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Abstract—In this paper, we report on the comprehensive
study on Molybdenum disulfide (MoS;) nanolayer coated
etched Fiber Bragg Grating (eFBG) strain sensor. MoS,
nanolayer is coated using Physical Vapor Deposition (PVD)
of Molybdenum (Mo) on eFBGs followed by sulfurization of
the same in an inert atmosphere at 450° C. Such coating
technique provides a direct control over the coating thickness
of MoS,, thereby enabling a study based on the effect of
nanolayer coating thickness on the intrinsic strain sensitivity
as well as the power of the back reflected Bragg wavelength
of eFBG in the 0.78eV spectral region. High uniformity of
MoS; nanolayer coating ensures consistent, repeatable and
highly linear FBG strain sensors with a correlation coefficient
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of 0.988 in the range of 0 to 2500 .e. A maximum intrinsic strain sensitivity of ~6.65 pm/ue with a resolution of ~150 ne
have been achieved with optimized MoS, coated eFBG sensors. This kind of consistent, highly sensitive and linear
strain sensors when incorporated with proper packaging schemes can be particularly useful for applications demanding
high sensitivity of FBG sensors such detection of seismic vibrations, underwater acoustic signals, low amplitude

accelerations, etc.

Index Terms—Fiber bragg grating, optical fiber sensors, strain sensors.

|. INTRODUCTION

IBER optic strain (FOS) sensors owing to numerous
advantages, such as small size, light weight, high sen-
sitivity, remote sensing capability and immunity to electro-
magnetic interference and multiplexing capability, etc., FOS
have become one of the most admired sensing technologies
nowadays. Rapidly growing demands have led to the concur-
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rent development of various types of FOS sensors based on
Distributed Optical Fiber sensors [1], microfiber sensors [2],
Long Period Grating (LPG) [3], micro structured fibers [4],
Fiber Bragg Grating (FBGs) sensor [5] etc. along with inter-
rogation techniques such as intensity modulation [6], interfer-
ometric detection [7], wavelength detection [8] etc.
Combination of various outstanding aspects such as multi-
function capability, small gauge length, ease of manipulation
of the evanescent field in the sensor region, ease of incor-
poration with transducers; along with simple interrogation
technique based on wavelength shift, has made FBGs most
demanding sensors among FOS sensors. Any external per-
turbation, such as strain, is sensed by FBG through a shift
in Bragg wavelength (A1) which is the reflected wavelength
from the sensor. This shift in Ap is caused by the change
in effective refractive index of the fundamental mode (nefr)
and/or grating pitch (A) in the sensor portion due to the
perturbations. Typically, a strain sensitivity value ~1pm/ue
is observed in FBGs, in the operating region of 0.78 eV [9].
Improving the strain sensitivity of FBG sensors is always
utmost interest to the scientists in the FOS sensing community.
To date, a number of attempts have been made in this regard
to increase the sensitivity of FBG sensors, either extrinsi-
cally (making use of transducers) or intrinsically (modifying
the sensor region directly), to the surrounding perturbations.
In the extrinsic approach, different transducers are designed
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for the purpose of improving the sensitivity of the FBG based
strain sensor [10], [11]. The intrinsic approach, on the other
hand, manipulates the sensor directly such as superimposing
of a LPG and FBG inscribed in the same section called
superimposed fiber Bragg grating (SFBG) [12], fusing of
a polymer (ZEONEX-480R) FBG, in series with a silica
fiber [13], etching the cladding of the FBG followed by
nanomaterial coating [14] etc. The latter one has an added
advantage over the former one that they can be incorporated
with the transducers for further improving the sensitivity.
However, at present, there are only a few works, incorporating
the interdisciplinary fields of nanotechnology and FBG strain
sensors for improving the sensitivity intrinsically. One such
method is to etch the cladding which surrounds the core of
FBG. This etching results in a strong mode coupling with
the nanomaterial coating, leading to a prominent change in
the effective refractive index of FBG. Also, the force/stress
sensitivity of FBG depends inversely on the cross-sectional
area of the fiber [15]. Thus, etched FBG (eFBG) sen-
sors show strain sensitivity values of ~2.8 pm/ue with a
reflected Bragg wavelength value of ~1545 nm whereas with
reduced graphene oxide nanomaterial coating the sensitivity
is 5.5 pm/ue [14]. Further, the sensitivity of the FBGs can
be enhanced by coating a thin layer of various nanomaterials
which have different refractive index value from that of the
cladding; FBGs coated with numerous nanomaterials such as
graphene and carbon nanotubes [3]-[5], metal or metal oxide
compounds [6]-[10], various polymers and hybrid composites,
such as metal particles-polymers have been reported [11], [12].
However, most of these coatings are processed by dip coating
and sol-gel method and their coating thicknesses vary in the
range of few hundreds of nm [14], [16] and even though the
works show an improved sensitivity, controlling the coating
thickness and the uniformity of coating remains as a real
challenge.

