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ABSTRACT—In this paper, a plasmonic 

refractive index sensor based on a graphene 

ribbon array is proposed. Graphene ribbons are 

employed to excite surface plasmon waves, 

providing a subwavelength sensor. The structure 

exhibits a resonance feature, enabling 

wavelength-selective operation. It acts like a 

band rejection filter. The filtering behavior 

depends on the absorption of the incident light 

from an incident port at specific wavelengths. 

The rejected and absorbed bands depend on the 

structural parameters of the proposed sensor, 

such as the refractive index of the material 

surrounding the ribbons. A change in the 

refractive index of the material would change the 

wavelength of the transmitted lightwaves out of 

the sensor, providing a measuring approach to 

detect various transparent materials. The 

operation of the structure is simulated using the 

finite difference time domain (FDTD) numerical 

method and verified utilizing a simple 

characteristic equation. Due to the chemical 

potential dependency of graphene conductivity, 

the proposed sensor can be calibrated via an 

external voltage bias. The optimization of the 

proposed sensor performance can be 

accomplished through straightforward 

utilization of calculus. The proposed 

subwavelength sensor is widely applicable in 

terahertz-band applications, such as biological 

and chemical sensing. 

KEYWORDS: Graphene ribbon, Optimization of 

sensor, Plasmonic structure, Refractive index 

sensor, Subwavelength structure, Wavelength 

selective structure. 

I. INTRODUCTION 

Metamaterials, artificially designed structures 

providing exciting features such as negative 

refractivity [1] and invisibility [2], have been 

employed in various configurations capable of 

tailoring the electromagnetic waves' 

characteristics not achievable with natural 

materials, such as in applications of cloaking [3, 

4], antenna designing [5], and high-resolution 

optical imaging [6]. During recent years, the 

prosperous development of two-dimensional 

materials has led to many metasurface 

formations possessing outstanding features 

analogous to the former bulky metamaterials 

[7]. As the prior generation of two-dimensional 

materials, graphene, a single layer and a 

hexagonally sp2-bounded arrangement of 

carbon atoms [8], has motivated researchers 

towards graphene based metasurface structures 

investigation [9, 10] due to its remarkable 

mechanical [11], thermal [12], electrical [13], 

and optical [14] characteristics. So far, various 

graphene-based components of waveguides 

[15], couplers [16], circulators [17] and logic 

gates [18] have been proposed and investigated. 

Also, a variety of structures based on graphene 

metasurfaces by creating various kinds of 

patterns on the graphene layers has been 

analyzed and implemented [19]-[22]. Among 

these devices, filters are considered as one of 

the most crucial components in photonic 

systems. Thus far, myriad graphene-based 

filters and other wavelength selective structures 

based on different kinds of patterned 
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metasurfaces have been proposed, analyzed 

numerically, and investigated experimentally 

[23], [24]. Utilizing the variable response of the 

wavelength selective structures, via a change in 

various physical and structural parameters, can 

realize various sensors [25], [26]. For example, 

upon the variation of temperature in an 

elaborately designed structure, the central 

wavelength of a wavelength selective structure 

changes, which can provide a useful 

temperature sensor [25]. The other feasible 

sensor, which can be implemented through 

employing the variable response of wavelength 

selective structures, is a refractive index sensor. 

Recognizing different materials and finding out 

the density of solutions are inevitable in diverse 

applications, which can be covered by 

measuring the refractive index of the materials. 

So far, various refractive index sensors based 

on wavelength selective structures, including 

resonators, have been proposed and 

investigated [27], [28]. 

