
Article

Surface Plasmon Resonance-Based Temperature
Sensor with Outer Surface Metal Coating on
Multi-Core Photonic Crystal Fibre

Samuel Osifeso 1,† , Suoda Chu 1,† , Ashwini Prasad 2 and K. Nakkeeran 1,*
1 School of Engineering, Fraser Noble Building, University of Aberdeen, Aberdeen AB24 3UE, UK;

s.osifeso.19@abdn.ac.uk (S.O.); r05sc15@abdn.ac.uk (S.C.)
2 Analytically Vivid Limited, Edgbaston, Birmingham B16 9DT, UK; ashwiniprasad@analyticallyvivid.com
* Correspondence: k.nakkeeran@abdn.ac.uk
† These authors contributed equally to this work.

Received: 31 May 2020; Accepted: 9 July 2020; Published: 20 July 2020
����������
�������

Abstract: We report an innovative design of a multi-core photonic crystal fibre-based surface plasmon
resonance temperature sensor using ethanol and benzene as temperature-sensitive materials with
a segmented outer-surface metal coating scheme. A stable sensing performance for a detection
range of 10–80 ◦C was found while using ethanol as the temperature-sensitive material; while
using benzene both blue and red frequency shifts were observed. The maximum temperature
sensitivities obtained from this proposed temperature sensor were 360 pm/◦C and 23.3 nm/◦C with
resolutions of 2.78× 10−1 ◦C and 4.29× 10−3 ◦C, respectively, when using ethanol or benzene as the
sensing medium.

Keywords: multi-core; photonic crystal fibre; surface plasmon resonance; temperature sensor;
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1. Introduction

In recent years, researchers have shown more interest in developing temperature sensors that
are capable of remote sensing, easy to fabricate, light weight, economical, immune to electromagnetic
interference or radiation [1] and so on. This is as a result of the significant role of temperature in
various fields, such as environmental monitoring, manufacturing, medicine, quantum computing and
many other applications.

In recent times, utilising photonic crystal fibres (PCFs) to fabricate temperature sensors has been
reported quite frequently in the literature due to their compact size, reliability, structural flexibility
for design, etc. The PCF was first proposed by Philip Russell from the University of Bath, UK in the
mid-nineties [2]. Its cross-sectional design consists of a number of air holes to form a unique lattice
shape of hexagonal or circular structure to propagate the light signal through the central region of the
PCFs. Intriguing optical characteristics of PCFs, i.e., their ability to hold a lower loss confinement in
light wave guidance than the conventional optical fibres, have drawn plenty of attention in this research
field. PCFs are also widely used for various applications, because it has been proven that by controlling
and manipulating the cross-sectional structural parameters, namely, air hole diameter and the pitch
length (gap between neighbouring holes), it is possible to engineer their optical characteristics [3].

Numerous techniques have been established in optical fibre sensing, such as fibre Bragg
gratings (FBG) [4], multi-mode interface [5], resonant mirror [6], micro-ring resonators [7], polymer
planar waveguides [8] and surface plasmon resonance (SPR) [9]. SPR-based sensing, as one of
the most popular detecting techniques, has been widely used in applications such as medical

Surfaces 2020, 3, 337–351; doi:10.3390/surfaces3030025 www.mdpi.com/journal/surfaces

http://www.mdpi.com/journal/surfaces
http://www.mdpi.com
https://orcid.org/0000-0002-2200-9378
https://orcid.org/0000-0001-9300-2299
https://orcid.org/0000-0001-6083-9973
http://www.mdpi.com/2571-9637/3/3/25?type=check_update&version=1
http://dx.doi.org/10.3390/surfaces3030025
http://www.mdpi.com/journal/surfaces


Surfaces 2020, 3 338

diagnostics, food testing, glucose monitoring, bioimaging, solution concentration measurement
and antibody-antigen detection [10]. The principle used for most SPR sensing is the conventional
Kretchmann SPR configuration. In this configuration, a coupling prism with a thin metal-deposited
base is used in the presence of incident light at a specific angle. This incident light leads to the
excitation of surface plasmons from the metal-dielectric interface whose wave vector parallel to
the metal-dielectric surface matches that of the surface plasmon wave [11]. As mentioned before,
the optimisation of PCF’s structural parameters is a key feature/advantage of that kind of fibre.
These parameters, including metal type, positioning, coating thickness and associated design with
PCF, which are needed for SPR, can also be utilised to design different sensors for achieving various
required specifications.