Recently, Molybdenum disulfide (MoS;) semiconductor
which belong to the group of transition metal dichalco-
genides (TMDCs) family are being widely studied because
of their impressive mechanical and optical properties, high
gauge factor and tunable band gap [17]. MoS; is consid-
ered as ‘beyond graphene’ due to its direct bandgap nature
which will compensate for the gapless nature of graphene
and find extensive applications as nano-electromechanical sen-
sors [18], piezo-resistive strain sensors [19], tactile sensor [17],
etc. Tuning the bandgap of MoS, with applied strain is a
promising capability of the material which provides addi-
tional opto-electronic properties to the material [20]. Due to
these superior properties, recently MoS, nanolayer coated
fiber sensor systems have been used for different sensing
applications [21]-[24].

In the present work, we demonstrate that MoS, nanolayer
coated eFBGs can serve as highly sensitive strain sensors.
Sputter coating of Mo onto eFBG followed by sulfurization
yielded MoS; nanolayer coated eFBG sensors. The formation
of the MoS, coating on the fiber surface is confirmed using
X-ray photoelectron spectroscopy (XPS) analysis. This supe-
rior coating technique on fiber surface, eliminates the tedious
and complex process of surface modification of the fiber

TABLE |
PARAMETERS USED FOR MO COATING BY SPUTTERING

Parameter Value
Target Material Mo
Temperature Room Temperature
Distance 5cm
Base Pressure 2x107° mbar
Deposition Pressure 0.05 mbar
Power 10 W
Ar flow rate 5 sccm
Pre-deposition time 10 min
Deposition time 5,10, 20 and 30 sec

prior to nanomaterial coating [14]. Also, the method provides
a direct control over the coating thickness of the material
to a few nanometers which is studied using Atomic Force
Microscopy (AFM). A maximum intrinsic strain sensitivity of
~6.65 pm/u¢ is observed for ~9 nm MoS; nanolayer coated
eFBG sensors in the range of 0 to 2500 we, which is almost six
times higher strain sensitive as compared to bare FBG sensors.

Il. MATERIALS AND METHODS
A. Sensor Fabrication

In this work, FBGs are fabricated in single mode photo
sensitive optical fibers (Nufern, GF1) with core and clad
thicknesses of around 8 um and 125 um respectively. The
FBGs are inscribed in the fiber using the phase mask method,
employing a KrF excimer laser with a power of 3.8 mJ and
a repetition rate of 200 Hz. Following grating inscription,
the cladding of the sensor has been etched, such that the final
diameter of the sensor is around 9 um, using a standard chem-
ical etching process described elsewhere [25]. Subsequently,
the etched fibers are coated with the nanolayer of MoS;.
This entire process of coating of MoS, over the fiber has
been conducted in two steps. In the first step, the eFBGs are
placed in to the sputtering chamber for the uniform, ultra-thin
layer of Molybdenum (Mo) coating. In the second step, such
Mo coated eFBGs are shifted to a quartz tubular furnace for
sulfurization.

