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High-Sensitivity Temperature Sensor Based on Surface Plasmon
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Abstract—A high-sensitivity photonic crystal fiber (PCF) temperature sensor based on surface
plasmon resonance (SPR) with a high figure of merit (FOM) is proposed. Compared with most
optical fiber inner air holes coated with metal or placed with metal nanowires, owing to the plasma
material directly contacting the analyte, the annular channel outside the cladding is convenient for
analyte detection, and the sensor is easier to manufacture. The temperature-sensitive liquid is a mixed
solution of ethanol and chloroform with a volume ratio of 1 : 1. The results indicate that the highest
sensitivity of this sensor can reach 15.4nm/°C, and the maximum FOM is 0.2829/°C between —10°C
and 60°C. Furthermore, the influence of photonic crystal fiber air hole size, gold film thickness, and
other parameters on the performance of the sensor is analyzed.

1. INTRODUCTION

Surface Plasmon Resonance (SPR) is a physical phenomenon of collective oscillation when free electrons
in metal interact with the excited electromagnetic field. This phenomenon, due to its high sensitivity,
real-time monitoring, and other characteristics, has been widely investigated and applied in Thermal
Plasmatics [1-4], Plasma imaging [5, 6], plasmon-enhanced catalysis [7, 8], optical fiber sensing [9, 10],
and other fields. The development of semimetals [11-13], semiconductors [14, 15], 2D materials [16, 17],
and quantum materials [18, 19] has greatly promoted the development and application of surface plasmon
resonance. Ali et al. [20] and West et al. [21] have made pioneering contributions to the field of surface
plastics, and these contributions have profoundly influenced modern optics. Jorgensen and Yee proposed
and demonstrated the first SPR sensor based on optical fiber in 1993 [22]. The concept of photonic
crystal was proposed independently by Yablonovitch [23] and John [24] in 1987. Its unique structure
has excellent properties such as high nonlinearity and controllable birefringence characteristics [25, 26],
The structure of photonic crystal fiber has a high degree of freedom and can be designed according
to requirements. The structure of cladding has a great influence on the propagation mode of photonic
crystal fiber, which provides great research space for researchers. However, for photonic crystal fiber, its
performance advantage is not high. For example, Li et al. proposed a Sagnac interferometer temperature
sensor based on photonic crystal fiber. Its sensitivity is 1.65nm/°C, and its sensing range is only
25°C ~ 33°C [27]. To improve the performance of the sensor, PCF and SPR technology are combined
to improve the sensing range and sensitivity. For example, Wang et al. proposed a D-type photonic
crystal fiber sensor with a sensitivity of 6.36 nm/°C and a sensing range of —5°C—60°C [28]. Han et
al. proposed a high-sensitivity temperature sensor based on liquid-filled hollow negative curvature optical
fiber surface plasmon resonance. The sensitivity is 2.860nm/°C, and the temperature sensing range is
20-40°C [29]. To enhance the coupling between SPP mode and core mode and improve the performance
of the sensor, the appropriate plasmon resonance material and the appropriate structure of air holes
can be selected according to the demand. Gold and silver are commonly used plasma materials. Gold
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has good stability and can cause large wavelength drift, while silver resonates more sharply and is easy
to oxidize in a humid environment [30], and the thickness of nano-metal film has a great influence on
the surface plasmon resonance intensity [31]. The purpose of this paper is to improve the sensitivity
of the sensor, and the temperature sensor needs to contact with liquid. Therefore, gold is selected as
the plasma material. In addition, in this paper, the air hole and air hole distance of the sensor will be
numerically investigated to obtain the best performance of the sensor.

In this paper, an annular polished gold-plated PCF-SPR sensor is proposed. As a plasma material,
gold has stability and provides convenience for direct contact with temperature-sensitive liquid. In
addition, ethanol and chloroform are placed outside PCF as temperature-sensitive liquids. The effects
of air hole diameter, air hole distance, and gold film thickness on the performance of PCF are investigated
and optimized by COMSOL software. Finally, by comparing the performance of the sensor, our sensor
has superior performance and strong competitiveness in the field of temperature sensors.

