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Abstract A photonic crystal fiber (PCF) temperature sen-
sor consisting of dual embedded silver wires and based on
surface plasmon resonance is designed and investigated by
the finite element method. The ionic liquid [BMim] [PF6]
and Ag are chosen as the filling liquid and sensitive mate-
rial, respectively. The properties of the sensors based on the
single PCF structure and dual symmetrical PCF structure are
determined and discussed. The single PCF structure shows
an average spectral sensitivity of 2.033 nm/°C, maximum
sensitivity of 3.900 nm/°C, and temperature resolution of
0.0256 °C, whereas the dual symmetrical PCF device has
an average spectral sensitivity of 3.166 nm/°C, maximum
sensitivity of 5.000 nm/°C, and temperature resolution of
0.0200 °C. In addition, the proposed sensor can realize a
extremely wide temperature sensing range of 20-320 °C.
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Introduction

Surface plasmon resonance (SPR) arises from free electron
oscillations between metallic and dielectric materials excited
by the incident TM wave or P-polarized light. The SPR tech-
nology is widely applied to biology, chemistry, medicine,
and environment science due to advantages such as the high
refractive index sensitivity and resolution, real-time moni-
toring, and non-label detection [1-5]. The prism-based sen-
sor based on surface plasmon resonance was first proposed
by Krestchmann in 1968 [6, 7] but this conventional configu-
ration is quite bulky and difficult to miniaturize. Recently,
optical fiber sensors with the possibility of miniaturization
make portable sensing and continuous monitoring possi-
ble. Compared with the traditional single-mode fiber, the
photonic crystal fiber (PCF) has many distinctive features
including the large mode area and high birefringence [8—12].
The air holes in the direction of light propagation can more
easily provide the phase matching conditions between the
core-guided mode and SPP mode. In this way, the energy of
the fiber core can be coupled with the plasma [13—15] on the
metal surface and the loss spectrum can be used for detection
[16]. The PCF sensors based on surface plasmon resonance
have many potential applications such as refractive index and
temperature sensors [17-19], absorbers [20], waveguides
[21, 22], photonic quasi-crystal fiber (PQF) sensors [23-26],
and other devices. Several PCF-SPR temperature sensors
have been proposed. For instance, Zhao et al. [27] reported
a fiber-optics SPR sensor filled with anhydrous ethanol and
a thin silver film was coated on the unclad part of the MMF
to achieve a sensitivity of 1.5745 nm/°C. Luan et al. [28]
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designed a six-hole PCF-SPR sensor with silver nanowires
and the PCF holes were filled with the mixture liquid of
ethanol and chloroform to yield a large thermo-optical coef-
ficient and high temperature sensitivity of 4 nm/K. Siddik A
B et al. [29] proposed a dual-core PCF temperature sensor,
the major objective of this design is to increase the average
sensitivity and it can achieve a high sensitive of 2.25 nm/°C.
MR Islam et al. [30] offer an external sensing approach of
PCF-SPR sensor with a thin layer of TiO, laminated in the
midst of the fiber and the gold layer. The sensors mentioned
above exhibit good sensing characteristics and contribute to
the progress of PCF SPR temperature sensor. However, the
maximum temperature sensing range of the above sensors
is only about 60 °C. More sensors have to be produced to
meet the detection of different temperature ranges. Although
advances pertaining to the manufacturing and post-process-
ing technology of optical fibers have spurred substantial
development in techniques, it is not easy to fabricate a large
variety of PCF sensors. Therefore, the design of a large-
range temperature detection sensor which can satisfy the
demand for multiple temperature sensing is quite necessary.

In this work, a PCF-SPR temperature sensor comprising
dual embedded silver wires is designed with the ionic liquid
1-butyl-3-methylimidazolium hexafluorophosphate [BMim]
[PF6] as the filling liquid in order to achieve an extremely
wide sensing range of 20-320 °C. This structure overcomes
the poor sensing performance stemming from uneven metal
coatings. To optimize the temperature sensing properties,
numerical simulation is performed on the single PCF struc-
ture and dual symmetrical PCF structure. Compared to the
single PCF structure, the energy transfer to silver wires in
the dual symmetrical PCF device is enhanced and the latter
thus has better properties such as an average spectral sensi-
tivity of 3.166 nm/°C, maximum sensitivity of 5.000 nm/°C
and temperature resolution of 0.0200 °C.