Relevant studies have been reported on fibre temperature sensing in the past few years.
An isopropanol-filled PCF long period grating-based temperature sensor was proposed by
C. Du et al. [12] for a temperature sensing range of 20–50 ◦C. Q. Liu et al. [13] reported a sensor
on the principle of coupling between liquid core and defect mode having a comparatively wider
sensing range of 20–80 ◦C and achieved a low temperature sensitivity of −1.85 nm/◦C. A temperature
sensitivity of −5.5 nm/◦C was also reported by Y. Peng et al. [14] by using a bandgap-like effect
on a selective liquid-filled PCF with a temperature detection range of 20–28 ◦C. Chen et al. [15]
reported an ultracompact PCF-based temperature sensor with a maximum temperature sensitivity
of 2.82 nm/◦C. J. Zuo et al. [16] demonstrated an avoided-crossing-based selectively filled PCF
temperature sensor and achieved a maximum temperature sensitivity of −6.9 nm/◦C at 36.5 ◦C.
Using Sagnac interference phenomena, the temperature sensitivity was improved up to 16.55 nm/◦C
in the measurement range from 45 ◦C to 75 ◦C by G. Wang et al. [17]. H. Liu et al. [18] also investigated
a D-shaped temperature sensor with ethanol as a sensing medium and their analysis revealed a
maximum temperature sensitivity of −1 nm/◦C. Other types of PCF temperature sensors were also
reported by Wang et al. [19] and others [20]. Photonic crystal fibre embedded between multimode
fibres (MMF) by Wang et al., had limitations in the measurement of temperature between 35 ◦C to
100 ◦C [19], but it was reported in the paper that the length of the PCF had no influence on refractive
index (RI) of the sensor and was thereby easy to fabricate.

In this paper, we present an optimised design structure of a multi-core PCF-SPR-based
temperature sensor filled and sealed with either liquid ethanol or benzene as a temperature-sensitive
material. In our proposed sensor design, we utilise the best of PCF and SPR technologies. Due to
the exterior metal coating, it is easier and more economical to fabricate the proposed multicore
PCF-SPR sensor using the available PCF fabrication and metal coating techniques reported in [9,21].
The host silica material that make up the cladding and core of the PCF is also considered to be
temperature sensitive for the correct simulation and analysis of the temperature sensing performance.
The performance of the proposed multi-core PCF-SPR sensor was analysed by finite elemental method
(FEM) with COMSOL Multiphysics software and the results were analysed for a temperature range
of 10–80 ◦C. Another advantage of this compact temperature sensor is its remarkable small size that
could be suitably utilised in space-constrained temperature sensing and measurements applications.
We envisage that the proposed temperature sensor will find wider applications in the fields of
environmental and life sciences, manufacturing and medical devices because of the ease in fabrication
of the proposed PCF structure and the excellent sensing performance after structural optimisation,
which are also reported in this work.

2. Design and Numerical Method

The schematic cross-section of the proposed temperature sensor is illustrated in Figure 1. The PCF
part of the sensor design consists of six cores that can detect the surrounding temperature changes
through the ethanol or benzene (temperature sensing material) surrounding the PCF part coated with
six segments of exterior metal coatings.
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Figure 1. Schematic cross-section structure of the SPR-based photonic crystal fibre (PCF) temperature
sensor with Λ = 3 µm, d = 2 µm, r = 9.5 µm and tg = 50 nm.

2.1. Design Principles of the Two-Dimensional Fibre Sensor

Figure 1 shows the air-holes are arranged in a hexagonal lattice. The diameter of each air-hole
(d) is 2 µm. These air-holes are used to obtain consummate coupling between surface plasmon
polariton (SPP) mode(s) and core guided mode(s). The centre to centre distance between any two
neighbouring air holes, pitch (Λ), is 3 µm. The entire fibre cross-section radius (r) is 9.5 µm; it forms
the metal-coating(s) boundary height from the centre of the fibre. The thickness of the coated gold
layer(s) (tg) is 50 nm. The width of each segmented gold film is about 5 µm and the thickness of the
analyte/temperature sensing material layer is set as 3 µm. Typical length of PCF-SPR sensors is in the
range of 10–25 mm [22,23]. A perfectly matched layer (PML) is introduced around the temperature
sensitive material to absorb incident radiation without producing any back reflections.

