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Abstract

This paper presents an ultra-thin multifunctional meta-

surface capable of working as both a tunable absorber and

refractive index (RI) sensor in the terahertz (THz) regime.

Considering an absorber application, metasurface covers a

very wide tuning range from 2.38 to 5.25 THz with absorp-

tivity (A( f )) ≥ 90%. In contrast, when working as a RI sen-

sor, metasurface provides a sensitivity (S) and quality factor

(Q) of 0.8 THz/RIU and 5.95, respectively. The working

principle is based on the generation of the plasmonic mode

at the graphene-dielectric interface by intelligently excit-

ing one-wavelength loop mode without disturbing the sym-

metricity in the top graphene pattern.

1 Introduction

The efficacy of metasurfaces to control and manipulate the

propagation of electromagnetic (EM) waves has made them

a crucial device for numerous applications in the terahertz

(THz) regime [1, 2]. With the advent of new wireless tech-

nologies, the need for smart THz metasurfaces with tunable

frequency characteristics has also gone up. Interestingly,

the discovery of monolayer graphene has made metasur-

face frequency tunable with a simpler biasing technique,

unlike the complex biasing mechanism of varactor and pin

diodes [3–6]. Since THz systems are quite compact, the

need for size-constrained metasurfaces that can perform

more than one task is increasing significantly [7, 8]. All

these technological advancements and challenges have in-

spired researchers to design and develop graphene-based

tunable and multifunctional metasurfaces.

To date, many graphene-based tunable metasurface ab-

sorbers (TMSAs) have been reported [9–11]. [9] has used a

square graphene ring to design TMSA, whereas a combina-

tion of circular rings with a cross strip made up of graphene

has been used in [10] to attain tunability. A unique com-

bination of elliptical graphene strips connected in a closed

loop is introduced in [11]. All these graphene TMSA are re-

stricted to the absorber application only. In contrast, meta-

surfaces are also employed for sensing application [12,13].

The work reported in [12] has used rectangle-shaped meta-

atom made up of gold, whereas [13] has used fractal res-

onators designed using aluminum. Here also these ab-

sorbers are restricted to only sensing applications and can-

not be employed for tunable absorber applications.

Eventually, the graphene perfect absorber reported in [14]

could be used as both a tunable absorber and refractive in-

dex (RI) sensor. So far, very less works have been reported

on multifunctional metasurface absorbers. Hence, there is

a need of an hour to design MSAs that can perform more

than one task. This work presents a graphene-based TMSA,

which can provide a very wide tuning range from 2.38 to

5.25 THz with absorptivity (A( f )) ≥ 90% when working

as an absorber. Whereas, metasurface provides a sensitivity

(S) and quality factor (Q) of 0.8 THz/RIU and 5.95, respec-

tively, when it works as a RI sensor.

2 Metasurface for Absorber Application

The schematic view of the proposed TMSA designed us-

ing graphene on the silicon dioxide (SiO2) substrate has

been depicted in Fig. 1. The metasurface response when

it interact with incident plane wave has been shown in Fig.

2. Since the transmission coefficient (|S21|) is almost neg-

ibible, the absorptivity (A( f )) has been calculated using

Eq. 1 and the absorption mechanism depend upon the

impedance matching between TMSA and free space [15].

The TMSA provides near-unity A( f ) at 2.38 THz with a
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Figure 1. Schematic diagram of TMSA: (a) top and (b)

cross-sectional view. P = h = 7, r1 = 1, r2 = 3.1, r3 = w4 =

0.6, w1 = w2 = 0.5, w3 = 0.4 (unit:μm), tg = 0.335 nm, μc =

0.2 eV, τ = 1 ps, T = 300 K.
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Figure 2. |S11|, |S21| and A( f ) of TMSA.

bandwidth (BW) of 0.14 THz for A( f )≥ 90%. The period-

icity and thickness of TMSA are λ0/18, where λ0 is com-

puted at 2.38 THz. The compactness design and ultra-thin

profile makes TMSA suitable for EM shielding.

A( f ) = 1−|S11|2 (1)

,where |S11| is the reflection coefficient.