Numerical model and simulation

Numerical analysis is carried out using the COMSOL Mul-
tiphysics software by the finite element method (FEM). Fig-
ure 1 shows the cross section of the PCF-SPR temperature
sensor with dual embedded silver wires. There are 24 regular
air holes in the cladding of the fiber and the radii of the PCF
and air holes are R=5.5 pm and r; =0.3 pm, respectively.
The distance of adjacent air holes is s =1 pm. Silver is cho-
sen as the surface plasmon materials because of the excellent
chemical properties. Double symmetrical corroded channels
are placed in the dual identical silver wires following corro-
sion with hydrofluoric acid. The permittivity of the silver is
calculated by the Drude-Lorentz model [31]:
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Fig. 1 Cross section of the PCF-SPR temperature sensor with dual
embedded silver wires
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where £, =2.1485, w,=9.1821 eV, y,=0.0210 eV, o,
®,, 03, @4, and w5 are 4.180 eV, 4.5309 eV, 5.0094 eV,
5.7530 eV, and 6.9104 eV, respectively, f|, f5, f3, f4, and f;
are 0.1227, 0.2167, 0.2925, 0.4305, and 0.6943, respec-
tively, y;=0.2659 eV, y,=0.4269 eV, y;=0.6929 eV,
7,=1.1210 eV, and ys=1.3410 V.

Silica is the basic materials of the PCF and the dispersion
relation of silica is determined by Sellmeier equation [31]:
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where A stands for the vacuum wavelength of the inci-
dent light in micrometer (pm), A;=0.696166300,
A, =0.407942600, A, =0.897479400,
B, =4.67914826 x 1073 um?, B,=1.35120631 x 10~>um?,
and B;=97.9340025 pmz. The ionic liquid [BMim] [PF6]
is chosen as the temperature sensitive liquid because of the
low vapor pressure, low volatility, low melting point, wide
operating range [6-340 °C], as well as good thermal sta-
bility. The temperature sensitivity coefficient of the ionic
liquid [BMim] [PF6] can reach —2.635x 107~ [32] and the
relationship between the refractive index (0 (pre)) and
temperature is shown in the following[32-34]:

Pyt [, ] = 141025 — 0.0002635(T - 20) 3)

where T presents the temperature range from 20 to 320 °C. In
the simulation, a perfectly matched layer (PML) is adopted
as the artificial boundary condition to absorb scattered light.
The confinement loss of the PCF is calculated by the refrac-
tive index matching method using the following Eq. [35]:

Aposs = 8.686 X %Im[neﬁ] x 10*(dB/cm) “)
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where A is the wavelength of the vacuum incident light on
the micrometer scale and Im(n.g) is the imaginary part of the
effective refractive index of the core-guide mode.

Results and discussion

The size of the air holes is one of important parameters
of sensors as it affects the variation in the resonant wave-
length and confinement loss spectra when the temperature
changes. Figure 2 shows the confinement loss spectra when
the radius of the air holes r; changes from 0.1 to 0.4 pm in
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Fig. 2 Confinement loss spectra of the sensors with different air
holes from 20 to 320 °C

120F 1 -+ Gold T=320°C

110 | I =+ Gold T=220°C
— 100 I - Gold T=120°C
§ 90 F \‘\ Gold T=20°C
3 [ —— Silver T=320°C
T 80 [ . B A
@ —=— Silver T=220°C
g rr Silver T=120°C
s oOr Silver T=20°C
g 50 |-
2 40
jdem}
g 30}
O \

20

o
10 L
0 4
L L 1 1 1 1 1 1 1 L L

06 07 08 09 10 1.1 12 13 14 15 16 1.7
Wavelength (um)

Fig. 4 Confinement loss spectra of the sensor for different metal
materials (gold and silver) from 20 to 320 °C

the temperature range between 20 and 320 °C. The resonant
wavelength red-shifts and the changes in the resonant peak
between 20 and 320 °C are 0.31 pm, 0.52 pm, 0.61 pm,
0.62 pm when the radius of the air holes goes up from 0.1
to 0.4 pm. It is because the contact surface between the air
holes and filling ionic liquid [BMim] [PF6] increases when
the air holes are larger. The variation in the resonant peak
shows a bigger difference from 20 to 320 °C, but the differ-
ence in the wavelength variation between r; =0.3 pm and
r;=0.4 pm is much smaller than those in other cases. The
variation in the resonant wavelength between 20 and 320 °C
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Fig. 3 Confinement loss spectra of the sensor for different corroded
depths from 20 to 320 °C
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Fig. 5 Confinement loss spectra of the sensor when the temperature
changes from 20 to 320 °C
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is almost the maximum when r; is 0.3 pm and the optimal
air hole radius is 0.3 pm.

