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In this work, our aim was to design and test a silver-coated fiber Bragg grating
(FBG) sensor for temperature sensing applications. An FBG of 125 pm diameter was
coated with silver by magnetron sputtering technique. Three coating thicknesses of
10, 20, and 30 nm were prepared and examined. Scanning electron microscopy (SEM)
images confirmed the improvement in the roughness of fiber peel when the coating level
is increased. The samples were analyzed at moderate ambient temperatures of 20, 60,
and 100 °C to evaluate the temperature sensitivity in this range. The results indicated
that the Bragg wavelength shift increased with silver coating thickness, and the highest
sensitivity (AAB/T) was 0.076 nm/°C for the 30 nm silver-coated fiber. Hence, the
temperature sensitivity improves as the silver coating thickness increases.
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1 INTRODUCTION

emperature inspection is an important measurement
Tin several thermodynamic, hydrodynamic, and even
optoelectronic regimes to ensure the instant value of
temperature in these regimes. This is vital to ensure that
the specific part of these regimes is working safely, and
their temperature are under control. Therefore, a highly
sensitive temperature sensor is required to improve the
temperature inspection. Conventionally, thermocouples,
which are a type of electrical sensor, have been widely
used as temperature sensors. However, these types
of sensors exhibited several drawbacks, including the
thermal conductivity of wires. Therefore, optical fibers
have been recently used as a temperature sensor unit
due to their ability to transmit fast signal transitions
via the speed of photons. Recently, the Bragg grating
optical fibers have moved into the spotlight of research
on designing highly sensitive temperature sensors [1-3].
In this regard, several methods and techniques have been
proposed and tested to improve the temperature sensitivity
of the Bragg grating optical fibers. Yulong Li et al. [4]

used a chemical method to improve the temperature
sensitivity of nickel-plated FBG. The results showed that
increasing the thickness from 2.75 pum to 337.5 um of the
FBG coating led to an increase in temperature sensitivity
from 12.33 pm/oC to 25.86 pm/oC, respectively. Yan
Feng, et al. [5] studied the role of metal coating for
enhancing the temperature sensitivity of FBG. Prior
work has explored FBG-based sensing across diverse
coatings and conditions. Studies have modeled SPR-
based FBGs using FDTD to detect alcohol concentration
in water [6] and examined temperature effects on side-
polished FBGs coated with TiO,, Pd, and Fe films [7].
Silver-coated FBGs have been proposed for anemometry,
where airflow velocity is inferred from Bragg-wavelength
shifts [8]. Temperature sensing has also been tested on
FBGs coated with SrTiO3 thin films on the cladding [9].
Additional work used a magnetic-spray method with
ZnO and SiC to enhance temperature sensitivity over
59-300 °C [10]. Additionally, FBG designs have been
demonstrated for operation from room temperature up to
800 °C[11]. Elevated-temperature durability has likewise
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been reported for gold-coated FBGs operating above 500
°C for extended periods [12]. Here, we investigate the
temperature sensitivity of FBGs as a function of silver-
coating thickness.

2 MATERIALS AND METHODS

2.1 Principle of FBG sensor

The FBG region is formed by periodic modification of
the refractive index of the fiber core along the fiber axis.
Periodical structures are inscribed within the core of the
fiber optic [13]. The periodic modification in the index
of refraction is produced by exposing the fiber core to a
spatially varying pattern of UV light. This disorder in the
refractive index is called a grating. The amount of change
due to the refractive index (An) obtained (irradiation
conditions) depends on several factors, including wave-
length, intensity, and the total dose of light irradiation.
In 1989, Meltz et al. introduced the fiber Bragg grating
to filter specific wavelengths and allow others to pass
through the spectrum. The reflected wavelength depends
on the grating period and the change in the refractive
index [14-17].

The transmitted light in the optical fiber contains
several wavelengths. When the light is transmitted
through the optical fiber and passes through the grating
region, a particular wavelength will be reflected through
the Bragg grating, and the other wavelengths will be
transmitted through the fiber. The reflected wavelength,
which is called Bragg wavelength (1), depends on the
grating period and the length of grating (Lg), as shown
in Figure 1. The Bragg wavelength (1) is given by Eq.
(1) [17,18].
ey

where n, ¢ is the index of refractive of the fiber core, A is
the periodical grating that forms the distance between the
two adjacent grating planes. All the reflected light from
the grating region will accumulate constructively to form
a back reflection peak, which is the center wavelength (
Ap). The Bragg grating structure functions as a mirror
that reflects the specified wavelength and transmits all
other wavelengths.

