CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

High sensitivity plasmonic temperature sensor based on a side-polished photonic crystal

fiber

Zhigang Gao( =76 1), Xili Jing(FFFEF), Yundong Liu(X) 2 %<), Hailiang Chen([%ifF i), and Shuguang Li(Z=E )t)
Citation:Chin. Phys. B, 2022, 31 (2): 024207. DOI: 10.1088/1674-1056/ac0a63
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Mid-infrared supercontinuum and optical frequency comb generations in a multimode

tellurite photonic crystal fiber

Xu Han(§#/H), Ying Han(§ %), Chao Mei(f#8), Jing-Zhao Guan(& 5tHH), Yan Wang(F ), Lin Gong(ZE£Hk),
Jin-Hui Yuan(3ti 4 #%), and Chong-Xiu Yu(£& E 75)
Chin. Phys. B, 2021, 30 (9): 094207. DOI: 10.1088/1674-1056/abf10f

Generation of wideband tunable femtosecond laser based on nonlinear propagation of

power-scaled mode-locked femtosecond laser pulses in photonic crystal fiber

Zhiguo Lv( & E[E) and Hao Teng(fi#i5)
Chin. Phys. B, 2021, 30 (4): 044209. DOI: 10.1088/1674-1056/abe231

A compact electro-absorption modulator based on graphene photonic crystal fiber

Guangwei Fu(fsf] ), Ying Wang(E 1), Bilin Wang(F24%F), Kaili Yang(#7LEl), Xiaoyu Wang(E &), Xinghu
Fu(fi3% %), Wa Jin(4:1d), Weihong Bi(5 1241
Chin. Phys. B, 2020, 29 (3): 034209. DOI: 10.1088/1674-1056/ab6838

Design of diamond-shape photonic crystal fiber polarization filter based on surface

plasma resonance effect

Yongxia Zhang(5K 7Kk #%), Jinhui Yuan(%E4 %), Yuwei Qu(Ji E¥f), Xian Zhou(fi#iH), Binbin Yan(Fi¥¥7), Qiang
Wu( 52 5#), Kuiru Wang( - #£U1), Xinzhu Sang(Z#1#1), Keping Long ([ 72 *F), Chongxiu Yu(sR HE75)
Chin. Phys. B, 2020, 29 (3): 034208. DOI: 10.1088/1674-1056/ab683c

Refractive index sensor based on high-order surface plasmon resonance in gold

nanofilm coated photonic crystal fiber

Zhen-Kai Fan(Y&#<H1), Shao-Bo Fang(/7 /%), Shu-Guang Li(Z=HE %), Zhi-Yi Wei(ZE:E X)
Chin. Phys. B, 2019, 28 (9): 094209. DOI: 10.1088/1674-1056/ab327a


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0a63
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac0a63
https://doi.org/10.1088/1674-1056/ac0a63
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf10f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abf10f
https://doi.org/10.1088/1674-1056/abf10f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe231
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abe231
https://doi.org/10.1088/1674-1056/abe231
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab6838
https://doi.org/10.1088/1674-1056/ab6838
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab683c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab683c
https://doi.org/10.1088/1674-1056/ab683c
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab327a
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab327a
https://doi.org/10.1088/1674-1056/ab327a

Chin. Phys. B 31, 024207 (2022)

High sensitivity plasmonic temperature sensor based on a
side-polished photonic crystal fiber

Zhigang Gao(f= VAN, Xili Jing(FEPEH)), Yundong Liu(X)z 4%), Hailiang Chen(%if i), and Shuguang Li(ZEHE )

State Key Laboratory of Metastable Materials Science & Technology and Key Laboratory for Microstructural Material Physics of Hebei Province,
School of Science, Yanshan University, Qinhuangdao 066004, China

(Received 6 May 2021; revised manuscript received 8 June 2021; accepted manuscript online 11 June 2021)

A high sensitivity plasmonic temperature sensor based on a side-polished photonic crystal fiber is proposed in this
work. In order to achieve high sensitivity and high stability, the gold layer is coated on the side-polished photonic crystal
fiber to support surface plasmon resonance. The mixture of ethanol and chloroform is used as the thermosensitive liquid.
The performances of the proposed temperature sensor were investigated by the finite element method (FEM). Simulation
results indicate that the sensitivity of the temperature sensor is as high as 7.82 nm/°C. It has good linearity (R? = 0.99803),
the resolution of 1.1 x 1073 °C, and the amplitude sensitivity of 0.1008 °C~L. In addition, the sizes of the small air hole
and polishing depth have little influence on the sensitivity. Therefore, the proposed sensor shows a high structure toler-
ance. The excellent performance and high structure tolerance of the sensor make it an appropriate choice for temperature

measurement.
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1. Introduction