2. THE BASIC THEORY OF STRUCTURAL DESIGN

The cross-section of the PCF temperature sensor based on SPR is illustrated in Fig. 1.
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Figure 1. Cross-sectional diagram of PCF-SPR temperature sensor with d1 = 0.75 um, d2 = 1.5 um,
d3=18um, r =6.5um, t = 37nm, p = 2.55 um.

PCF consists of two layers of air holes, see Fig. 1. The six air holes arranged in a hexagon shape
in the inner layer are two small air holes with a diameter of d1 = 0.75 pm and four large air holes
with a diameter of d2 = 1.5 um, respectively, which play an important role in adjusting the coupling
between the core mode and SPP mode. The outer layer is composed of 10 air holes with a diameter
of d3 = 1.8 um. The mode coupling is enhanced by reducing the vertical air holes and the size of the
first layer of air holes, and the energy of the core mode is also concentrated. The radius of optical
fiber is 7 = 6.5 um, and a gold nano-coating with a thickness of ¢ = 37nm is coated on the cladding
after polishing. The temperature-sensitive liquid as the sensing medium is composed of ethanol and



Progress In Electromagnetics Research M, Vol. 116, 2023 13

chloroform in a 1 : 1 volume ratio (Chloroform is chosen because of its high thermal sensitivity but high
refractive index, so it needs to be mixed with ethanol to reduce its refractive index). The outermost
layer is a perfect matching layer with a thickness of 2.6 wm, which is used to absorb the radiant energy
and ensure the accuracy of the calculation.

The background material of the PCF-SPR temperature sensor is fused silicon, and its refractive
index can be obtained from the Sellmeier equation [32].

(0.788404 + 23.5835 x 107°T") A2
A2 — (0.0110199 + 0.584758 x 10-6T)
N (0.91316 + 0.548268 x 107°T") A2 0
AZ —100
where the wavelength of incident light A is in microns, and T is the temperature of centigrade. The
temperature range is —10°C to 60°C, but the melting temperature of silicon is 1670°C; therefore, this

temperature detection range has little effect on the performance of the optical fiber. The dielectric
constant of gold film on the polished surface is analyzed by the Drude-Lorentz model [33]

n® (\,T) = (1.31552 + 6.90754 x 10~ °T") +

w% Ae - Qp,

w(w+ivp) B (w2 — Q%) +ilrw

(2)
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where €4 is the high-frequency dielectric constant of gold; w is the angular frequency of light; wp
and vp are the plasma frequency and damping frequency, respectively; 1, and I't, are the frequency
and spectral width of Lorentz oscillator, respectively; Ae is the weight factor. The refractive index of
temperature-sensitive liquid [28] can be defined as

n = x2% x [nchloroform’T
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— 20° + T (T — 20):| + (100 — )% X [nethanot|T
. o . ANethanol
= 20° 4 —ar = (T 20)} ¥

where 2% and (100 — z)% represent the ratio of ethanol and chloroform, respectively; dn/dT
represents the thermo-optical coefficients of ethanol and chloroform, respectively, and the values are
—3.94 x 107%/°C and —6.328 x 1074/°C, respectively. Ignoring the dispersion of temperature-sensitive
liquids, the refractive indices of ethanol and chloroform at T" = 20°C were assumed to be 1.36048
and 1.43136, respectively. In addition, the ratio of ethanol to chloroform used in this paper is 1 : 1.
Because the boiling temperature of ethanol is 78.4°C and that of chloroform is 61.3°C, the upper limit
of temperature-sensitive liquid mixed with two substances is 60°C [28].

3. PERFORMANCE ANALYSIS

3.1. Analysis of Electric Field, Dispersion Relation, and Mode Field Loss

The mechanism of the PCF-SPR temperature sensor is expressed as follows: when the incident light
propagates in the PCF core in the form of total reflection, the evanescent wave generated by total
reflection will act on the free electron oscillation of metal film and excite the surface plasmon wave.
When the evanescent wave at a specific wavelength is equal to the wave vector component of the surface
plasma wave, the free electrons in the metal film will produce a resonance phenomenon, that is, the SPR
phenomenon [34]. This specific wavelength is called phase matching point and resonance wavelength.
Therefore, the loss peak will appear at the resonance wavelength. When the temperature changes, the
change of temperature to be measured can be obtained by the shift of resonance wavelength.