In our analysis we are comparing two different temperature-sensitive materials, ethanol and
benzene, having refractive indexes lower and higher than silica (host material of the fibre) respectively,
in order to deduce suitable applications for their unique properties.

2.2. Numerical Analysis

For this PCF temperature sensor, ethanol or benzene was independently used as the sensing medium.
The fused silica is considered as the host material in this PCF sensor. Its wavelength-dependent RI
equation is calculated by the Sellmeier equation [24]

n(λ) =

√
1 +

B1
2

λ2 − C1
+

B2
2

λ2 − C2
+

B3
2

λ2 − C3
(1)

where B1 = 0.691663, B2 = 0.407943, B3 = 0.897479, C1 = 0.004679 µm2, C2 = 0.013512 µm2

and C3 = 97.934003 µm2. Here, the λ represents the incident light wavelength in free-space.
In order to get the actual value of the dielectric constant of gold, the Drude model was used [25]:

ε(λ) = 1− λ2λc

λ2
p(λc + iλ)

(2)

where λp is the plasma wavelength and λc is the collision wavelength of the metal. In the case of gold,
λp is 0.16826 µm and λc is 8.9342 µm [24].

The RI of the sensing medium (ethanol or benzene) used is dependent on both wavelength and
temperature changes, and it is determined as follows [26–28],

n = n0 +
dn
dT

(T − T0) (3)
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where n0 is the refractive index for ethanol or benzene at the reference value T0 which depends on the
wavelength and can be calculated using:

n2
0 = 1 +

0.0165λ2

(λ2 − 9.08)
+

0.8268λ2

(λ2 − 0.01039)
(4)

for ethanol [29], or

n2
0 = 2.170184597 + 0.00059399λ2 + 0.02303464λ−2 − 0.000499485λ−4 + 0.000178796λ−6 (5)

for benzene [30]. The thermo optical co-efficient
dn
dT

is −3.94× 10−4/◦C or −7.594× 10−4/◦C at
reference temperature T0 =20 ◦C or 27 ◦C for ethanol and benzene respectively.

The confinement loss is determined by the equation,

αloss = 8.686× 2π

λ
=(neff)× 104, (6)

where =(neff) is the imaginary part of the effective refractive index.
This temperature sensor has been designed to have a metal layer of six segmented gold films

around the fibre. This is to prevent higher order surface plasmons generated from the metal surface
affecting the main sensing layer (see Figure 1). Chemical vapour deposition (CVD) method is suggested
as the best way of coating considering its cost effectiveness and practicality compared to other normal
external metal coatings on nonlinear surfaces [9].

3. FEM Simulation Results and Discussion

The sensor performance of this PCF sensor was studied in terms of temperature sensitivity,
resolution, figure of merit (FOM) and linearity of confinement loss peak wavelength. The detection
range chosen to investigate the temperature sensing performance of the PCF sensor is 10 ◦C to 80 ◦C.

3.1. Modal Analysis

The electric field distribution (cross-sectional light signal electric power concentration) of the
core-guided fundamental mode, plasmon mode and phase matching mode is shown in Figure 2.
A finite element method was utilised to calculate the complex propagation constants of the core-guided
and surface plasmon polariton (SPP) mode.

Results show that there is a significant positive correlation between the real effective refractive
index (neff) of the fundamental core mode and the SPP mode. Surface plasmon modes were generated
as a result of these modes coupling at a particular wavelength (1922.7 nm). At this wavelength,
the maximum energy is transferred from the core mode to the SPP mode due to the excitation of the
free electrons from the segmented gold layer(s). This particular wavelength is known as the resonance
wavelength that is termed as the phase-matching point. Figure 2 shows electric field distributions of
the temperature sensor with ethanol as the sensitive material at the core guided fundamental mode
(1400 nm), phase-matching point (1922.7 nm), higher-wavelength guided mode (2300 nm) and surface
plasmon polariton mode (1922.7 nm).