Owing to the flexibility of photonic crystal fiber (PCF)

structure design, many optical devices based on PCF have

1-3]

been developed, such as filters,| sensors,*! and beam

splitters.l>) The PCF-based sensors can measure a variety of

[6,7

environmental parameters including temperature, %" refrac-

tive index,®-1%1 and pressure.!'!! Surface plasmon resonance

(121 1t pro-

13]

(SPR) is an advanced optical sensing technology.
vides a broad development space in the field of biosensing.|
Because SPR is very sensitive to the change of the refractive
index of the medium near the metal film, the PCF sensor based
on SPR technology has many advantages, such as wide tunable
range,!'* good temperature stability and high sensitivity.!!>16]

In recent years, many SPR-based PCF temperature sen-
sors have been reported. Peng et al. studied a gold-coated
PCF temperature sensor.!!’! Its structure is relatively simple
and the temperature sensitivity is 720 pm/°C. A temperature
sensor filled with silver nanowires and liquid was proposed
by Lu er al.!"8] Its sensitivity reaches 2.7 nm/°C within the
temperature measuring range from 10 °C to 40 °C . Liu et
al. proposed a temperature sensor, which is gold-coated inside
the air hole and filled with liquid.!"”! The temperature detec-
tion range of the sensor is 0 °C—100 °C, and the temperature
sensitivity is 3080 pm/°C. In addition, Weng et al. designed
a D-shaped hole double-cladding temperature sensor.>"! The
D-shaped hole is coated with a gold film and liquid is injected
into the hole to achieve high-sensitivity temperature sensing.
The sensitivity of the sensor can reach to —3.65 nm/°C. How-
ever, these sensors need a plate gold on the inner wall of the
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air hole or filling the air hole with liquid. Such requirements
pose a challenge to the fabrication of the sensors.

In this paper, a gold-coated side-polished PCF tempera-
ture sensor based on SPR is designed and demonstrated. The
structure of PCF is very simple, it has only two layers of air
holes. The side-polished structure can reduce the difficulty in
depositing metal film and avoid filling thermosensitive liquid
into the air holes. The performance of the proposed tempera-
ture sensor was analyzed by the finite element method (FEM).
We have studied the influence of structural parameters on the
sensing performance, the resolution and amplitude sensitiv-
ity of the temperature sensor. Simulation results show that
the sensitivity of the proposed sensor is higher than reported
previously,'’2% and it can become a strong competitor of
temperature sensors.

2. Sensor design and theoretical basis

The two-dimension cross-section view of the temperature
sensor is presented in Fig. 1. There are two small air holes
and two large air holes near the fiber core, and their diame-
ters are d; and d, respectively. The diameter of the other air
holes is d3. The distance between the air holes, the polish-
ing depth, and the radius of the PCF are considered as A, A,
and r, respectively. The gold layer is coated on the surface
of the side polished PCF, and the thickness is depicted by 7.
The thermosensitive liquid is placed outside of the gold-coated
side-polished PCF.

The proposed temperature sensor uses silica as the back-
ground material, and its dispersion relationship is demon-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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strated by the Sellmeier equation, which is expressed as!?!]

n?(A,T) = (1.3155246.90754 x 107°T)

(0.788404 +23.5835 x 107°T)A?
A2 —(0.0110199 4 0.584758 x 10-°7)
(0.913164-0.548368 x 107°T)A?

A2 —100 ’

where A is the incident wavelength, T is the environment tem-

+ (1

perature, and their units are pm and °C, respectively. The di-
electric constant of the gold attached to side-polished PCF can

be calculated using the Drude-Lorentz model, which can be

evaluated by!??]

2 2
O Ae- Qf
= — — 2
= @+ i) (02— Q) +ilLo’ @

where €., = 5.9673 is the permittivity in the high frequency. @
is the angular frequency of incident light. yp, wp, 21, and Iy,
represent the damping frequency, plasma frequency, the oscil-
lator strength of the Lorenz oscillator, and the frequency spec-
trum width of the Lorenz oscillator, respectively. /27 =
15.92 THz, Q1 /27 = 650.07 THz, &p /27 = 2113.6 THz, and
I1 /27 = 104.86 THz. In addition, the thermosensitive liquid
of this temperature sensor is composed of alcohol and chloro-
form. Its refractive index can be expressed as!>’!

d
nm = x% X {nethanol(T =20°C)+ % x (T —20)
—|—(100 —x)% X [nchlomform(T =20 OC)

d7chioroform
_— T-2
+ Sttt (7 - 20)|. G

where x% and (100 — x)% are the ratios of ethanol and chloro-
form in the mixed thermosensitive liquid. dn/dT indicates the
thermo—optical coefficient. The values of ethanol and chloro-
form are —3.94 x 10~* °C~! and —6.328 x 10~* °C~!, respec-
tively. When the temperature is 20 °C, the refractive indices of
alcohol and chloroform are 1.36048 and 1.43136, respectively.
The thermosensitive sensitive liquid is a mixture of 80% alco-
hol and 20% chloroform. It should be noted that the material
dispersion of the mixed liquid is ignored in this work. The
confinement loss and wavelength sensitivity are respectively

determined by[>*2%

2
Oligss = 8.686 % T”Im(neff) % 10* (dB/cm),  (4)

Sl (nm/OC) = 8lpeak/8T, (5)

where Im(nf) is the imaginary part of the effective refractive
index, dApeak indicates the change in resonance wavelength,
and JT is the change of temperature.

