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ABSTRACT— Graphene and molybdenum
disulfide (MoSy), as two of the most attractive
two-dimensional (2D) materials, are used to
improve the temperature and strain sensing
responses of the few-mode fibers (FMFs). The
temperature and strain effects are detected
based on distributed optical fiber sensors
equations, where the Brillouin scattering (BS) is
investigated for the FMF tapered region. For this
purpose, the 2D materials were assumed as cover
layers on the tapered FMF to enhance its
sensitivity. Graphene and MoS; are used as the
cover layer on the FMF cladding at a distance of
10 pm from the core, and the impact of the
number of material layers is investigated. By
increasing the graphene layers, the temperature
and strain sensitivities increase (3% and 16%,
respectively) due to the rise of the inter-modal
interference of the FMF. Moreover, the
increasing of the MoS; layer number improves
the temperature sensitivity by 28% but shows a
lower impact on strain sensitivity (about 13%b).
The advantage of MoS; with respect to graphene
originates from the imaginary part of the
refractive index of graphene (assumed with
chemical potential of 0.4 eV at the working
wavelength of 1550 nm), which leads to a lower
effective index of the tapered region, hence lower
sensitivities. This sensitivity enhancement can
improve the performance of the BS-based
sensors for local detection of the parameters
under-investigation in multi-parameter sensors.

KEYWORDS: Brillouin Scattering, Few-Mode
Fiber, Graphene, Molybdenum Disulfide,
Strain sensor, Temperature sensor.
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|. INTRODUCTION

Optical fiber sensors (OFS) have been
extensively studied in recent decades, due to
advantages such as reliability, high sensitivity,
ultra-compact low-cost fabrication [1], [2], and
remote sensing capability. Thanks to modern
technologies, OFSs can be utilized to measure
diverse parameters including temperature,
strain, pressure, and hence curvature, and so on.
There are many fiber-optic technologies that
can be applied to realize the sensing
performance of optical fibers including fiber
interferometers [3]-[6], scattering effects [7]-
[9], fiber Bragg gratings, fiber coupler, and so
on. Owing to the unique property of the simple
implementation, various types of single-mode
fibers (SMFs) are widely used in OFSs. Some
instances include standard single-mode fiber
(SSMF) [10], polarization-maintaining fiber
(PMF) [11], single-mode photonic crystal fiber
(SM-PCF) [12] or polarization-maintaining
PCF (PM-PCF) [13].

Few-mode Fibers (FMFs), on the other hand,
have been increasingly used in optical
communication systems in recent years, owing
to numerous advantages such as high
transmission capacity which can overcome the
limited capacity of traditional SMFs. Moreover,
FMFs are used instead of SSMFs as distributed
optical sensors because they confine more
scattered light and have higher sensitivity and
resolution [14]-[16].
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Distributed OFSs can determine the spatial
distribution of the parameter  under-
investigation along the desired part of the fiber,
rather than a single point sensing. They work
mainly based on optical scattering phenomena
such as Rayleigh, Brillouin, or Raman
scattering, and can detect the variations of the
temperature and strain [17].

Several different groups have so far
investigated the distributed OFSs based on the
stimulated Brillouin scattering (SBS) using
FMFs. They have measured various parameters
such as temperature, strain, pressure, and
curvature using FMFs. Li et al. fabricated two
types of FMF sensors (discrete and distributed)
to achieve a uniqgue FMF-based multi-
parameter sensor in 2015 [18]. Also, Weng et
al. experimentally measured the temperature
and strain parameters simultaneously via the
FMF-based distributed OFSs using Brillouin
optical time-domain reflectometry (OTDR) and
heterodyne detection in 2015 [19]. Another
group also measured two parameters
(temperature and curvature) simultaneously
along an FMF by using an OTDR system, based
on Brillouin and Raman effects in 2017 [20].
Multimode spectroscopy could be also applied
on FMF-based sensors to decouple different
parameters under investigation [21] which
makes FMF sensors much more suitable for
multi-parameter sensing than their SMF
counterparts.