Figure 3 shows the dispersion relations of the real (neff) and fundamental modes and the plasmon
mode at T = 40 ◦C with ethanol as the temperature-sensitive material. It was observed in Figure 3 that
the coupling point, the effective refractive index of the fundamental core guided mode and the SPP
mode is the same but the imaginary part (confinement loss) is different. Therefore, it can be claimed
that the proposed PCF sensor has phase matching and incomplete coupling. An incomplete coupling
happens when two coupling modes have equal real parts of effective refractive indices but different
imaginary parts [31]. A similar observation was reported in the literature [32].
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Figure 2. Electric field distributions of the proposed temperature sensor with ethanol as the sensitive
material for core-guided fundamental mode at (a) shorter wavelength (1400 nm), (b) resonance
wavelength (1922.7 nm), (c) longer wavelength (2300 nm) and (d) the surface plasmon polariton
mode at resonance wavelength (1922.7 nm), respectively (ambient temperature = 40 ◦C).
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Figure 3. Dispersion relations of the core-guided mode and the plasmon mode at T = 40 ◦C with
ethanol as the temperature sensitive material (where electric field distributions of the core-guided and
plasmon modes are shown in the inset).

Figures 4 and 5 show that, due to the temperature variation, the RI of the temperature sensitive
liquid (ethanol/benzene) changes which leads to the change in the resonance wavelength. This affects
the core-cladding index contrast which changes the resonance wavelength. Using ethanol (a lower RI
material compared to silica) as the sensing medium, an increase of temperature causes the steady shift
of the resonance wavelength peak to lower wavelengths (see Figure 4); similar results were already
reported in [33]. This steady shift reduces the confinement loss in the core mode, thereby increasing
the light confinement in the sensor. On the other hand, different dynamics were observed while using
benzene (a higher RI material compared to silica). Here, increasing the temperature in the range
from 50 ◦C to 70 ◦C causes the resonance wavelength to shift to longer wavelength (see Figure 5b);
similar results were already reported in [34,35] for microstructured optical fibre-based surface plasmon
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resonance (MOF-SPR) sensors. A further increase to 80 ◦C shifted the resonance wavelength to a
lower wavelength because the RI of benzene at this temperature becomes lower than the RI of the host
material (silica) as it approaches the boiling point of benzene [32].

Figure 4. Confinement loss as a function of wavelength in the temperature range from 10 ◦C to 80 ◦C
in steps of 10 ◦C when ethanol is used as the temperature sensitive material.

Figure 5. Confinement loss as a function of wavelength in the temperature range from (a) 10 ◦C to
50 ◦C; (b) 50 ◦C to 80 ◦C with benzene as the temperature sensitive material.

However, it should be noted that the resonance wavelength in Figure 5a shifts to the lower
wavelength side as the temperature increases in the low temperature range (10 ◦C to 50 ◦C).
Two different dynamics were observed for 10 ◦C to 50 ◦C and 50 ◦C to 80 ◦C for the benzene-based
sensor due to the selection of the resonance peak for the SPR process. As it is illustrated in Figure 6,
for the temperature range from 40 ◦C to 50 ◦C, there are two resonance peaks which caused by
fundamental SPR (peak 1) and higher order SPR (peak 2), respectively. Due to higher wavelength
shift of peak 1, it was selected as the main resonance peak for sensing. However, when temperature
is up to 50 ◦C, the obtained confinement loss value of peak 1 was found to be less than 10 dB/cm
which is too low to be detected by optical spectrum analyser. Therefore, peak 2 was selected for
the higher temperature range (50–80 ◦C) to be used as the resonance peak for temperature sensing.
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This also explains why for benzene-based temperature sensor, there are two temperature ranges of the
corresponding confinement loss spectrum.
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Figure 6. Confinement loss as a function of wavelength in the temperature range from 40 ◦C to 50 ◦C
in a step of 2 ◦C with benzene as the temperature sensitive material.