Surface plasmon resonance is excited at the double
symmetrical corroded channels where metal (silver) wires
are placed and the influence of the depths of the corroded

channels is shown as Fig. 3. Resonance moves towards
longer wavelengths with increasing corroded depths because
the distance of dual silver wires narrows for a larger cor-
roded depth and stronger coupling occurs. Besides, with
increasing corroded depths, energy is transferred more easily

Fig. 6 a Confinement loss
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from the core-guide mode to the SPP mode and the variation
in the resonant wavelength between 20 and 320 °C can reach
0.61 pm for the largest depth. The performance of different
metal materials is shown in Fig. 4. Gold and silver are usu-
ally selected as the plasmonic materials to excite SPR and
the permittivity of gold in the near-infrared region is given
by the Drude model [36]. It is obvious that silver wires are
better than gold wires as there are only tiny variations in
the resonant wavelength with gold wires. The sensor is thus
composed of silver wires and the filling ionic liquid [BMim]
[PF6] generated by corrosion and oxidation.

Figure 5 presents the confinement loss spectra of the
sensor with the single PCF structure for the temperature
range from 20 to 320 °C. A blue-shift is observed from the
resonant wavelength because the refractive index of the fill-
ing ionic liquid [BMim] [PF6] decreases with increasing
temperature. The loss peak increases initially from 20 to
170 °C and then decreases from 170 to 320 °C. Complete
coupling between the core-guided mode and SPP mode can
be achieved at 170 °C to yield the maximum loss peak of
157.67 dB/cm. In addition, the average and maximum spec-
tral sensitivities can reach 2.033 nm/°C and 3.900 nm/°C,
respectively, and the corresponding temperature resolution
is 0.0256 °C. The spectral sensitivity is expressed by the
following equation [37]:

Al
S, = A";“k (nm/°C) )
where A, is the change of the resonant wavelength and

AT is the temperature variation. The temperature resolution
(R) is defined as [37]:

ATAA,;
R — min (OC) 6
Aj’peak ( )
where A/, is the minimum spectral resolution assumed to

be 0.1 nm, A4, stands for the change of resonant wave-
length, and AT represents the temperature difference.

Figure 6(a) shows the confinement loss spectra of fun-
damental mode in y-direction at a temperature of 120 °C. It
can be seen that the silver nanowires, which generate sur-
face plasmon resonance are located on the side of the fiber.
Therefore, the resonance caused by the fundamental mode
of y polarization is stronger. In Fig. 6(b), we can see that
the imaginary part of the effective refractive index of the
fundamental mode and the SPW mode have an intersection
at the wavelength of 1245 nm. The energy fully coupled
state is achieved at the anti-intersection point of the phase
matching condition.

The characteristic of sensor with only one silver wire
is also studied. As shown in Fig. 7, while there is a silver
wire on only one side, the polarization direction of the fun-
damental mode changes with the increasing wavelengths.

Fig. 7 The polarization direction of the fundamental mode with only
one silver wire
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Fig. 8 The confinement loss of the sensor with two layers of air holes

The polarization direction will gradually be deflected in a
counterclockwise direction with the increasing wavelength
of the incident light, and there will be a phenomenon of
false mode. Theoretically, the two electric fields polariza-
tion directions of fundamental mode should be orthogonal
to each other. However, while there is a single-sided silver
wire, the loss of one polarization is extremely large, the
other polarization mode will have a tendency to parallelize,
and the angle of the polarization directions becomes an acute
angle. The polarization directions of non-orthogonality
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Fig. 9 Schematic diagram of
the proposed experimental setup
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indicating that single-sided silver wire should not be used
as a sensing structure.

Figure 8 shows the confinement loss of the sensor with
two layers of air holes. The radius of the air holes is 0.3 pm,
and the spacing is 1 pm. The y-polarized fundamental mode
shows a blue shift and the loss energy rapidly decreases with
the increasing temperature. While the temperature is above
120 °C, the energy loss can be ignored for that the refrac-
tive index of the temperature-sensitive liquid decreases at a
high temperature. We can also see that the maximum light
energy is confined to the fiber core at low temperatures, and
the peak width at half-height becomes narrower. In addi-
tion, the inner air holes reduce the area of the sensor core,

B e\

I (BMim][PF6]
B siic.

I:l Silver

I:l Air

Fig. 10 Cross section of the symmetrical PCF SPR temperature sen-
sor with dual embedded silver wires
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which further increases the requirements for the penetration
distance of the evanescent wave.