This paper uses COMSOL simulation software based on the full vector finite element method to
simulate the designed sensor under the cooperation of anisotropic PML boundary conditions. The plural
form of the effective refractive index of the mode field is

neg = Re (neg) + jIm (neg) (4)
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Im(neff) in the formula is the imaginary part of the effective refractive index, and the confinement loss
of mode propagation can be expressed as [35]

2
a = 8.686 x 777 x Im (neg) x 10* (dB/cm) (5)
Fig. 2(a) shows the spectral loss diagram of resonance at temperature 7' = —10°C. It can be concluded

that the resonance intensity in the Y polarization direction is far greater than that in the X polarization
direction (As marked in black and red solid lines). Therefore, the mode of Y polarization direction is
selected to investigate the performance of the sensor in the later calculation. The solid lines marked
with point A and point B are the real part of the effective refractive index of surface plasma mode and
the real part of core mode respectively (The mode fields corresponding to points A and B are graphs A
and B in Fig. 2(b)). In addition, at the resonance wavelength of 1.13 um, the green solid line intersects
with the orange solid line (That is, the effective refractive index real part Re(neff) of the two modes
coincides). At this wavelength, the core mode transfers the most energy to the SPP mode, and the peak
loss is 187.55dB/cm (The mode field diagram is shown in C diagram in Fig. 2(b), and it can be seen
that the resonance intensity is very strong).

Figure 3(a) shows the loss spectra of the Y-pol core mode in the range of —10°C to 60°C. When
the temperature changes from 60°C to —10°C, the refractive index of the temperature-sensitive liquid
mixture is close to the refractive index of the core mode, so the coupling between the core mode and
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Figure 2. (a) The loss spectra of X-pol (red) and Y-pol (black) core modes and the dispersion relation
between Y-pol (green) core mode and SPP (orange) mode at T = —10°C. (b) Distribution of Y-pol
electric field.
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Figure 3. (a) Loss spectra of Y-pol core mode in the temperature range of —10°C-60°C and (b) from
—15°C-0°C.

SPP mode is enhanced leading to the red shift of the resonance wavelength. At the same time, with
the decrease in temperature, the peak loss increases significantly. Fig. 3(b) shows the loss spectra of
the Y-pol core mode in the range of —15°C to 0°C. When T is —10°C, almost all the energy in the
Y -pol core mode is transferred to SPP mode, which reaches complete coupling, and the loss peak drops
sharply at the temperature of —15°C. Therefore, the lowest temperature reaches up to —10°C, and the
detection range of this sensor is —10°C—60°C.

3.2. Optimization of Structural Parameters

When the structural parameters change, the temperature sensing performance will also change. To
optimize the performance of the sensor, the influence of inner hole diameters d1, d2, d3, and air hole
distance p on the resonant spectrum is systematically studied by changing the studied parameters and
keeping other parameters unchanged.

Figures 4(a)—(c) describe the change of loss spectra at temperature 7' = —10°C with different air
hole diameters d1, d2, d3, and air hole distance p. The change of air hole will change the phase matching
condition, and the resonance wavelength will change. It can be seen that at the same temperature, the
diameter of the air hole has little effect on the resonant wavelength, but has a great effect on the peak
loss. As illustrated in Fig. 4(a), when the diameter of small circles distributed on the upper and lower
sides of the fiber ranges from 0.73 um to 0.79 pm, with the increase of dl1, the resonance wavelength
experience redshift, and the peak loss first increases and then decreases. The reason for the increase in
peak loss is that the core mode and SPP mode are not fully coupled at this time, and the reason for the
decrease in peak loss is that the large air hole hinders the energy transfer from the core to the surface
plasma material. Fig. 4(b) shows the effect of air hole d2 on the loss spectrum. The change of air hole
d2 has a great effect on the sensing performance because the area of the core is directly changed. If d2
is reduced, the loss of the core mode will be reduced, and the coupling will be weakened. If the air hole
diameter d2 is too large, the core mode will diverge. Fig. 4(c) shows the effect of air hole d3 on the
loss spectrum. The effect of air hole d3 is to reduce the refractive index of the cladding, so the selected
air hole diameter is d3 = 1.8 um. Fig. 4(d) shows the influence of air hole distance p on the limited
loss spectrum. The appropriate air hole distance plays an important role in the coupling, and the final
choice of air hole distance is p = 2.55 pm.