Two-dimensional (2D) materials such as
graphene, phosphorene, silicene, hexagonal
Boron Nitride (h-BN), and transition metal-
dichalcogenides (TMDCs), have been recently
highly regarded by scientists, because of their
special electrical and optical properties. Among
these materials, the optical response of
graphene is well known and its intrinsic zero
bandgap can be tuned by applying an
electrostatic field or chemical doping injection
[22]. Therefore, graphene is used in many
devices such as optical absorbers [23], filters
[24], [25], optical sensors [26], and modulators
[27].

On the other hand, TMDCs such as
molybdenum disulfide (MoS;), molybdenum
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diselenide (MoSe;), tungsten disulfide (WSy),
and tungsten diselenide (WSez) have specific
direct band gaps similar to semiconductors
[28]. A widely used TMDC, i.e. MoS, is more
attractive in  photovoltaic devices [29],
transistors [30], and optical sensors [31] due to
its high refractive index. This property makes it
particularly appropriate in sensor applications.

Here we investigate the effects of graphene and
MoS: on the sensing of temperature and strain
in an FMF. These two 2D materials are used as
the cover of the tapered FMF with a distance of
10 um from the core. Their unique optical
properties improve the sensitivity of the FMF
sensor regarding temperature and strain. Before
we discuss these effects, the theoretical
assumptions of the FMF sensors — working
based on Brillouin Scattering (BS) — are
discussed in more detail in section 2.
Discussions on the effects of applying graphene
and MoS; on the FMF cladding (hence its
modes and sensitivities) are brought in section
3 and it is shown that the MoS; is much more
effective on the temperature and strain sensing
than graphene, for multi-parameter sensing.
There is also a comparison between the bare
sensors based on FMF that do not use the 2D
materials with the sensors covered by
MoSz/graphene. The results are concluded
finally, in section 4. All the simulations are
performed using the finite element method
(FEM) employing the COMSOL Multiphysics
package; first, the indices are calculated, and
then they are used to calculate BS. The two-
dimensional materials also are modeled using a
transition boundary condition, in which a
discontinuity is applied to the electric fields on
different sides of the boundary, based on
material thickness and its optical properties.

Il. THEORETICAL ASPECT

We use the distributed OFS formulation to
detect the temperature and strain variations
applied to the fiber. This section briefly
introduces the basics of these distributed OFSs.
The distributed OFS is expected to demonstrate
temperature, strain, and vibration information
at any point along the fiber using light
scattering. The phenomenon of light scattering
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may occur due to various causes such as non-
uniformity of material density, change in the
material refractive index, and other similar
variations that change the optical properties of
the fiber. Among different scattering
phenomena that may occur in any fiber [32], BS
is surveyed here to demonstrate thermal or
mechanical changes within the fiber. BS, which
is an inelastic scattering, is used because it
originates from changes in the material
refractive index due to the propagation of the
acoustic waves in the optical fiber. In other
words, variations of the temperature, strain, or
pressure to one part of the fiber initiate some
acoustic waves, and the BS is observed.

Since FMFs support more than one mode, the
BS can be observed not only in one spatial
mode but also between different spatial mode
pairs [33], called intra- and inter-modal BSs.
This paper focuses on inter-modal BS, and the
idea behind its generation in an FMF, where the
associated formulae are brought in the
following. When the (pump) light is
propagating in a long FMF with the wavelength
A and mode i, a portion of the light will be
backscattered because of the interaction
between light photons and acoustic phonons.
The phenomenon can occur spontaneously
which is known as spontaneous BS, in which
acoustic phonons stem from thermal variations.
By increasing the optical power, the acoustic
phonons, which are mainly generated from the
optical field, cause stimulated BS. The light is
scattered as the Stokes waves with a lower
frequency (equal to the acoustic wave
frequency), owing to the moving grating
originating from the acoustic wave which is
called the Doppler shift. The dependency of the
scattered light on the acoustic velocity is given
by the following equation [34]:

Vg =%sin[§j (1)

where ve, ni, Va, and @ are respectively, the
Brillouin frequency shift (BFS), the effective
refractive index (ERI) of i"" mode, the effective
velocity of the acoustic wave, and the angle
between the pump and the Stokes fields. Within
an optical fiber, for the forward direction (6=0)
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BFS vanishes (v8=0), while for the backward
direction (#=x) it is maximum and can be
described as vg=2n;Va/i.