3.2. Sensitivity

Temperature sensing was thereby accomplished based on the shifts in the resonance wavelength
(peak location of the loss characteristics). The temperature sensitivity was calculated by [26–28]:

S
[nm
◦C

]
= ∆λpeak/∆T, (7)

where ∆λpeak and ∆T indicate propagation peak wavelength difference and temperature
variation, respectively.

The maximum temperature sensitivity obtained for this temperature sensor is 360 pm/◦C or
23.3 nm/◦C for ethanol or benzene, respectively (see Tables 1 and 2).

Table 1. Sensing performance of the proposed multi-core PCF-based SPR sensor (using ethanol as the
sensitive material) in the temperature range from 10 ◦C to 80 ◦C.

S/N Temp.
[◦C]

Reso. Wavelength
[nm] neff

Conf. Loss
[dB/cm]

∂λpeak
[nm]

Temp. Sensitivity
[nm/◦C]

Resolution
[◦C]

1 10 1932.9 1.4080 40.0658 N/A N/A N/A
2 20 1929.3 1.4081 39.9305 3.6 0.36 2.78 × 10−1

3 30 1926.1 1.4083 39.7599 3.2 0.32 3.12 × 10−1

4 40 1922.7 1.4084 39.5594 3.4 0.34 2.94 × 10−1

5 50 1919.6 1.4085 39.3323 3.1 0.31 3.23 × 10−1

6 60 1916.7 1.4086 39.0815 2.9 0.29 3.45 × 10−1

7 70 1913.8 1.4088 38.8091 2.9 0.29 3.45 × 10−1

8 80 1911.3 1.4089 38.5164 2.5 0.25 4.00 × 10−1
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Table 2. Sensing performance of the proposed multi-core PCF-based SPR sensor (using benzene as the
sensitive material) in the temperature range from 10 ◦C to 80 ◦C.

S/N Temp.
[◦C]

Reso. Wavelength
[nm] neff

Conf. Loss
[dB/cm]

∂λpeak
[nm]

Temp. Sensitivity
[nm/◦C]

Resolution
[◦C]

1 10 1888 1.4094 68.7349 N/A N/A N/A
2 20 1834 1.4117 71.0958 54.00 5.4 1.85 × 10−2

3 30 1754 1.415 76.8213 80.00 8 1.25 × 10−2

4 40 1584 1.4215 33.6976 170.00 17 5.88 × 10−3

5 * 50 1351 1.4298 7.0533 233 23.3 4.29 × 10−3

5 ** 50 1751 1.4154 54.9956 N/A N/A N/A
6 60 1964 1.4067 40.3456 −213 −21.3 −4.69 × 10−3

7 70 1975 1.4062 25.8258 −11 −1.1 −9.09 × 10−2

8 80 1896 1.4095 35.6852 79 7.9 1.27 × 10−2

[*] Resonance wavelength for peak 1 at 50 ◦C. [**] Resonance wavelength for peak 2 at 50 ◦C.

3.3. Resolution

The resolution of the proposed temperature sensor specifies the measure at which this sensor will
detect the smallest temperature variation. It can be expressed as [27],

SR[
◦C] = ∂T × ∂λmin

∂λpeak
(8)

where ∂λmin, ∂T and ∂λpeak indicate minimum wavelength resolution, temperature difference and light
signal peak wavelength difference respectively. Using ∂λmin = 0.1 nm in Equation (8), the maximum
resolution calculated is 2.78× 10−1 ◦C or 4.29× 10−3 ◦C with a step size of 10 ◦C, using ethanol or
benzene, respectively. We noticed that the proposed sensor could detect the smallest temperature
change in the order of 10−3.

3.4. Optimisation of the Sensor Structural Parameters

The proposed temperature sensor was basically designed with Λ = 3 µm, d = 2 µm and tg = 50 nm.
Each of those parameters was varied to get the optimised performance that could be achieved by
the proposed temperature sensor using ethanol as the temperature-sensing material due to the good
linearity in the measurement range.