Figure 9 shows the schematic diagram of proposed sensor
set-up. The experimental measurement is mainly composed
of four parts. Broadband light source (BBS) and single-
mode fiber (SMF) are used as light source emitting device

Fig. 11 Electric field distribution of four modes of dual symmetrical
PCF
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Fig. 13 Fitted polynomial curves for the resonant wavelength and »
temperature: a Comparison of the two structure; b Single PCF struc-
ture; ¢ Dual symmetrical PCF structure

and transmission optical path, respectively. The ionic liquid
[BMim] [PF6] is selected as temperature sensitive material
and its refractive index is negatively correlated with ambi-
ent temperature. The proposed sensor is placed in the liquid,
and the temperature is monitored by detecting the refrac-
tive index of the liquid. Optical spectrum analyzer (OSA) is
used as a spectrum detecting device on which the spectral
response can be observed.

To improve the sensing properties, the dual symmetrical
PCF device is designed and analyzed as shown in Fig. 10.
The fundamental mode of dual symmetrical PCF can be
divided into four types according to the polarization direc-
tion: y even mode in the same direction, y odd mode in the
opposite direction, x even mode in the same direction, and
x odd mode in the opposite direction. The electric field dis-
tributions of core modes are as shown in Fig. 11. Generally
speaking, the resonance caused by the even mode is stronger,
so the loss curve of the even mode in the y direction is cho-
sen as the research mode of the dual symmetrical PCF.

Figure 12 shows the confinement loss spectra of the
sensor with the dual symmetrical PCF for the temperature
range between 20 and 320 °C. The average spectral sensi-
tivity of 3.166 nm/°C and maximum spectral sensitivity of
5.000 nm/°C can be accomplished and the corresponding
temperature resolution is 0.0200 °C. The results reveal that
the dual symmetrical PCF structure delivers better sensing
performance than the single PCF structure for the same
structural parameters.

The fitted polynomial curves of the resonant wave-
length and temperature are plotted in Fig. 13. The empirical
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Fig. 12 Confinement loss spectra of the sensor with the symmetrical
PCF structure for the temperature range between 20 and 320 °C
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Table 1 Comparison of Ref.

1 Temperature Wavelength Temperature sensitive liquid
some published sensors for
temperature sensing [19] 35-100 °C 550-900 nm PDMS
[29] 0-60 °C 600-1000 nm Chloroform
[30] —70-70 °C 500-750 nm Ethanol
[38] —50-100 °C 600-1600 nm Mixture of toluene and chloroform
[39] 0-80 °C 450-1250 nm Toluene
[40] 0-100 °C 550-640 nm MF-material
[41] 20-80 °C 500-1000 nm Glycerin
[42] 20-40 °C 1100-1700 nm Diethylene glycol
[43] 0-80 °C 500-900 nm Ethanol
[44] 36-86 °C 550-1375 nm Toluene
In this paper 20-360 °C 800-2300 nm [BMim][PF6]

equations for the single PCF structure and dual symmetrical
PCFs structure are:

y = 1.62738 — 0.003788x + 4.86¢°x*> (single mode) (7)

y = 2.04589 — 0.00696x + 1.114¢=°x*> (dual — PCFs) (8)

The blue and red curves in Fig. 13(a) represent the single
PCEF structure and dual symmetrical PCF structure, respec-
tively. The adjusted R? values of these two structures are
0.98737 and 0.99475 and the COD values are 0.99185 and
0.9965, respectively. Therefore, the dual symmetrical PCF
structure shows a better fitted curve. Table 1 summarizes the
sensing properties of some published sensors for simultane-
ous measurement of temperature. As shown in Table 1, com-
pared with many reported PCF-SPR sensors, the proposed
sensor has a larger detection range.

Conclusion

A PCF-SPR temperature sensor consisting of dual embed-
ded silver wires is designed and investigated by the FEM
method as well as effective refractive index method based
on the COMSOL Multiphysics software. The simulation
results show that a blue-shift occurs with increasing tem-
perature due to the filling ionic liquid [BMim] [PF] and
the characteristics of the structure with dual symmetrical
PCFs are better than those of the single PCF. To optimize
the sensing performance in the temperature between 20 and
320 °C, the structural parameters such as the radius of the
air holes, depth of corroded channels, and metallic materi-
als are evaluated critically. The single PCF structure shows
an average spectral sensitivity of 2.033 nm/°C, maximum
sensitivity of 3.900 nm/°C, as well as temperature resolution
of 0.0256 °C. In comparison, the structure based on dual
symmetrical PCFs delivers better performance as manifested
by an average spectral sensitivity of 3.166 nm/°C, maximum

@ Springer

sensitivity of 5.000 nm/°C, and temperature resolution of
0.0200 °C.
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