Since the acoustic velocity in a silica fiber is
dependent on the temperature and strain,
therefore for the inter-modal SBS effect, the
temperature and strain dependency of the BFS
can be obtained by partial derivatives of Eq. (1)
for (6=x):

by _2(, 0y, v v,
daT A dT dT A dT
o 2y o0 B
de A de de A de

In Egs. (2) and (3), changes in the refractive
index concerning the temperature and strain are
negligible and can be ignored [18]. It is also
noteworthy that the BFS is extremely
dependent on the refractive index, but the
refractive index itself plays not an important
role here, and the ERI is the important factor
that will be shown in the following. However,
the BFS changes through the velocity of the
acoustic wave. This means that by changing an
external parameter such as temperature or
strain, the BFS changes via the acoustic wave
velocity. This concept is evident in Eq. (4) [35]
where E is Young's modulus, x is the Poisson's
ratio and p is the density:
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Each of these parameters is directly related to
the temperature of the device (the relationships
are given in [36]). Therefore, the acoustic wave
velocity is indirectly related to the temperature.
Nonetheless, it can be easily shown that [35]:
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Thus, the deviations of these three parameters,
i.e. variations of Young's modulus (JF),
Poisson's ratio (dx) and the density (Jp), can be
expressed as a function of the strain variations.
By calculating each of these parameters, the
dependency of acoustic wave velocity can be
calculated on the strain.

Studying the equations of the SBS
phenomenon, one can obviously observe the
direct dependency of the BFS to Va. The latter
is basically a function of the temperature (T)
and density (p). Hence, variations of these
quantities can be detected by measuring the
BFS. Because of the elastic property of silica,
little amounts of strain variations change the
volume and thus the density of the fiber and the
sensing can be performed.

111.RESULTS AND DISCUSSION

A. BSF Shift of the Bare FMF (without 2D
Material Cover)

The optical fibers parameters used in this paper
are given in Table 1, where it has a step-index
profile between core and cladding. For the
FMF, 6 linearly polarized (LP) spatial modes,
namely LPo1, LP11a, LP11b, LP214, LP21p, and
LPo2, are supported at the working wavelength
of 1550 nm. The field distribution profiles for
these modes are shown in Fig. 1, where the
boundary between the core and cladding is
marked with a black solid circle.

Before examining the effects of 2D materials on
the temperature and strain sensing in FMF, the
SMF and FMF were compared, without using
2D materials. Having the equation of acoustic
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velocity (Eq. (4)) as well as the refractive index
of each of the propagating modes in both SMF
and FMF, the temperature and strain
dependencies of the BFS are obtained,
according to Egs. (2) and (3), respectively
(please see Fig. 2).

LP,, LP, 4 LP,, ‘

LP,, LPII.._ . LP,

Fig. 1. LP mode field distribution for FMF. The
black circle shows the boundary between core and
cladding.

The slopes of the curves in Figs. 2(a) and 2(b)
show the sensitivity of each mode in SMF and
FMF in the temperature range of -40 to 100 °C.
Although lower-order modes of the FMF (i.e.
LPo1 and LPi11) have higher temperature
sensitivities (1.035 and 1.016 MHz/°C) than the
SMF (1.001 MHz/°C), higher-order modes
(LPo2 and LP21) in FMF have lower sensitivity
(0.990 and 0.989) than SMF (1.001). Figures 2
(c) and (d) show the BFS associated with
different applied stains (ranging from 0 to 8000
ue) for the SMF and FMF modes. Here, the
sensitivity, i.e. the slope of the curves is 0.0565,
0.0555, 0.0545, 0.0540, and 0.0550 (MHz/ue)
for LPo1, LP11, LPo2, LP2:, and the SMF,
respectively. Just similar to the temperature
sensitivity, the two higher-order modes show
lower strain sensitivity than the SMF fiber
mode.