The grating inside the core of the fiber is formed by
various methods depending on the laser, optical fiber type,
and the particularly pronounced photosensitivity of the
fiber. Hill et al. reported that the germanosilicate optical
fibers have a photosensitivity to light at 488 nm. Othonos
and Kalli showed that the germanium-boron codoping
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produced one fiber doping with large index modulations
(on the order of 1073) [15,19].

The sensing function of FBG is derived from exter-
nally applied mechanical or thermal perturbations. Two
parameters ( neg and A ) are responsible for the change
in the Bragg wavelength center (1p). The shift in (1p)
due to the effect of strain and temperature of the FBG is
given by [17]:

oA

+ neffa—L

oA
St e | T

Adp = Z(A— )AL
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where AT is the temperature variation, AL is the
change in length of the grating. The first term signifies the
strain effect on the Bragg wavelength, and the second term
signifies the temperature effect. In addition, the physical
parameters such as displacement, index of refraction, and
magnetic field are recognized by modulating either neg A
of the FBG sensors.

The temperature sensitivity of (1g) can be written as
a partial derivative with respect to temperature [17]:

i’l—f = 2n, ffz—/T\ + 2/\6';‘;7 3)
Substituting Eq. (1) in (3), we get:
AA 1 0A 1 One
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where @ = (1/A)(dA/IT) is the thermal expansion
coefficient of the fiber and its value is 0.5 x 1076"C!
for silica. & = (1/neyss) (Oneysy/0T) is thermo-optic
coefficient and its value is 8.6x 10~%°C~! for a germanium
doped silica-core fiber. At Ae = 0, Equation (5) can be
written as [2,17]:

Adp

— = (a+ AT

15 (6)

2.2 Fiber material and coating method

FBG is a fiber with various refraction indexes in
the core of the fiber along the length, from high-index
to low-index. The variation in the refractive index
enables the FBG to function as a mirror that reflects
specific wavelengths and transmits others. The spacing
between the high- and low-refractive-index regions in the
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FBG controls the reflecting and transmitting wavelengths.
Figure 1 shows the structure of the FBG.
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Fig. 1 Structure of fiber Bragg grating (FBG)

Figure 2 shows the system setup used in this work,
which consists of a broadband light source (BBLS) to
generate wavelengths in the range of 1200-1600 nm.
The fiber Bragg grating sensors used in this study are a
type of uniform grating made of SMF-28 fiber, with a
core diameter of 9 pm and a clad diameter of 125 um,
characterized by a resonance Bragg wavelength Ag of
1546.025 nm and a grating length Lg of 10 mm. The
connectors used in this experiment setup were FC/APC
for connecting the FBG sensor and single-mode fibers
to the BBLS and OSA. The range of wavelengths of
the OSA is 600-1700 nm, with a maximum resolution
of 0.02 nm and a fast-scanning rate of 0.2 sec (100 nm
span). To test the temperature’s influence on the FBG in
terms of shifting the center wavelength, the silver-coated
FBG sensor was placed in a variable-temperature oven.
Silver coating of FBG sensors is a widely used process.
Coated FBGs with other metals have been used by others
to increase the sensitivity of FBGs and utilize them as
temperature sensors.

Broadband Light Source
(BBLS)

Temperature Controlled
Oven

Optical Spectrum
Analyzer (OSA)

Fig. 2 Experimental setup
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2.3 Process of sensor fabrication

A fiber of 1m was used in this study. The fiber sensor
was set up as follows: first, the clad of the fiber was
removed using the stripper tool TO6S13 for a 10 mm
length to avoid any possible damage to the fiber core.
Second, the fiber was cleaned using methanol and distilled
water to remove any possible contamination to obtain
a smooth and homogeneous surface. Third, the silver
layers were deposited on the sensor region with average
thicknesses of 10, 20, and 30 nm at deposition times of
4, 8, and 12 mins, respectively. The deposition process
was achieved based on the sputtering coating technique
under pressure 1 x 1072 mbar, current 60 mA, and density
10.50 g/m?> .

3 RESULTS AND DISCUSSION

3.1 Scanning electron microscopy images

Figure 3 shows the scanning electron microscopy
(SEM) images of silver-coated FBG with three different
thicknesses, 10, 20, and 30 nm, as shown in a, b, and
¢, respectively. The results indicated that the shell
of the fiber becomes smoother with increased coating
thickness.