Figure 5 shows the confinement loss spectrum of the Au film from 29 nm to 37 nm with an interval
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Figure 4. Loss spectra of PCF-SPR sensor under different inner layer hole diameters (a) d1, (b) d2,
(c) d3 and (d) different air hole distance p.

of 2nm at the temperature T = —10°C. When the thickness of the gold film increases, the confinement
loss increase, and the resonance wavelength has a redshift. When the thickness of the Au film increases
from 29 nm to 37nm, the resonance intensity increases. When ¢t = 37 nm, more energy is transferred to
the SPP mode, and the highest peak loss is obtained and the narrowest FWHM obtained. Therefore,
the optimum choice of the gold film is ¢ = 37 nm.

3.3. Analysis of Sensing Performance

The performance of the sensor can be measured by sensitivity, FOM, and linearity between temperature
and resonant wavelength. In this paper, the sensitivity of the sensor between —10-60°C is investigated,
and its expression is [36]

A>\peak

S (nm/°C) = =32

(6)
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Figure 5. Loss spectra of different gold film thickness.

where AMpcax and AT represent the shifting distance of resonance wavelength and change of the
temperature, and the sensitivity can be calculated as shown in Table 1. It can be seen from Table 1
that the maximum sensitivity of 15.4nm/°C can be obtained at —10°C, and the performance is very
excellent. In addition, the figure of merit (FOM) of the sensor is another important index to measure
the performance of the sensor, and its expression is [37]

S
 FWHM @
where S represents sensitivity, FWHM represents full-width at half-maximum, and the maximum FOM
of this sensor is 0.2829/°C.

FOM (°C™)

Table 1. Sensing performance of sensors in the range of —10°C-60°C.

T (°C) | Mpear (nm) | Adpear (nm) | S (nm/°C) | FWHM (nm) | FOM (°C™1)

~10 1130 154 15.4 54.43 0.2829

0 976 82 8.2 53.34 0.1537
10 894 57 5.7 44.16 0.1291
20 837 43 4.3 38.29 0.1123
30 794 34 3.4 38.99 0.0872
40 760 28 2.8 33.72 0.0830
50 732 23 2.3 33.44 0.0688
60 709 33.13

Figure 6 shows the fitting results of the cubic equation of loss peak changing with temperature. A
good polynomial fitting relationship is obtained between —10°C and 60°C, and the polynomial fitting
can reach 0.9965.
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3.4. Performance Comparison and Experimental Setup

Li et al.

The performance comparison of this work and other schemes is shown in Table 2. It can be seen from
the table that this work has great advantages in sensitivity and FOM.

Table 2. Performance comparison of various types of optical fiber sensors.

Structure Range (°C) | Sensitivity (nm/°C) | FOM | REF
Sagnac interometer 25-33 1.65 - [27]
D-type PCF-SPR ~560 6.36 - [26]
Liquid-filled PCF-SPR | 20 40 2.86 - [29]
Side-hole filled 20-70 - [38]
Spr 20-80 25 ~0.061 | [39)
Bandgap-like effect 20-28 —5.5 —0.0762 | [40]
This work —10-60 15.4 0.2829

SMF
D 0SA

Figure 7. Schematic diagram of PCF-SPR temperature sensor experimental device.
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Figure 7 is an experimental device diagram of the temperature sensor. The light source is generated
by the broadband light source (BBS), then transfers the PCF-SPR temperature sensor through single-
mode fiber, and then transfers the optical spectrum analyzer (OSA) through single-mode fiber. The
sensor head is immersed in a thin pipe containing temperature-sensitive liquid. A pump controls the
inflow and outflow, and the whole device is placed in a temperature control box. Subsequently, the shift
of the resonance wavelength can be observed by an OSA depending on the temperature [41].

4. CONCLUSION

A PCF temperature-sensing structure is proposed. The PCF sensing structure is coated on the surface
of optical fiber and can be used for temperature detection. The full vector finite element method is
used to simulate and analyze the proposed PCF sensing structure, and the hole diameter, hole distance,
and gold film thickness are discussed. The results show that the maximal sensitivity of the sensor can
reach 15.4nm/°C; the temperature sensing range is —10°C—60°C; and the FOM can reach 0.2829/°C.
In addition, the sensor is simple in structure and has the advantages of high sensitivity and a wide
measuring range.
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