a) Reflection and RCP and LCP transmission, and (b) absorption spectra of the proposed structure of Fig. 1. 

The observed chiral asymmetry in transmission and absorption spectra in Figs. 2(a) and 2(b) can also be demonstrated 

by showing the electric field distributions. Figures 3(a-h) display the electric field distributions of the proposed bi-

layer graphene chiral structure of Fig. 1 under RCP and LCP incident lightwaves at the two resonance frequencies of 

1.48 and 2.46 THz. The distributions show a clear dependence on the polarization of the incident light, resulting in 

differences in the normalized transmission and absorption spectra of RCP and LCP lightwaves (τR and τL, as a result 

AR and AL, are not equal in the resonance frequencies; 𝜏𝑅 ≠ 𝜏𝐿 in chiral metastructures, as depicted in Eq. (10)). For 

example, as shown in Figs. 3(a) and 3(b), the front layer does not have equal distributions for RCP and LCP normal 

incident illuminations which is obvious that the chiral nature (asymmetric geometry and lack of mirror symmetry) of 

the proposed structure of Fig. 1 causes these differences (the same as the electric field distributions in Figs. 3(c-h)). 

  
(a) (b) 
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(c) (d) 

 
 

(e) (f) 

  
(g) (h) 

Fig. 3. Electric field distributions of the proposed bi-layer graphene chiral structure of Fig. 1 for the front layer for (a) RCP in 1.48 THz, (b) LCP 

in 1.48 THz, (c) RCP in 2.46 THz, (d) LCP in 2.46 THz; for the back layer for (e) RCP in 1.48 THz, (f) LCP in 1.48 THz, (g) RCP in 2.46 THz, 

(h) LCP in 2.46 THz.   

The real part of β is related to the σg (Eq. 4) and σg is related to the µc (Eq. 2). As the µc increases, the real part of the 

β decreases (depicted in Fig. 4(a)) [58, 59]. The frequency of the CD peak should thus exhibit a blue shift when the 

µc increases. This shows that how the CD spectrum can be tuned by the change of the µc of graphene. CD of the 

proposed structure for four different chemical potentials of graphene are illustrated in Fig. 4(b). As a noticeable 

consequence, CD spectrum of the proposed chiral structure is tunable by change of the applied bias voltage of graphene 

without need to re-fabricate the structure or need of any other extra complex instruments such as pump laser and so 

on which are needed and used for the 3D type bi-layer metal- or dielectric-based chiral metastructures. 
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(a) 

 

(b) 

Fig. 4. (a) The real part of β (Eq. 4) of the graphene layer and (b). Circular dichroism (CD) of the proposed structure of Fig. 1 for different 

chemical potentials of graphene. 

The imaginary parts of the 𝑛𝑅 and 𝑛𝐿 are calculated by Eq. 14b. The real parts of 𝑛𝑅 and 𝑛𝐿 are calculated by Eq. 20 

by assumption of m=0. The obtained results are depicted in Figs. 5(a) and 5(b). Both methods show similar 

characteristics for m=0 over the whole frequency range of 0.5-4 THz. 

 

(a) 



10 

 

(b) 

Fig. 5. (a) The real parts of the (a) nR and (b) nL calculated by Eqs. 19 and 20 theoretically. 

4. Sensing Application 

As an application of the proposed controllable graphene chiral structure, a refractive index- and a biosensor is designed 

and optimized in THz region which would become a useful THz structure in chiral biomolecular sensing. Schematic 

view of the unit cell of the bi-layer 3D THz graphene chiral sensor is given in Fig. 6(a). The analyte is placed over the 

sensor structure for investigation as shown in Fig. 6(a). By optimization of the proposed sensor device of Fig. 1, we 

realized that the maximum sensitivity of the proposed structure would be achievable when µc=0.5 eV. But, for µc=0.5 

eV, we have minimum CD (Fig. 4(b)). By a tradeoff between CD and sensitivity, the optimum value of µc is chosen 

as 0.65 eV for the proposed sensor design. Other optimum parameters for gaining the maximum sensitivity are the 

same as reported in Table 1. Simulations reveal that the refractive index sensitivity value (𝑆𝑆 =
𝛥𝑓

𝛥𝑛
: the rate of variation 

of the resonance frequency with respect to analyte refractive index, in terahertz per refractive index unit (THz/RIU).) 

can be obtained as high as 0.96 (THz/RIU) for the CD spectra. CD spectra of the sensor device for different refractive 

indices of the analyte are illustrated in Fig. 6(b). 