Mo thin films are coated on eFBG sensor using a com-
mercial DC magnetron sputtering system. Molybdenum (Mo)
powder (Alfa Aesar, purity 99.95%) is made into 2-inch pallet
(diameter: 2”, thickness: 3 mm) and is used as sputtering
target. Since the etched sensors are very fragile due to the
reduction in their diameter (~9 xm), special clamps have been
employed, to hold the fiber thereby preventing it from break-
ing. The eFBG sensors are then introduced into the vacuum
chamber of the sputtering system and placed at a distance
of 5 cm away from the Mo target. The vacuum chamber is
initially evacuated to a base pressure of 2 x 10.5 mbar. Sub-
sequently, Argon (99.999% pure) with the flow rate of 5 sccm
is introduced into the chamber and the working gas pressure
during the film deposition is maintained at 0.05 mbar. The DC
power supply is then turned ON and kept at 10 W for all the
coatings. The coating parameters are summarized in Table I.
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TABLE Il
DESIGNATION, SPUTTER DEPOSITION TIME, SULFURIZATION
TIME AND COATING THICKNESS OBTAINED FROM
AFM IMAGES OF M0OS, SAMPLES

Designation Deposition Sulfurization Coating
time time (hrs) thickness (nm)
of Mo (s)
MoS;_5 5 24 3
MoS,_10 10 24 5
MoS,_20 20 24 7
MoS,_30 30 24 9
Quartz Tube
Ny 450°C | Clamp for
— Sensor

——t—— Sulphur

Powder

Mo Coated
eFBG Sensor

Fig. 1.
SEensors.

Schematic of sulfurization process of Mo coated eFBG optical

In order to confirm the uniform coating thickness on both sides
of the clamp (sensor), the coating process is repeated on the
other side as well. Four samples of Mo coated eFBGs have
been fabricated with varying the deposition times as shown in
Table.II.

Lastly, Mo coated eFBGs (with different deposition times
of Mo) are transferred into a quartz tubular furnace for sulfur-
ization of Mo. The tubular furnace, which contains Mo coated
eFBG sensors and sulfur powder in a crucible, is evacuated
first in order to remove the atmospheric oxygen present in
it; then it is purged with an inert gas (N») to create an inert
atmosphere. This process of evacuation and purging of inert
gas, is repeated several times to confirm the inert atmosphere
inside the tube. The furnace is subsequently heated up to
450 °C at a rate of 2 °C/min and kept at 450 °C for 24 hrs
and cooled down to room temperature naturally. The process
of sulfurization of Mo could be perceived from fig. 1. All
samples have been subjected to sulfurization for the same
duration.

B. Experimental Setup

The sensors, MoS, coated eFBGs, are then placed on a
Carbon Fiber Reinforced Polymer (CFRP) rod (28x 3.5 x
0.3 cm) which serves as a cantilever for measuring the
strain sensitivity. The tensile strain developed in the rod
by adding calibrated weights at the free end is measured
using a Resistance Strain Gauge (RSG) connected to a Data
Acquisition System. In order to ensure better accuracy in the
measurements, the sensor is properly fixed on the CFRP rod
by means of an appropriate gluing material. The change in
Ap corresponding to the strain in the rod has been recorded
using Micron Optics Interrogator system (sil55) having 1 pm
resolution and data acquisition rate of 5 kHz.
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Fig. 2. AFM height profile of MoS, coated samples with varying sputter
deposition time (a) 5 sec (b) 10sec (c) 20 sec and (d) 30 sec.