Table 1 SMF and FMF Parameters

Parameters of SMF Value Unit | Parameters of FMF Value Unit
Core Diameter SMF 8 um | Core Diameter FMF 144 pm
Cladding Diameter SMF 125 um | Cladding Diameter FMF 125 um
Core Refractive Index 1.4519 - Core Refractive Index 1.4519 -
Cladding Refractive Index 1.4440 - Cladding Refractive Index 1.4440
Effective Refractive Index of LPy; 1.4441 - Effective Refractive Index of LPy;  1.4505
- - - Effective Refractive Index of LP;;  1.4481

- - Effective Refractive Index of LP;;  1.4453

- - Effective Refractive Index of LPy, 1.4446
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Fig. 2. BFS vs. temperature for (a) SMF and (b) FMF
and strain for (c) SMF and (d) FMF at 1550 nm.

The higher sensitivity of the SMF in
comparison to higher-order modes of the FMF,
for both temperature and strain, originates from
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the higher confinement of the light within the
core, since it is obvious from Egs. 2 and 3, the
sensitivity is linearly related to the ERI of the
modes. For higher-order modes (LPo> and
LP21), the ERIs (1.4453 and 1.4446) are lower
than the ERI of the SMF (1.4479). For lower
modes, the higher ERIs (1.4505 and 1.4481 for
LPo1 and LP11, respectively) justify the higher
sensitivity. The temperature and strain
sensitivity values for each of the modes in the
SMF and FMF are more discussed in Table 3,
at the end of section 3.

n 2D Materials Layers "clmlding

taper waist region

Fig. 3. The proposed FMF for temperature and strain
sensing.

B. BSF Shift of the Tapered FMF with 2D
Material Cover

If we want to use the 2D material as the cover
on the FMF fiber, the fiber must be etched and
a taper FMF should be formed first. This leads
to enough interaction of the modes within the
core and the 2D material, which is not possible
for a standard fiber with typical cladding. In a
standard fiber, the evanescent electric field is
adjacent to the fiber core, and cannot reach the
external ambient. For a tapered fiber, on the
other hand, the evanescent field of the fiber can
reach the external boundaries; hence the 2D
materials, which may be deposited on the fiber
[37], [38], can contribute to the sensing
phenomenon. Figure 3 shows a schematic of the
tapered FMF, where a simple FMF is assumed
to be manipulated in such a way that a waist
region is formed with the cladding narrowed to
10 um. Stretching the waist region under
different conditions could lead to various
cladding or core diameters [39], but it may also
change the core diameter. Here, we assumed a
condition in which the core diameter doesn’t
experience any meaningful change, which can
be formed using chemical etching of the
cladding, e.g. using HF solution [40].
Therefore, the sensing region includes two
tapered regions and one waist region where the
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2D material can be formed on the cladding of
the waste region with the fixed cladding of 10

pm.

To investigate the effects of the covering 2D
material in the tapered fiber, we first investigate
the impact of the graphene layer(s) on the
temperature and strain parameters in the FMF.
To simulate graphene, boundary conditions
were used with the surface conductivity of the
graphene (a). For asingle layer of graphene, oy
is calculated through the well-known Kubo
formula, where analytic formulae were used for
both the inter-band and intra-band conductivity
contributions [22].

ag = O-intra + O-inter (6)
. 2e°%k, T
O-intra =1 2 ° .1 In 2 COSh :uc ) (7)
h* (+ir™) 2k, T
2 ho+2 ha -2
Ciier = B tanh u + tanh u
4h 4k, T N
21 4 h 2 ®
LS| 2B g RO
2h| ho hw+2u,