3.2 Temperature sensitivity results

The three prepared FBG samples were tested at three
different temperatures to investigate the effect of the metal
coating process on the samples’ performance in terms
of temperature sensitivity, as measured by the Bragg
wavelength shift (Adg). In this sense, we first send a
reference spectrum signal (incident spectrum) from BBLS
emitted at around 1547 nm (which is the wavelength that
causes minimum losses in the optical communication
signal). Then the output signal (reflected spectrum) was
recorded from the FBG at each temperature. Figure 4
represents the reference spectrum signal for a 10 nm silver-
coated FBG and the reflected spectra at 20, 60, and 100
oC. Similarly, Figure 5 presents the reference spectrum
signal and the reflected signals for a 20 nm silver-coated
FBG, along with the output spectra at 20, 60, and 100 °C.
Likewise, Figure 6 represents the reference spectrum for
a 30 nm silver-coated FBG and the reflected spectra at 20,
60, and 100 °C. It can be concluded that for all samples,
as the temperature increases, the redshift in the reflected
spectra and Bragg wavelengths also increases, which
could be due to the discontinuity and non-homogeneity
of the silver thin film’s density, leading to a change in
the refractive index of the fiber. However, when the
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Fig. 3 SEM images for FBG coated with silver at 10 nm (a), 20 nm (b) and 30 nm (c)

coating thickness is increased, the Bragg wavelength shift
becomes more obvious. For example, for a 10 nm coated
FBG at 20 oC, the shifting in the Bragg wavelength
(AAp) was found to be 0.99 nm regarding the reference
spectrum, and for a 20 nm coated sample, it was found to
be around 1.77 nm, whereas for a 30 nm coated FBG, it
was increased to 2.42 nm. This behavior was exhibited
for the rest of the tested temperatures (60 and 100 °C) and

became more obvious when the temperature increased.

These results indicate that the temperature sensitivity of
the FBG increases with increasing coating thickness.

6x10°
o——>5 Reference spectrum
——— Reflected spectrum @ 20 °C
——— Reflected spectrum @ 60 °C
——— Reflected spectrum @ 100 °C
— 4x10°
=
<
2
0
c
2
£ 5
2x10
o 4
1544 1546 1548 1550 1552

Wavelength (nm)

Fig. 4 The incident spectrum and the reflected spectra for
10 nm coated FBG at different temperatures 20, 60, and
100 °C
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Fig. 5 The incident spectrum and the reflected spectra for
20 nm coated FBG at different temperatures 20, 60, and
100°C

The Bragg wavelengths for the three tested samples
were calculated from Figures 4, 5, and 6 and are all
listed in Table 1. Additionally, the shifting of the Bragg
wavelengths (A4 p) at different temperatures for 10, 20,
and 30 nm fibers are presented in Table 2.
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Fig. 6 The incident spectrum and the reflected spectra for

30 nm coated FBG at different temperatures 20, 60, and
100°C

Table 1 The Bragg wavelengths for the three tested
samples

Coated FBG (nm)

A reference (um)

A(pum) at 20 (°C)

A(pum) at 60 (°C)

A(pm) at 100 (°C)

10

1546.8

1547.79

1548.9

1550.1

20

1546.4

1548.17

1549.56

1551.25

30

1547.7

1550.12

1553.6

1556.2

Table 2 The shifting of the wavelength (A1) at different
temperatures for 10, 20, and 30 nm fibers

Coated FBG(nm) | AAB(u m) at 20 (°C) | AAB(yx m) at 60 (°C) | AAB(x m) at 100 (°C)
10 0.99 2.1 33
20 1.77 3.16 4.85
30 2.42 59 8.5

For precise analysis of the temperature sensitivity of
the FBG samples, the plot of the values of the Bragg
wavelength shifting in the reflected spectra (Adp) as a
function of the temperature for 10, 20, and 30 nm coated
samples is shown in Figure 7. The slopes in Figure
7 represent the temperature sensitivity (Adp/T) of the
fibers and are found to be 0.029, 0.038, and 0.076 nm/oC
for 10, 20, and 30 nm coated fibers, respectively. The
temperature sensitivity increases as the silver coating
thickness increases, and the best temperature sensor for
FBG is achieved at a 30-nm-coated thickness, as presented
in Figure 8.
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Fig. 7 The values of the shifting in the signal spectra
(AQ) as a function of the temperature for 10, 20, and 30
nm coated samples
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Fig. 8 The temperature sensitivity versus coating
thickness of the samples

4 CONCLUSION

Fiber Bragg gratings (FBGs) were metalized with a
silver coat using the magnetron sputtering method with
three different thicknesses (10, 20, and 30 nm) to examine
their ability for temperature sensitivity in temperature
sensor applications. SEM images indicated an increase in
the roughness of the FBG clad when the thickness of the
silver coating increased. It is found that the temperature
sensitivity of FBG can be improved by using a silver
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coating. Moreover, the Bragg wavelength shifted linearly
with temperature, and the temperature sensitivities in
terms of the Bragg wavelength (A1g/T) were found to
be 0.029, 0.038, and 0.076 nm/°C using plate coatings
of 10, 20, and 30 nm, respectively. The results of this
study confirm a significant improvement in the FBG
for temperature sensitivity when using silver as a metal
coating.
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