C. Sensor Characterizations
All sensors are characterized properly to find the thick-

ness of MoS;, coating prior to the strain experiment, using
Atomic Force Microscopy (AFM). Fig. 2 shows the AFM
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height profile of all sensors under consideration. To measure
the precise height (thickness) of coating in comparison with
the substrate surface, a thin strip of tape is stuck on the
fiber surface. Once the coating is done, the tape is carefully
removed such that a height profile (step) is created between
the uncoated and coated region of the fiber. Conversely,
the interface between the fiber and the tape has comparatively
high deposition rate hence a hump is observed at the interface.
In order to measure the thickness precisely, the humpy region
at the interface is ignored and the readings are taken farther
away from the interface. The height difference between the
coated and uncoated regions (as shown in fig.2) will precisely
give the quantitative measurement of the thickness of the
nanomaterial coating.

It can be seen that with different deposition times, of Mo
onto the surface of the samples along with a constant sulfu-
rization time yields varying thickness. Table.Il shows that a
variation from around 3 nm to 9 nm is observed as the time
of Mo deposition is varied from 5 s to 30 s. Since atomically
thin single layer of MoS; has a thickness around 0.625 nm,
coating thickness of MoS; around 3 nm, yields a total number
of layers of around 5.

X-ray photoelectron spectroscopy (XPS) analysis has been
performed on the as synthesized MoS;_30 sample (shown in
fig.3) in order to confirm the successful formation of MoS; and
to obtain the quantitative information of the various species
present on the surface.

For this, Mo has been sputter coated on to a silicon wafer
substrate and further sulfurized in the tube furnace with
the same conditions used for coating over FBGs. Fig. 3(a)
shows the wide range spectrum of XPS profile obtained for
MoS,/Si0, film which confirms the presence of surface Mo,
S, C, and O atoms. The binding energies of Mo and S
atom are measured from Fig. 3(b) and (c). Mo 3d peaks at
228.55 eV and 231.69 eV are attributed to the doublet of Mo
3ds;> and Mo 3d3/2 of MoS;, respectively [26], [27]. Apart
from these two primary peaks, there are peaks at 228.73 and
231.95 eV which are due to the formation of MoSxOy and
are attributed to the doublet of Mo 3ds,; and Mo 3d3,> of
MoSxOy [28]. Also, sulphur atom-related 2S peak is observed
at226.11 eV. S2~ peaks are also observed (Fig. 3(c)) at 162.64
and 164.48 eV due to S 2py2 and S 2p;3,7, respectively.
In addition, a peak at 235.01 eV which corresponds to the
Mo®*t of MoOj3 is observed. The oxygen attached to the
as-grown MoS, film can be resulting from the interfacial
Mo-oxide layer due to Mo-oxygen bonding at the MoS,-SiO»
interface and due the presence of moisture [29]. The atomic
percentage of Mo and S atoms present in the as-grown MoxSy
is calculated from the Mo 3d and S2p peaks (shown in
Table. IIT) of the wide spectrum; the atomic percentage has
been found as Mo 33.46% and S 66.54% which confirms the
formation of MoS;.

D. Analysis of Effective Refractive Index Dependence on
Cladding Diameter

MoS; coated on eFBGs are of a few nanometers in thickness
as shown from fig.2. The change in initial value of Ap from
bare FBG to MoS;_30 is monitored during the experiment
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Fig. 3. (a) Wide range XPS spectrum obtained for MoS» sample confirms
the presence of Mo, S, C, and O atoms (b) the fitted Mo 3d core level
spectra of MoS» and (c) the fitted S 2p core level spectra of MoS».

TABLE IlI
PARAMETERS USED FOR CALCULATING THE RATIO OF MO & S

Name Position (eV) FWHM Area Atomic %
S2p 163.13 3.37 151.60 66.54
Mo 3d 229.13 7.22 431.77 33.46

using the Si 155 interrogator. With coating of nanolayers of
Mo onto eFBG, Bragg wavelength is red shifted to ~500 pm
from its initial value. This shift becomes much more prominent
with nanolayer MoS, coating which comes to ~3.5 nm.
Etching of cladding around the fiber core enables the
interaction of guided mode in the core to the external pertur-
bations through evanescent field. Modification of the complex
effective refractive index in single mode fiber during etching
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Fig. 4. Variation of effective complex refractive index of the guided mode
with cladding diameter.