In this paper, a refractive index sensor based on 

the structure of a band-stop filter including a 

periodic arrangement of graphene nano-ribbons 

is proposed. The structure behaves as a simple 

wavelength selective metasurface whose 

central wavelength depends on the resonance 

wavelength of the ribbon array, which in turn is 

dependent on the effective permittivity of the 

medium surrounding the graphene ribbon array 

[29]. In this structure, graphene plays the main 

role of waveguiding and supports tunable and 

extremely confined plasmons, which makes it 

possible to provide a sub-wavelength 

component and overcomes the diffraction limit 

of light. The performance of the proposed 

structure is investigated through simulations 

using the finite difference time domain (FDTD) 

numerical method. Due to the tunability of 

graphene conductivity via changes in its 

chemical potential, the sensor can be calibrated 

for the desired applications. The sensitivity and 

modulation depth, as two operational criteria, 

are defined, and some practical considerations 

are investigated. Also, a comparison between 

the proposed sensor and some recently 

investigated refractive index sensors is carried 

out. In addition, basic calculus derivative is 

employed to optimize the performance of the 

sensor in terms of some physical and structural 

parameters. Finally, an application as a sensor 

for the identification of various alcohols is 

proposed. 

The remaining of the paper is organized as 

follows: In Section II, the basic structure is 

proposed and its analytic description is 

presented. In Section III, the simulation results 

of the sensor investigation are presented and 

discussed. In Section IV, some practical 

considerations are discussed. Section V studies 

the optimization of the proposed structure based 

on basic calculus derivatives. Section VI 

represents a special application of the proposed 

sensor as a discriminator of various alcohols. 

Finally, the paper is concluded in Section VII. 

II. THE PROPOSED STRUCTURE AND 

ITS ANALYTIC DESCRIPTION 

The three-dimensional schematic view of the 

proposed structure is exhibited in Fig. 1.  The 

unit cell structure is composed of a rectangular 

graphene nanoribbon deposited over a silicon-

on-insulator substrate. The thickness and 

relative electric permittivity of the silicon part 

of the substrate are denoted as h and εs, 

respectively. The whole structure is a periodic 

arrangement of the unit cell along the longer 

axis of the ribbon (z axis, according to Fig. 1). 

The width of ribbons and the lattice constant are 

represented by w and a, respectively. The 

length of each ribbon is assumed to be infinite 

(in practice, more than ten times longer than the 

ribbon's width). According to Fig. 1, there are 

two ports, as incident and transmission, in the 

upper and lower parts of the structure, 

respectively. The periodic array of graphene 

ribbons is excited by a plane wave normally 

incident on the structure from the upper port. 

The transmitted power is detected in the lower 

port. After the incident of lightwaves toward 

graphene ribbons, they would be absorbed 

except in specific resonance wavelengths of the 

structure, which would transmit toward the 

lower port. So, some specific wavelengths can 

be detected in the transmission port. The 

resonance wavelengths of the structure depend 

on the electric permittivity of the material 

surrounding the graphene ribbons, and so, their 
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refractive index. Therefore, a change in the 

surrounding material can lead to a change in 

resonance wavelengths, the idea used to design 

the proposed refractive index sensor. 

 
Fig. 1. Schematic view of the proposed sensor 

structure. w, a, and h denote the width of graphene 

layers, the lattice constant of the periodic 

arrangement of graphene layers, and the thickness of 

the SiO2 part of the substrate, respectively. G 

specifies the graphene layers. The gate voltage is 

applied between the substrate and graphene layers, 

through two metallic electrodes. The material under 

recognition is injected into the sensing cavity. “..”s 

in two sides over the substrate imply a periodic 

arrangement of graphene layers. An incident 

lightwave from a specific source propagates towards 

the structure and finally transmits toward a detection 

device. 

To investigate the operation of the proposed 

sensor, the Kubo formula has been utilized to 

express graphene conductivity as a dispersive 

material containing inter- and intra-band 

transitions as [18]: 
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where j, e, T, kB, τ, μc, ħ, and ω, respectively 

signify imaginary unit, electron charge, 

temperature, Boltzmann's constant, carrier 

relaxation time, chemical potential, reduced 

Planck's constant, and angular frequency. For 

highly doped graphene, at room temperature, 

and for terahertz frequencies, the inter-band 

term is negligible and Eq. (1) is shortened as the 

following Drude-like term [18]: 

 

2

2 1

c
g

je

j




   





, (2) 

The resonance wavelength of the structure, 

including the single-layer graphene ribbon 

array as a function of the graphene ribbon width 

and chemical potential, can be deduced from a 

quasi-static analysis as the following simple 

characteristic equation [29]: 