The working principle of the TMSA is quite simple, which

is based on the generation of the plasmonic mode/surface

plasmon polaritons (SPPs) at the graphene-dielectric inter-

face by intelligently exciting one-wavelength loop mode

without disturbing the symmetricity in the top graphene
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Figure 3. Modal distribution at 2.38 THz in xy-plane: (a)

Jsurf, (b) electric, and (c) magnetic.

pattern as shown in Fig. 3. The surface current distribu-

tion (Jsurf) on the top graphene pattern shows the excitation

of one-wavelength loop mode in the outer splitted circular

ring resonator as shown in Fig. 3a. The splits are introduced

to create the E-field coupling for the strong localization of

SPP waves in the gap as shown in Fig. 3b. In addition,

four circular arc-shaped resonators connected with a cen-

tral graphene disk have been used to excite the same Jsurf

to that of one-wavelength loop mode in the outer circular

ring resonator by nullifying the effect of splits on the modal

distribution as shown in Fig. 3a. The TMSA also responds

well to the H-field vector of incident EM wave as shown

in Fig. 3c. Hence, the proposed design shows a strong

response to both the E-field and H-field components of the

incident plane wave and is found to be better in terms of ex-

citation of SPP mode in the graphene ring compared with a

simple circular ring resonator.

The angular stability in the A( f ) for different polariza-

tion (φ ) and incidence angle (θ ) under transverse magnetic

(TM) polarization has been shown in Fig. 4a and b, re-

spectively. The TMSA is insensitive to the φ and provides

A( f )≥ 90% up to θ ≤ 60◦. Similar behavior has been found

for transverse electric polarization, which is not shown here

due to brevity.
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Figure 4. A( f ) for different: (a) φ and (b) θ (TM).

2 2.5 3 3.5 4 4.5 5 5.5
Frequency (THz)

70

75

80

85

90

95

100

A
bs

or
pt

iv
ity

 (
%

)

c
 = 0.2 eV

c
 = 0.3 eV

c
 = 0.4 eV

c
 = 0.5 eV

c
 = 0.6 eV

c
 = 0.7 eV

c
 = 0.8 eV

c
 = 0.9 eV

c
 = 1 eV

Figure 5. A( f ) for different μc

As discussed in the introduction, tunable A( f ) reponse is

the need of an hour for the smart THz applications. In this

context, the chemical potential (μc) has been varied keep

all other electrical and physical parameters unchanged as

shown in Fig. 5. It is evident that with an increse in μc
from 0.2 to 1 eV the peak of the absorption curve moves

from 2.38 to 5.25 THz, thus providing a tuning range of

2.87 THz. The TMSA shows an excellent right shift in ab-

sorption response with the increase in μc. The tunability

has been achieved by varying surface conductivity of the

graphene, which is the function of μc [16–18].

3 Metasurface for Refractive Index (n) Sens-
ing Application

The TMSA discussed in section 2 could be directly used for

RI sensing by loading analyte under test (AUT) on the top

surface of TMSA as shown in Fig. 6a. The AUT may be any

body fluid such as blood, urine, etc. It is worth mentioning

here that the blood or urine of a patient with no medical

condition could be mapped by its corresponding value of

refractive indices (n) and resonance frequency ( fr), which

differs for the case where the patient has any medical issues.

Hence, the variation in the value of ’n’ could be used for the

diagnosis of diseases often called biosensing [19]. Fig. 6b

shows that with the increase in ’n’ of the AUT, the peak

of the absorption curve moves towards the lower frequency

spectrum, thus pointing to a distinct fr. The mapping be-

tween ’n’ and fr shows almost linear variation as shown in

Fig. 6c. RI sensor provides a sensitivity (S) and quality fac-

tor (Q) of 0.8 THz/RIU and 5.95, respectively. Hence, the

proposed TMSA could be used for biosensing applications

in the THz regime.
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Figure 6. (a) RI sensor in yz-plane with analyte under test

h2 = 0.4 μm, (b) A( f ) for different n and (c) n vs fr.



4 Conclusion

This paper presents a multifunctional TMSA. The simplic-

ity of the unit cell geometry and physics-based design ap-

proach shows the efficacy of the proposed work. Future

work could focus on implementing multi-band TMSA for

more reliable sensing.
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