Figure 7 shows how the thickness of the segmented gold layer(s) was varied from 50 nm to 30 nm
and 80 nm for temperature values of 10 ◦C and 20 ◦C. It was noticed that with a reduction of tg to
30 nm, there was an increase in the value of the confinement loss peak. This was due to the lower
damping loss of the metal layer [32]. Additionally, it was noticed that the increase of the gold coating
thickness to 80 nm also increases the confinement loss. Therefore, the gold thickness chosen at 50 nm
gives the best sensitivity with the least confinement loss.

Figure 8 shows how the gap between two adjacent air-holes (Λ) can be varied to get the optimised
dimension. Here, the pitch is varied by ± 5% of its original distance for temperature 10 ◦C and 20 ◦C.
It can be seen that the confinement loss characteristics of the proposed temperature sensor increases
when the pitch is reduced. However, the wavelength shift is also increased in the process, leading to
an increase in sensitivity. The optimised pitch can be 2.85 µm, which gives the best sensitivity from
the sensor.
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Figure 7. Confinement loss characteristics at temperatures 10 ◦C and 20 ◦C with different values of
gold thickness, tg.
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Figure 8. Confinement loss characteristics at temperatures 10 ◦C and 20 ◦C with different values
of pitch, Λ .

Figure 9 shows the confinement loss characteristics of the proposed temperature sensor with
different diameters of the air-hole. This was carried out to get the optimised air-hole diameter for the
best sensor sensitivity. The air-hole diameter was varied by ± 5% of the initial value for temperatures
10 ◦C and 20 ◦C. It can be seen that the confinement loss characteristics of the proposed temperature
sensor increase when the air-hole diameter is reduced, which leads to an increase in sensitivity because
of the wavelength shift to longer wavelength. Here, more openings for the evanescent field are made
available for the interaction with the gold layer, which causes the increase in the confinement loss, as
noticed. Therefore, the optimised air-hole diameter can be 1.9 µm, which gives the best sensitivity
from the temperature sensor.
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Figure 9. Confinement loss characteristics at temperatures 10 ◦C and 20 ◦C with different values of
air-hole diameter, d.

The outside metal coating of the whole fibre for sensor design has been proposed in [36].
The results with this coating scheme are illustrated in Figure 10 (dotted line) and also compared
with the results of the reported six segmented coating scheme (solid line) with ethanol or benzene.

Figure 10. Confinement loss comparisons of segmented coating and whole fibre coating schemes at
temperatures of (a)10 ◦C and 20 ◦C with the ethanol-based sensor and (b) 10 ◦C and 50 ◦C with the
benzene-based sensor.

As can be seen from Figure 10a, there is no conspicuous difference between the two coating
schemes. According to the results of numerical analysis, the wavelength shift for the whole fibre
coating sensor from 10 ◦C to 20 ◦C is 2 nm which is lower than the six segmented coating scheme with
the wavelength shift of 3.6 nm.

For the benzene-based temperature sensor illustrated in Figure 10b, the increment in the value
of confinement loss is higher than for the ethanol-based temperature sensor. The reason is because
benzene has a higher refractive index than the fused silica and more transmitted light energy would
be absorbed by the whole fibre coated metal layer by the SPR phenomenon. From the simulation
results, the wavelength shift of the benzene-based temperature sensor with a whole fibre coating was
also found to be lower than for the segmented coating scheme (35 nm < 54 nm) from 10 ◦C to 20 ◦C.
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Additionally, the loss spectra at temperature 50 ◦C of the benzene-based sensor with the proposed
segmented coating shows a more sharp resonance curve (red solid line in Figure 10b) compared to
the one with the whole fibre coating scheme (red dotted line in Figure 10b). Hence, the six segmented
coating scheme would be a better choice of metal coating compared with whole fibre coating scheme
as it can provide higher sensitivities and more sharp loss spectra.

3.5. Sensitivity Comparison of the Proposed Temperature Sensor with Ethanol or Benzene

This work investigated the sensing performances of two temperature-sensitive materials
(ethanol or benzene) in the proposed PCF-SPR sensor. From the obtained results we can conclude that
benzene works as a better sensing medium than ethanol within the measurement range of 10 ◦C to
50 ◦C (see Figure 11a). On the other hand, ethanol as the sensing medium showed more steady sensing
performance over the entire measurement range of 10 ◦C to 80 ◦C, as Figure 11 depicts.