02 eff

r

c

wc

e

 



 , (3) 

where c, ε0, and w, denote the free space speed 

of light, vacuum electric permittivity, and the 

width of ribbons, respectively. εeff is the 

effective permittivity of the media surrounding 

the graphene ribbon array as the average value 

of the permittivities over and under the 

graphene ribbons, i.e., εeff =(εMUR + εs)/2, where 

εMUR and εs are the electric permittivities of the 

material under recognition and substrate, 

respectively. The dimensionless constant η=3.1 

is a fitting parameter derived from numerical 

simulations. Equation (3) implies that the 

resonance wavelength of the structure depends 

on the refractive index of the material over 

graphene ribbons, n, since n2=εMUR. 

III. THE SIMULATION RESULTS 

To carry out the simulations, graphene is 

defined with the following in-plane equivalent 

dielectric permittivity [18]: 

0

g

eq gr j


 


 


, (4) 

where εgr and Δ denote the relative permittivity 

perpendicular to the graphene sheet and 

graphene thickness, respectively. All of the 

structural and physical parameters are given in 

the Table. 1. To implement simulation results, 

Maxwell equations are solved based on the 

FDTD method, using Lumerical commercial 
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package, with periodic boundary conditions in 

the x-z directions. To guarantee the 

convergence, the grid sizes in x, y, and z 

directions are taken to be 10, 10, and 0.5 nm, 

respectively. The incident wave is incident 

perpendicular to the structure. 

 
(a) 

 
(b) 

 
(c) 

Fig. 2. (a) Simulation results for power transmission 

ratio spectrum of the proposed structure in Fig. 1 

while the refractive index of material inside the 

cavity is assumed to be 1. (b) Simulation results for 

power transmission ratio spectra of the proposed 

structure for various amounts of refractive index of 

the materials inside the cavity. (c) The resonance 

wavelength versus refractive index of the materials 

inside the cavity based on simulation and analytic 

approaches. There is a linear relation between 

refractive index and resonance wavelength. 

Figure 2(a) shows the simulation results for the 

power transmission ratio. As it is clear, there is 

a dip in transmission in the vicinity of the 

central frequency (λr) of 17.87 μm, providing a 

band rejection feature of the structure. The 

value of full width at half maximum (FWHM), 

is equal to 1.15 μm. These two parameters of 

resonance frequency (λr) and bandwidth, or 

equivalently, FWHM, are often used to 

characterize the performance of wavelength-

selective structures. The quality factor, defined 

as the ratio of the resonance wavelength to the 

full width at half maximum (Q= λr/FWHM), is 

15.54. Table 1 demonstrates that the 

nanoribbon width is significantly smaller than 

the operating wavelength. 

Therefore, the proposed structure behaves as a 

subwavelength waveguiding component in the 

terahertz regime. Figure 2(b) shows the spectra 

of transmission ratio for various refractive 

indices of material over the graphene ribbons. 

Figure 2(c) illustrates the relationship between 

the refractive index and the resonance 

wavelength, derived from the simulation results 

of Figure 2(b) and the analytical model of (3). 

Figure 2(c) demonstrates that the refractive 

index change in the surrounding material alters 

the resonance wavelength in a quasi-linear 

manner. Therefore, the measurement of the 

resonance wavelength of the structure can be a 

good method to sense the change in the material 

around the structure and to recognize a material 

based on a previously designed lookup table. 

This material is assumed to be injected into the 

sensing cavity according to Fig. 1. 

Table 1. The structural and physical parameters for 

simulation investigation of the proposed structure of 

Fig. 1. 

w a μc τ h Δ εs εgr VF 

150 

nm 

300 

nm 

0.2 

eV 

0.6 

ps 

50 

nm 

1 

nm 
2.1 2.5 

106 

m/s 

 

IV. SOME PRACTICAL 

CONSIDERATIONS 

As the Kubo formula implies, graphene 

conductivity depends on the chemical potential. 

Therefore, to change in chemical potential can 

lead to a change in resonance wavelength. 