is solved using the electromagnetic module in the COMSOL
Multiphysics software. When the clad is etched up to 2.5 um,
nesf of the guided fundamental mode (LPp;) is unchanged
(fig.4) as shown already in a previous work [30]. However,
as the etching is progressed beyond this thickness, nef starts
becoming complex with real part (known as refractive index,
n) decreasing and the imaginary part (known as extinction
coefficient (k)) increasing. k represents the attenuation of the
electric field intensity of the guided mode outside the fiber
core. This attenuated field is the evanescent field which will
interact with the surrounding perturbations and it comes into
picture as the cladding is removed below 2.5 ym from its
initial value of 125 um. It can be seen from fig.4 that,
n decreases from 1.4542 to 1.4529 whereas the extinction
coefficient increases from 0 to 2 x 10~4, when the cladding
is fully removed. Thus, optical absorption coefficient (o) and
penetration depth calculated from k value for a clad etched
fiber are found to be 500 nm~! and 2000 nm respectively
in the 0.78eV region. Therefore, this calculation gives a
theoretical estimation of the nanomaterial coating thickness for
an effective interaction of the evanescent field with nanostruc-
tures. Thus, a nanomaterial coating thickness below 2000 nm
is preferred over the clad etched fibers for the effective light
matter interaction.

I11. RESULTS AND DISCUSSIONS

A. Strain Measurements

In the present case, nanolayers of MoS, has a refractive
index around 4.2 in the 0.78eV region [31] whereas eFBG has
an effective refractive index of 1.453 in the same region. This
high refractive index contrast between the eFBG and MoS,
nanolayer can be detrimental to the guidance of fundamental
mode through the structure. But as reported earlier [32],
guidance through the fiber is still possible in this high contrast
scenario provided the thickness of the coating should be less
than A/4n, in this case which comes around 90 nm. As of
now, a proper explanation pertaining to this phenomenon of
light propagation has not been given convincingly. As can
be seen from fig.5, light guidance is observed, in the present
high refractive index contrast case, up to a certain thickness of
nanomaterial coating as reported earlier [32]. The power of the

* o Coating thickness vs Reflected power
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Fig. 5. Variation in reflected power of MoS, coated eFBGs with varying
thickness. The inset shows the spectra of (a) MoS»s_5, (b) MoS»,_10,
(c) MoS;_20 and (d) MoS,_30. The peak in the spectra
corresponds to Ag.

reflected Ag from MoS, coated eFBG for a thickness of 3 nm
is around 37 dBm and diminishes with coating thickness and
reflection becomes nearly zero when the thickness of coating
is greater than 9 nm. This optimized thickness up to which
light propagation in this high refractive index contrast regime
is found to be around 9 nm for a etched fiber thickness of
around 9 um. Thus, the coating thickness determines the signal
strength/reflected power of the etched FBGs.

Further, nanolayer MoS; coated eFBGs of different nano-
material coating diameter is subjected to a tensile strain
through the cantilever setup as explained earlier. Under strain,
the Bragg wavelength of MoS, coated eFBGs changes and this
change seems to be higher than that of bare FBG (1.2 pm/u¢)
and etched FBG (2.8 pm/u¢). Fig. 6 shows the strain sensitiv-
ity of MoS; coated eFBG, having different coating thickness.
For sensors, MoS,_5, MoS;_10, MoS;_20 and MoS,_30,
the strain sensitivity is found to be 5.84 pm/ue, 5.93 pm/ue,
6.05 pm/ue and 6.65 pm/ue respectively. It is found that
with increase in nanolayer thickness, sensitivity also increases.
The linearity of the strain response curves in the range of 0
to 2500 we has a correlation coefficient, R, of 0.988 over
the entire measurement region. A consistent result has been
noticed in all individual cases with maximum strain sensitivity
of 6.65 pm/ue for a 9 nm coating thickness. This enhanced
intrinsic sensitivity of nanolayer MoS> coated eFBG sensors
can be attributed to the optical bandgap dependency of the
MoS;, nanolayers on the tensile strain thereby making the
refractive index of the material as a function of tensile strain
[33-34]. Thus, it is assumed that when the refractive index
of MoS; nanolayers becomes matching with that of effective
refractive index of the fiber fundamental mode, light inter-
action begins with nanolayers. Due to this interaction of the
guided mode, the effective refractive index of the mode may
get modified each time under different strains along with usual
strain-optic effect. Shift in Bragg wavelength (A1) of a bare
FBG sensor due to the applied strain is given by [35],