 
(a) 
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(b) 

Fig. 6. (a) Schematic view of the unit cell of the bi-layer 3D THz graphene chiral sensor. (b) CD spectra of the sensor for different refractive 

indices of the analyte. 

The interaction of proposed THz meta-structure with helical chiral biomolecules, collagen in this case, were evaluated 

by modeling to promote the applicability of developed structure for biosensing. It is worth to mention, that proposed 

structure can be utilized also as a refractive index micro sensor in THz region which is expected to have a noticeable 

high sensitivity to detect the materials. 

The permittivity of collagen biomolecule is calculated by the Debye model [60]: 

𝜀 = 𝜀∞ +
𝛥𝜀1

1+𝑗𝜔𝜏1
+

𝛥𝜀2

1+𝑗𝜔𝜏2
 (21) 

where 𝜀∞, ∆𝜀1, ∆𝜀2, ω, 𝜏1, and 𝜏2 are respectively the permittivity at infinite frequency, the difference between the 

static permittivity and the permittivity at the first and the second frequencies; the angular frequency, and the relaxation 

time of the first and the second frequencies. The optical properties of collagen by use of double Debye model in THz 

region are extracted in [60]. Table 2 shows the optical parameters of the double Debye model for collagen at the THz 

frequency region [60]. 

Table 2. Parameters of the double Debye model for Collagen helical biomolecule in THz region [60]. 

ε∞ Δε1 τ1 (ps) Δε2 τ2 (ps) 

1.63 500 17.7 100 3.64 

 

The proposed graphene chiral structure is covered by a layer of collagen helical biomolecules with thickness of 1.5 

nm and illuminated by normal incident lightwave. The CD spectra of the proposed structure are obtained for the two 

cases with and without the collagen layer. As shown in Fig. 7, when the collagen layer is placed on the structure, the 

resonance frequency of the CD varies. So, the structure could be used as a biosensor for detection of chiral 

biomolecules in THz region. It is an advantage that the CD spectra of the proposed chiral metastructure are 

dynamically controllable by change of µc which is not possible by other metal- or dielectric-based chiral 

metastructures. 
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Fig. 7. CD spectra of the THz biosensor with and without Collagen considered on the structure of Fig. 1. 

Sensitivity, tunability, and material type of our proposed sensor with some other works in THz frequency range are 

compared in Table 3. 

Table 3. Sensitivity, tunability, and material type comparison of our proposed sensor with some other works in THz frequency range. 

Ref. [61] [62] [63] [64] [65] [66] [67] [68] Our work 

SS (THz/RIU) 0.085 0.091 0.037 0.023 0.08 0.075 0.744 0.066 0.96 

Tunability no no no no no no yes yes yes 

Material type metal metal metal dielectric metal metal graphene graphene graphene 

 

Fabrication of our proposed cross-shaped graphene chiral metastructure would be possible in THz region by use of 

direct laser writing of the graphene patterns on the substrate [69]. Then, the bi-layer chiral meta-device would be 

available by stacking up of the layers [70]. Fabrication technology of the proposed polarization-sensitive THz device 

needs further investigation and would be studied in future works. 

5. Conclusion 

In this work, we have proposed and analyzed a bi-layer three-dimensional (3D) graphene intrinsically chiral 

metastructure composed of cross-shaped graphene patterns in terahertz (THz) region. The back cross-shaped patterned 

graphene layer is rotated compared to the front one. The parameter retrieval method and the Kramers-Kronig relations 

are used for derivation of the effective refractive indices of the RCP and LCP waves of the proposed intrinsically 

chiral metastructure. Chiral response, the circular dichroism (CD), of the structure is tunable and controllable due to 

the tunability of graphenes by applying of the external bias voltage which is reached to 0.2. A refractive index- and a 

biosensor with controllable CD as an application of the proposed device for detection of chiral biomolecules is 

proposed and analyzed in THz region. With an optimum design, our simulations show that the refractive index 

sensitivity value can be obtained as high as 0.96 THz per refractive index unit (THz/RIU) for the CD spectra. The 

proposed structure is a useful segment in developing of dynamically controllable chiral devices and structures in THz 

region. 
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