Figure 11. Sensitivity in the detection ranges from (a) 10 ◦C to 50 ◦C and (b) 50 ◦C to 80 ◦C with two
different temperature sensing materials.

The quality of any sensor’s performance depends on the linearity response of the regression
line [37]. Figure 12a shows the linear response with value R2 is 0.99757 of the ethanol-based temperature
sensor, which shows good linearity but low sensitivity. Figure 12b shows the linear responses of the
benzene-based temperature sensor for 10 ◦C to 50 ◦C and 50 ◦C to 80 ◦C. According to the simulation
results, the maximum resonance wavelength was found to be 1984 nm when the temperature is 69 ◦C;
then it will have a blue shift to the lower wavelength for higher temperature. Here, the sensor shows
good linearity and low sensitivity for temperatures below 50 ◦C while for the 50 ◦C to 80 ◦C range,
it provides better sensitivity for a small temperature sensing range 50 ◦C to 60 ◦C but also shows very
poor linearity. Hence, in reality, the recommended temperature sensing range of the benzene-based
sensor is from 10 ◦C to 50 ◦C.

Figure of merit (FOM) is another parameter used to measure the performance of sensors. It is
calculated as [15],

FOM =
S

FWHM
(9)

where S and FWHM indicate temperature sensitivity (nm/◦C) and full width at half maximum of the
transmission dip (nm) respectively.

From Equation (9), the maximum FOM of 0.000957/◦C or 0.3963/◦C was reported for sensing
with ethanol or benzene filled temperature sensor, respectively. Therefore, the detection accuracy of
the benzene-temperature sensor gives a better performance within the small measurement range of
10–50 ◦C.
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Figure 12. Resonance wavelength and the temperature changes between (a) 10–80 ◦C using ethanol as
the sensing medium and (b) 10–50 ◦C, and 50–80 ◦C using benzene as the sensing medium.

Table 3 shows the comparison of some earlier reported sensors with the proposed segmented
gold-coated multi-core PCF-based SPR temperature sensor. The sensitivity shown by the benzene
filled temperature sensor (23.3 nm/◦C) for a specific temperature measurement range (10 ◦C to 50 ◦C)
is at least one order of magnitude higher than the other reported sensors.

Table 3. Sensing performance comparison of the proposed sensor with previously reported sensors.

Sensor
Type

Temperature Sensing
Material

Temperature Sensing
Range [◦C]

Maximum
Sensitivity [nm/◦C] Year

FBG [38] Zinc 35–80 0.0496 2006
SPR [27] Liquid(RI = 1.35) 0–100 0.72 2012
SPR [26] Ethanol and chloroform −20–58 5.6 2014
SPR [39] Anhydrous Ethanol 35–70 1.5745 2015
LPFG [40] Poly-dimethylsiloxane 20–80 0.2554 2016
HCF [41] Graphene Quantum Dots 10–80 0.1237 2017
PMF [42] CdSe Quantum Dot 25–48 0.0585 2017
PCF-LPG [12] Isopropanol 20–50 1.356 2017
MMF-PCF-MMF [19] Gold-PDMS 35–100 −1.551 2018
Proposed sensor Ethanol 10–80 0.36 2020
Proposed sensor Benzene 10–50 23.3 2020

4. Conclusions

In conclusion, a novel segmented outer-surface metal-coated multi-core PCF-based SPR
temperature sensor has been designed. The temperature-sensitive materials (ethanol or benzene)
used were compared. The segmented gold layers were introduced to reduce the higher order surface
plasmons for less sub-peak effect [43]. The maximum sensitivity of the ethanol-based temperature
sensor is low compared to the benzene-based temperature sensor but shows good linearity all through
the measurement range of 10–80 ◦C. The results show that the resonance wavelength shift is sensitive
to temperature variation. Optimisation of the structural parameters can further increase the sensitivity
of the sensor as observed from the simulation results. Based on the above comprehensive discussion
and analysis on the proposed PCF-SPR sensor with its advantages of simple design structure and
ease of metal coating (outside the optical fibre), we are of the opinion that these sensors with different
sensing materials could be applied to meet different temperature sensing needs and requirements.
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