Adg = 2p(l = po)e (1
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where, Ap is the initial Bragg wavelength, p, is the strain
optic coefficient and & is the applied longitudinal strain.
Corresponding change in refractive index (An) of bare FBG
sensor for the an applied longitudinal strain is given as

1
An=—§n3 [e (1 —v) P2 —vePi] @

where n is the refractive index of the fiber with zero strain,
¢ is the applied longitudinal strain, v is the Poisson’s ratio of

TABLE IV
COMPARISON OF STRAIN SENSITIVITY OBTAINED
FOR FBG SENSORS BY DIFFERENT METHODS

Materials/Design Sensitivity (pm/pe) Reference
Intrinsic:
Bare FBG 1.2 [37]
Polyimide coated FBG 1.82 [38]
eFBG 2.8 [14]
RGO coated eFBG 5.5 [14]
MoS, coated eFBG 6.65 Present work
Type I FBG 1.2 [39]
Pre-strained FBG 1.32 [39]
Extrinsic:
FBG integrated on a lever 52 [11]
structure.
Flexible hinge bridge 10.84 [10]
SFBG 13.01 [12]

fiber, P;; and Py, are the coefficients of strain optic tensor.
Thus, it can be assumed that the presence of MoS, nanolayer
coating, modifies equation (2) with a term relative to refractive
index change of MoS; under the same strain ( np7,52(€)).
So, such a kind of combined contribution to refractive index
variation of the fundamental mode along with pitch variation
of the sensor changes Alp (given in equation (1)) otherwise
under tensile strain and may result in high strain sensitivity.
A detailed theoretical study on this phenomenon of strain
enhancement using nanolayer MoS, coating on eFBGs will
be carried in the future.

IV. CONCLUSION

A two-step fabrication method of sputtering with Mo fol-
lowed by sulfurization is adopted for coating nanolayers of
MoS, onto eFBG sensors. With this method of deposition,
highly uniform and reproducible nanolayer coating on eFBGs
has been attained. The nanolayer coating thickness on sensors
has been varied with different deposition times of Mo, keeping
time of sulfurization a constant. It has been observed that
the reflected signal power from FBG sensors gets diminished
with respect to coating thickness and the propagation of light
through the sensor is observed up to a nanolayer coating
thickness of around 9 nm in the present high refractive
index contrast regime. A maximum strain sensitivity of nearly
6.65pm/u¢ is observed for 9 nm of MoS; nanolayer coating on
eFBG sensors, which is much higher than that of bare FBG
sensors. Even though the diameter of the nanolayer coating
has no much significance in terms increase in intrinsic strain
sensitivity of the sensor, the coating thickness will determine
the strength of light reflection from the sensor which becomes
quite significant when such sensors are subjected to different
packaging schemes. Such a study based on effect of coating
thickness on the intrinsic strain sensitivity and back reflected
optical signal power of eFBG sensors is reported for the
first time, to the best of our knowledge. The present work
demonstrates highest intrinsic strain sensitivity of FBG sen-
sors, as compared to all other existing FBG sensors (mentioned
in the table IV). This kind of sensors along with a proper
packaging, such as described in [36], can be used for a variety
of applications which demand high sensitivity of the sensors.
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