Intrinsically, Graphene has a zero bandgap
structure that can be manipulated by various
methods such as applying electrostatic field or
chemical doping injection. These methods can
change the chemical potential of graphene (i),
which results in the tuning of its bandgap as
well, and consequently, its electronic properties
can be adjusted. In this paper, for all of the
simulations uc is assumed to be 0.4 eV, which
provides a high refractive index for graphene.
In other words, for the 1550 nm optical window
(when uc=0.4 eV) the real and imaginary parts
of the refractive index of graphene (ng) have a
high positive contribution (5.6163+0.74178i),
which influence the refractive indices of the
guided modes in the underlying FMF.

In such a tapered fiber with graphene cover, the
light is not confined within the core with total
internal reflection and tends to be coupled into
the covered 2D material. Moreover, in these
circumstances, relatively high losses may occur
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because of the high imaginary part of nq.
Besides the higher sensitivity, the advantage of
the proposed tapered FMF with graphene cover
is its ultra-fast response to temperature
variations, as the temperature is measured on
the outer surface of the fiber, instead of the
core, due to the movement of the mode from the
core into the cover. This is also true for the case
of MoS; which is discussed later. Figure 4
shows the ERIs of the modes for the FMF
with/without 2D materials. ERIs turn to
complex values when 2D materials are applied
at the covering of the tapered FMF. However,
the higher real part of the ERIs promises higher
sensitivities, as well as transmission losses.
Moreover, for higher propagating mode orders
in the FMF lower BFS is observed, because of
the lower refractive indices of these modes.

B Tapered FME-Graphene Coated
Barc FMF
B Tapered FME-MoS, Coated

¢ Index (ERI)

1.50 -

145

Effective Refractiv

1.40 -

Ll‘" l.P” l.l’:I LP
Optical Guided Modes

Fig. 4. The real part of the guided modes ERIs for the
FMF with/without 2D materials.

02

Figures 5(a) and (b) show the relationship
between the BFS with the temperature and
strain, respectively, for different modes of the
FMF. Here, 10-layer graphene is employed,
because the increasing of graphene layers
results in higher ERI, which is surveyed in the
next figure (thickness of single-layer graphene
is assumed to be 0.34 nm). For 10 layers, the
materials can be assumed as 2D materials
(compared to the fiber diameter) and their
properties are still valid [41], [42]. As a result,
the guided modes inside the FMF core, affected
by the graphene layers, couple into the cover,
and their refractive indices also change.
Increasing the ERIs leads to smoothly higher
sensitivities for graphene-coated tapered FMF
with respect to SMF or FMF without the
coating.
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Fig. 5. Relationship between BFS and (a)

temperature and (b) strain at the wavelength of 1550
nm for 10-layer graphene.

The effect of the number of the graphene layers
(Ng) on the BFS is shown in Fig. 6. The
simulations have been run at the temperature of
100°C and the strain of 8000 we (parts (a) and
(b) of the figure, respectively). It can be seen
from Fig. 6 that when Ng increases, the
resolution between the 4 modes decreases.
Lower-order modes are less influenced by Ng
because they are more confined within the core,
while higher-order modes show much more
variation with respect to Ng multiplicity.
However, the increment of the sensitivity
concerning Ng multiplicity has similar trends. It
must be noted that for Ng > 10, inter-modal
interference will be occurred, which is not
suitable for multimode spectroscopy and must
be avoided. In the cases with inter-modal
interference, the ERI of the modes merge and
some modes may combine to each other.
Therefore, 10 layers are chosen which enhance
the sensitivity for higher modes, while the
interference is still prevented. Moreover, the
multimode sensing can be used to enhance the
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selectivity — between  parameters  under-
investigation [21].
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Fig. 6. Investigation of the effect of different layers
of graphene on the BFS as functions of (a)
temperature (at 100 °C), and (b) strain (for 8000 we),
for different propagating modes.

