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A Refractive Index Sensor Based on the Graphene Notch Filter
Somayyeh Asgari, Nosrat Granpayeh
Faculty of Electrical Engineering, K. N. Toosi University of Technology, Tehran, Iran

Abstract- In this paper, we have analyzed and simulated the performance of a refractive index sensor, by
using an analytical and the finite-difference time-domain methods. The sensor sensitivity has been derived
to show its sensitivity. The analytical and numerical results comply very well. The proposed device can be
utilized in design of the optical nano-scale devices and photonic integrated circuits.
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1. Introduction

Graphene, an optical material with one atom
thickness has become popular because of its
unique optical properties such as low losses,
extreme confinement, and tunable conductivity
[1-3]. It has been considered as a plasmonic
material for constructing nano-scale optical
devices and systems for a wide wavelength
ranging from near infrared to THz [4].

Recently, different types of graphene plasmonic
devices, such as filters [5, 6], sensors [7-9], and
switches [10] have been proposed and analyzed
theoretically and numerically by using finite-
difference time-domain (FDTD) method. Two
types of plasmonic modes, the edge and the
waveguide modes, are supported by graphene
ribbons, which have been analyzed numerically
and theoretically. In edge modes, the field is
concentrated on the rims of graphene ribbons and
can enhance the electromagnetic (EM) coupling to
other devices, and in waveguide modes, the field
is confined along the entire area of the ribbon [11].
In this paper, by using FDTD numerical method,
we have analyzed and simulated the performance
of an optical graphene refractive index sensor,
composed of two parallel graphene sheets as input
and output ports, and a rectangular cavity with the
length L. The proposed device will be useful for
constructing nano-scale devices in the mid-
infrared region for optical processing and
computing.

The paper is organized as follows: In Section 2, we
have proposed the structure, and refractive index
sensitivity. In Section 3 simulation results are
given and discussed. The paper is concluded in
Section 4.
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2. Analytical and Numerical Simulation
Methods

2.1. Analytic Approach

The proposed refractive index sensor is depicted in
Figure 1. In our simulations, the graphene sheet is
assumed as an ultra-thin film with a thickness of A in
mid-infrared region. The surface conductivity (cg) Of
the graphene layers is governed by the Kubo formula
which depends on the momentum relaxation time, r,
temperature, T, chemical potential (Fermi energy), i,
and incident angular frequency, . At room
temperature, the Kubo formula simplifies to [10]:
ie”u,

%o~ wh*(w+ir™) @)
which the intraband transition dominates and the
interband transition is neglected [10]. The carrier
relaxation time is

Lk,
T=- 2
ev; @)

where 4 is the carrier mobility and vs is the Fermi
velocity in graphene. The required material parameters
of graphene are assumed as: x=10,000 cm?(V.s),
v=10° m/s, and 4=0.3 €V. In our simulations, the
graphene is treated as an anisotropic dielectric where its
in-plane permittivity is [12]:

O,
g =25+i ngA (3)
and the surface-normal dielectric constant component is
setas e=2.5, based on the dielectric constant of graphite.
The graphene thickness, A, is assumed to be
1 nm [12-14].
Two monitors are put at the points of P, and P, for
measuring the input power, P, and the transmitted
power, Py The transmittance is defined as T=Pou/Pin.
The relationship between wavelengths of transmittance
peaks and the cavity length L can be calculated
theoretically by the resonance equation of the anti-
symmetric coupling resonator [15]:
2L=mA (m=1,2,3,..) 4)
where 4 is the resonance wavelength and m is an
integer number. Corresponding to the symmetric
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and anti-symmetric magnetic field across the gap
between graphene sheets, two SPP modes,
symmetric and anti-symmetric, have been
appeared [12]. In addition, the wave vector of the
anti-symmetric SPP mode supported by double-
layer graphene sheets inserted in free space is
calculated approximately by [11]:

.2k
i 0 —kp(1+up)

ﬂAS ~ kspp + 3770-9 (5)
(1+up)k5PP —uk_ h

p " spp
kP

where k, =27/4, is the free space wavenumber,
A is the free space  wavelength,

Kepp = Ko {1—[2/(3770g )]z}v2 is the wave vector of

the SPPs supported by a single-layer graphene,
K, = (ke ~kZ)*, and U, =e " S0, the

resonance wavelengths can be found by using Egs.
(4) and (5).

2.2.  Numerical Approach

In this paper, we have used a two-dimensional
FDTD method, with a 12 layer perfectly matched
layer absorbing boundary condition around the
computation area, and a non uniform mesh in our
simulations. The minimum mesh size inside the
graphene layer assumed to be 0.1 nm and increases
gradually outside the graphene.

12 PML Layers Around the Computational Area

Figure 1: Schematic view of the proposed refractive
index sensor with two parallel graphene sheet
waveguides and a coupling length L between them, h is
the coupling distance between two graphene sheet
waveguides. Two monitors are placed in P; and P;
points for recording the input, and the transmitted
power, respectively.
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3. Results and Discussion

The resonator was filled with dielectric materials
with various refractive indices, n, for derivation of
refractive index sensitivity. The transmittance
spectra with n=1, 1.03, 1.06, and 1.09 for
L= 250 nm, and h=50 nm are plotted in Figure 2.
By solving Egs. (4) and (5), the resonance
wavelengths of the resonator, according to the
second resonance mode of the resonator are
derived and plotted in Figure 3.

Transmittance peaks show a red shift with
increasing n. The value S=A4/An determines the
refractive index sensitivity of the resonance peak.
The proposed structure shows a high value of 3300
nm per refractive index unit (nm/RIU) sensitivity
to the variations of the refractive indices.
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Figure 2: Normalized transmission spectra for four
different values of n with L=250 nm and h=50 nm.
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Figure 3: Variations of the second order resonance
wavelength of the transmittance versus refractive index,
n of the material inside the resonator, obtained by the
numerical method of FDTD and analytical resonance
equation of the resonator, respectively.
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In Figure 4, the resonance wavelengths of the
sensor as a function of the resonator material
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refractive index for different lengths of the
resonator are shown. A comparison depicts that the
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Figure 4: The second order resonance wavelengths of
the resonator versus the resonator material refractive
index for various resonator lengths.
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4. Conclusion

In this paper, two parallel graphene sheets with a
coupling length of L as a plasmonic sensor is
proposed and analyzed analytically and
numerically by using the finite-difference time-
domain method. A resonance dip occurs in the
transmittance pectrum. The sensor shows high
refractive index sensitivity. Our study has
important applications in integrated plasmonic
circuits for sensors.
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