Figure 3(a) exhibits simulated transmission 

spectra of the structure for various amounts of 

graphene chemical potentials. An increase in 

chemical potential leads to a blue shift of the 

transmission spectra. Hence, the chemical 
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potential of the graphene layers, as one of the 

influential factors on the graphene layer 

conductivity, can tune the resonance 

wavelength of the proposed structure and also 

can calibrate the sensor for the demanded 

applications. One procedure to change the 

chemical potential is to use an external voltage 

applied to the graphene layer, via the following 

relation [30]: 

0 s B
c F

V
V

eh

 
  , (5) 

where VF denotes the Fermi velocity. 

According to Fig. 1 and based on (5), applying 

an external voltage gate can tune the chemical 

potential, as illustrated in Fig. 3(b). Figure 3(c) 

illustrates the resonance wavelength shift as a 

function of the chemical potential, derived from 

simulated and analytical models. Consequently, 

the sensor's resonance wavelength must be 

tuned to fall within the optimal spectral range 

of the detection system, due to the system's 

spectral constraints. It can be realized by 

varying the chemical potential of the graphene 

to change its conductivity. 

To investigate the overall performance of the 

proposed sensor, two parameters of sensor 

sensitivity (SS), the rate of variation of the 

structure resonance wavelength with respect to 

refractive index of the material inside the 

sensing cavity, in micrometers per refractive 

index unit, and sensing resolution (SR) are 

defined as follows: 

r

r

d dn
SS , SR

dn d






 
   

 
, (6) 

where   is the wavelength resolution of the 

detection system, employed at the transmission 

port. According to the simulation results of 

Fig. 2(c), for the sensor designed by the 

parameters given in Table 1, SS can be 

calculated as 5.4 micrometers per refractive 

index unit. For a detection system with a 

wavelength resolution of 1  pm , SR can be 

evaluated as 18×10-8 per refractive index unit. 

The other useful criterion is modulation depth 

(MD) defined as: 

max min

max

T T
MD

T


 , (7) 

where Tmax and Tmin denote maximum and 

minimum values of power transmission 

according to Fig. 2(a), respectively. According 

to the simulation results of Fig. 2(a), MD can be 

calculated as 0.48 (-3.2 dB).  

As observed in Fig. 3(c), a higher chemical 

potential (and thus a larger carrier 

concentration) results in a significantly higher 

MD, which enables the use of less sensitive 

detection systems. 

To utilize the sensor, injection of the target 

material (analyte) into the structural cavity is 

required (as depicted in Fig. 1(a)), thereby 

modifying the dielectric medium surrounding 

the graphene ribbons. To achieve precise 

results, the sensor should be appropriately 

calibrated. The material recognition process is 

conducted in two steps: First, a lookup table is 

established for the designed sensor, containing 

reference pairs of known refractive indices and 

their corresponding resonance wavelengths. 

Subsequently, the sensed material (analyte) is 

identified by matching its measured wavelength 

to this table. Also, it should be remembered that 

the sensing cavity should be uncontaminated 

before every usage. In addition, the material 

should not etch the structure and interact with 

graphene and silica. 

Based on the refractive index detection feature 

of the proposed structure, it can be promoted as 

a sensor for various other applications, such as 

the identification of blood groups, oil 

components, and proteins. It can also be 

promoted to a temperature sensor via proper 

design. As a simple clarification of the 

temperature dependency of the refractive index, 

it should be mentioned that temperature can 

change the density of the material, and 

therefore, change its refractive index [28]. 

The proposed structure can be practically 

implemented based on various procedures [31]-

[33]. For example, microcleaving of highly 

oriented pyrolytic graphite (HOPG) can 
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provide single and few-layer graphene flakes, 

which are next transferred into SiO2/Si 

substrates. Also, due to recent developments of 

THz sources, it can be possible to excite the 

structure to propagate lightwaves according to 

the spectra shown in Fig. 2(a) [34]. 

 
(a) 

 
(b) 

 
(c) 

Fig. 3. (a) Simulated transmission spectra of the 

structure for various amounts of graphene chemical 

potentials. (b) The relation between the graphene 

layer chemical potential and the applied external gate 

voltage. (c) The relation between resonance 

wavelength and chemical potential of graphene 

ribbons based on simulation and analytic 

approaches. 