In the second part of Section 3.2, the effects of
the MoS;, as the FMF coating, are studied.
MoS is a member of TMDCs, which has
special electronic and optical properties. MoS;
is a graphene-like material with a 2D
honeycomb structured lattice, consisting of
monoatomic  molybdenum (M) layer
sandwiched between two monoatomic sulfide
(S) layers [39]. In contrast with intrinsic
graphene, the band structure of MoS; has a
bandgap, and also its refractive index is very
high (4.25). In the present work, the Lorenz
model is used to obtain the MoS; relative
permittivity [43]:

5
Emos, = T Z 9

= ol - —Ia)b

here, e» is 2.2 and aj, wj, and b; values are
adopted as Table 2.
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Table 2 Coefficients a;, bj, and wj correspond to the
Lorentz model for MoS;

| 3 [eV?] bi [eV] wj[eV]
1 0.950 0.072 1.865
2 2.000 0.120 2.008
3 36.54 0.380 2.868
4 11.00 1.000 2.275
5 100.0 0.400 3.745
125001 (a) : : 4= Ill'um ;
12000 @HH ayer Mo,
12300 - y
Cladding
12200 (I ———
T 120008 e
$ T [
£ 12000
11900 -
11800 | LPy, | ==
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11600 “
-40 20 o 20 20 %0 80 100
Temperature («C)
13000
12000 (D)
12800 -
12700}
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Strain (je)
Fig. 7. Relationship between BFS and (a)

temperature and (b) strain at the wavelength of 1550
nm for 10-layer MoS:.

The characteristic curves of the BFS for
temperature and strain variations are shown in
Figs. 7(a) and (b), for the case where MoS; has
10 layers. Just similar to the case of graphene
coating, MoS; layers are considered to be
coated on the FMF cladding at a distance of 10
pm from the core (shown in the inset of Fig.
7(a)). When 10-layers MoS: is used, the MoS;
refractive index impact increases tenfold.
Therefore, the guided modes inside the FMF
core are strongly affected by the MoS; layers,
and their ERIs change accordingly (see Fig. 4).
Thus, the curves experience a large increase in
the BFS. The existence of MoS; on the cover of
the cladding has a direct effect on the BFS, just
like the graphene layer. But unlike the
graphene, the MoS; refractive index has a little
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Imaginary part in wavelength of 1550 nm, and
the real part is still large (4.25 - 0.096i).
Therefore, it strongly impacts the propagating
modes of the FMF, and their sensitivity
increases much more than graphene (brought in
Table 3).

The effects of different numbers of MoS: layers
(Nmos2) on the BFS are shown in Figs. 8 for the
temperature of 100 °C and strain of 8000 ue. As
shown in Fig. 8, increasing the number of MoS;
layers, unlike the case for graphene, causes the
resolution between the modes to increase. This
is because, with the increase of Nwmosz, the
propagating modes in the FMF are more
affected by its real part of the refractive index,
since its imaginary part is low.

To compare graphene and MoSz, One can
conclude that in this wavelength (1550 nm),
graphene with 0.4 eV chemical potential works
as a weak metal, though it shows some losses as
well. Nevertheless, the metallic behavior of
graphene lets the higher-order modes with
lower ERIs contribute more, as their
confinements are weaker and they can enhance
the electric field on the graphene surface more
than lower-order modes. Because of this field
enhancement, these higher-order modes are
more susceptible to the changes of the material
mechanical parameters (see Eq. (5)). Therefore,
their sensitivity increases. For the case of MoS;,
the metallic behavior of the material is
insignificant (since the imaginary part of its
refractive index is negligible as well). Thus, the
modes only are affected by the real part of the
MoS: refractive index and the sensitivity of
higher-order modes changes less than lower
ones. As a result, the multiplicity of MoS;
layers increases the resolution of the modes,
and thus the temperature and strain sensitivity.
Comparing Figs. 6 and 8, one can conclude that
increasing the graphene layers increases the
inter-modal interference in the FMF, but unlike
graphene, the multiplicity of MoS, layers
increases the inter-modal resolution. Besides
the higher increment of the sensitivity for
tapered FMF fiber covered with MoS,, for both
temperature and strain, mode interference is
another factor that shows the advantages of
MoS, with respect to graphene. Another
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important aspect of applying 2D materials is the
increase of the slope of the curves for lower
order modes, suggesting higher sensitivities.
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Fig. 8. Investigation of the effect of different layers
MoS; on the BFS as a function of temperature and

strain for 4 modes at (a) 100 °C and (b) 8000 ue.

To clear the perception of the effect of graphene
and MoS2 layers on the temperature and strain
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sensitivity of modes, the values related to
temperature and strain  sensitivity  for
propagating modes in the FMF are given in
Table 3. These values are compared with [18]
and our results in section 3.1 (for SMF and bare
FMF).

Adding graphene and MoS; layers increase
both the temperature and strain sensitivities for
the propagating modes. In comparison with
[18], our results show higher sensitivities for
both the temperature and strain. However, using
10 graphene layers did not significantly
increase the temperature sensitivity (only 3%
relative to bare FMF), but 10 MoS; layers
increase the temperature sensitivity by about
28%. The strain sensitivity values for 10-layer
graphene and MoS: increase by 16% and 13%
relative to the bare FMF, respectively. Unlike
temperature sensitivity, graphene has a greater
effect on strain sensitivity than MoS;. Utilizing
different modes of the FMF when multiple
parameters are sensed simultaneously could
lead to a decoupling of the parameters under
investigation, which can be emerged using
multi-mode spectroscopy. This, besides the
enhancement achieved by the proposed 2D
materials covered on the tapered fiber, can
improve the performance of the BS-based
multi-parameter sensors.

Table 3 Comparison of temperature and strain sensitivity of modes in this work with those of [18].

Mode
Structure
LPo LP1 LP21 LPo2
SMF 1.001 - - -
Temperature Bare Fibers Bare FMF 1.035 1.016 0.990 0.989
Sensi‘é’ivi . [18] 1.01693 0.99099 - -
(MHz /°C3)I 2D Coated Graphene 1.07857 1.06428 1.05021 1.03571
T;‘i%irresd MoS; 1.42857 1.21428 1.07142 0.96428
SMF 0.0550 - - -
Bare Fibers Bare FMF 0.0565 0.0555 0.0545 0.0540
Strain sensitivity [18] 0.05924 0.04872 - -
(MHZz/ue) 2D Coated Graphene 0.07125 0.07102 0.07062 0.07010
Tsi%‘zrgd MoS; 0.06875 0.06450 0.06025 0.05750
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V. CONCLUSION

In this paper, the effect of different 2D
materials on the temperature and strain
sensitivity in an FMF-based sensor was
investigated and the improvement of the BS-
based sensor for multi-parameter sensors was
attained. Graphene and molybdenum disulfide
(MoSy), are considered such that they are
formed on the FMF cladding at a distance of 10
micrometers from the FMF core as a cover on
the tapered FMF. The simulation results show
that 10 layers of graphene increase the
temperature and strain sensitivity by 3% and
16%, respectively. On the other hand, the use of
10 layers of MoS: increases temperature and
strain  sensitivities by 28% and 13%,
respectively. The effects of a multiplicity of
layers of these 2D materials are also
investigated and it is observed that increasing
the graphene layers increases the inter-modal
interference in the FMF, and graphene should
be used with low layers only. But unlike
graphene, the multiplicity of MoS. layers
reduces the inter-modal interference in the
FMF.

Finally, with the usage of the 2D material
(either graphene or MoS2) as the covering layer
on the cladding of the tapered FMF-based
sensors, it is possible to build a multi-parameter
sensor that could be used in multimode
spectroscopy.
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