V. OPTIMIZATION OF THE PROPOSED 

STRUCTURE 

To yield the maximum wavelength shift with 

respect to the change in refractive index, the 

adjustment of two parameters of chemical 

potential and ribbon width, can be used. 

Therefore, an optimization problem should be 

addressed to maximize the multivariable 

function of ∂λr/∂n [35]. During the 

optimization, as a fundamental mathematical 

approach for determining the best possible 

solution to a given problem, and based on (3), 

the following objective function is maximized 

[36]: 

  0

2

2

2

r
c

cs

wc n
n, ,w

n e n

 







 
, (8) 

subject to the constraints of 0.01≤µc≤1 and 

5≤w≤50. Since 
2

lim 1
n

s

n

n 



, the maximum 

value is approximately attained when 

µc≤0.01 eV and w=50 nm. Therefore: 

  0

100
0 01 50r c

n, . ,
n e

 






, (9) 

Table 2. A comparison between the proposed sensor 

and some previously proposed sensors with a similar 

idea of sensing. 

Ref. Structure 
The idea of 

sensing 

Sensitivity 

(micrometers 

per refractive 

index unit) 

28 

two coupled 

graphene parallel 

plane waveguides 

surface 

plasmon 

resonance 

1.920 

37 

periodic gold 

nanotubes coupled 

with a gold film 

surface 

plasmon 

resonance 

1.002 

38 
nanoring-strip 

graphene arrays 

surface 

plasmon 

resonance 

5.20 

39 
gold rods over 

graphene layer 

plasmonic 

perfect 

absorber 

0.981 

40 
periodic Au rings 

array 

surface 

plasmon 

resonance 

0.557 

41 
Au covered silica 

sphere 

surface 

plasmon 

resonance 

0.968 

42 

Bragg grating 

based on photonic 

crystal fiber 

surface 

plasmon 

resonance 

0.487 

43 

Metallic 

nanoparticles with 

a Fabry-Perot 

cavity 

surface 

plasmon 

resonance 

0.600 
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According to the parameters of Table 1, (9) 

would lead to 81/02 micrometers per refractive 

index unit. However, this amount of sensor 

sensitivity is attained through using narrower 

graphene layers with lower chemical potential, 

which causes a more difficult process of 

fabrication and higher power loss. Table 2, 

expresses a comparison between the proposed 

sensor and some previously proposed ones with 

a similar idea of sensing in terms of sensor 

sensitivity. 

VI. APPLICATION AS A DISCRIMINATOR 

OF VARIOUS ALCOHOLS 

In various chemical industries, some kinds of 

alcohols are produced [44]. To recognize these 

products in an effective manner, meticulous 

analysis should be carried on. However, some 

of these analysis methods may be time-

consuming and hazardous. Detecting and 

discriminating various alcohols can be achieved 

with the proposed refractive index sensor. So 

far, various refractive index sensors have been 

employed to detect diverse alcohols [45]. For 

instance, for different alcohols of methanol, 

ethanol, propanol, butanol, pentanol, hexanol, 

heptanol, and octanol, by increasing the number 

of carbon atoms in their compositions, the 

refractive index is incremental from 1.331 to 

1.429 [46]. According to the results realized in 

Section 3, an increase in refractive index of the 

materials under investigation would lead to a 

redshift in resonance wavelength. It can 

identify a specific alcohol via a suitably 

prepared lookup table. 

VII. CONCLUSION 

In this paper, a plasmonic refractive index 

sensor based on a graphene ribbon array is 

proposed. As a wavelength selective structure, 

the proposed component operation depends on 

the refractive index of the material surrounding 

the graphene ribbons. The well-known finite 

difference time domain numerical method is 

used to simulate the performance of the sensor. 

By applying a proper gate voltage for variation 

of the chemical potential of graphene ribbons 

can tune the provided response by the sensor to 

achieve the maximum sensitivity of the external 

detection device. The proposed subwavelength 

sensor can be employed extensively in terahertz 

demanded applications such as bio- and 

chemical-systems and promoted to other useful 

sensors such as temperature sensors. 
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