The transmission relationship between different modes
can be investigated by FEM. The real effective refractive in-
dex (nefr) of the fundamental mode is an important parame-

ter. It has a positive correlation with the plasmon mode. 2%

The energy of the core mode will be transferred to the SPP
mode in the form of surface plasmon waves (SPWs) when the
phase matching condition is reached. The special wavelength
at this time is called the resonance wavelength. Consequently,
a propagation loss peak will be found at the resonance wave-
length. The resonance wavelength will shift when the tem-
perature changes. Therefore, the temperature measurement
can be achieved by observing the movement of the resonance
wavelength.

B PML layer

[ Liquid
Gold layer
Silica

[_TAir hole

Yy

L.

Fig. 1. Cross-section of the gold-coated side-polished PCF of the pro-

posed temperature sensor with d; = 0.6 pm, d, = 2.2 um, dz = 1.6 pum,
A =23 pum, h=3.1 um, and t; = 40 nm.
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Fig. 2. (a) Dispersion relationship between core mode and SPP mode, energy
relationship between core mode and SPP mode. Energy distribution of op-
tical field: (b) core mode, (c) plasmonic mode, and (d) coupling of the core
mode and the plasmonic mode at the temperature of 40 °C.

(b)

3. Results and discussion
3.1. Confinement loss and dispersion relationship

Figure 2(a) shows the loss spectrum and the dispersion
relationship between the core mode and the SPP mode at the
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temperature of 40 °C. The red line and the cyan line represent
the loss of SPP mode and core mode, respectively. The reso-
nance wavelength is 2170 nm. The effective refractive indexes
of the core mode and SPP mode correspond to the purple line
and the black line, respectively. Figures 2(b)-2(d) respectively
indicate the optical field distributions of the core mode, SPP
mode, and coupled mode in the y polarization direction.

3.2. Optimization of structural parameters

The temperature sensor with different structural parame-
ters will shows different sensing characteristics. In order to
achieve the excellent performance, the influences of air hole
size, gold layer thickness and polishing depth on the sensor
performance were analyzed.

The loss spectrum and the linearity of the sensor with dif-
ferent d; from 0 °C to 60 °C are illustrated in Fig. 3. With
the increase of dj, there is a slight blueshift of the resonance
wavelength, and the sensitivity is slightly reduced. Moreover,
we can see that the small change of the d has little influence
on the performance of the sensor, which increases the realistic
manufacturing tolerance of the designed sensor to some ex-
tent. Figure 3(d) shows the linearity of the sensor from 0 °C
to 60 °C for different d;. When d; = 0.4 um, 0.6 um, and
0.8 um, the linearity (R?) is 0.99641, 0.99803, and 0.99934,
respectively. Although the sensitivity is not the highest when
d; = 0.6 um, the linearity is better, so we consider 0.6 um as
the diameter of the small air hole.

Figure 4 represents the influence of different gold layer
thickness on sensor performance. It can be seen that the thick-

800
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g °C
o
=
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g 600
~
an
<
g
S 400
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1.7 1.9 2.1 2.3 2.5
Wavelength (pm)

ness of the gold layer has a greater impact on the loss spectrum
of the sensor. When the thickness of the gold layer is 30 nm,
the spectrum is not good at temperature of 0 °C and 10 °C.
With the increase of temperature, the loss peak appears to in-
crease first and then decrease when the thickness of the gold
layer is 50 nm. This is due to the strongest coupling between
the core mode and the SPP mode at temperature of 30 °C, and
the coupling strength becomes weaker as the temperature in-
creases. It can be seen from Fig. 4(d) that the spectrum at
40 nm is better and the sensitivity is higher, so we are more
inclined to choose the gold layer thickness of 40 nm.

The loss spectrum at different polishing depths from 0 °C
to 60 °C is shown in Fig. 5. As the polishing depth increases,
the resonance wavelength has a slight blue shift. The con-
finement loss decreases when temperature changes from 0 °C
to 50 °C. This is because the effective mode area of the pro-
posed temperature sensor will decrease as the polishing depth
increases, which will result in less core mode energy being
transferred to the SPP mode. Therefore the confinement loss is
reduced. When i = 2.9 pum, the loss peak does not always in-
crease with the increase of temperature, but decreases at 60 °C.
That happens because the coupling between core mode and
SPP mode is weakened, and the energy of the core mode can-
not be transferred to the SPP mode in a large amount. Al-
though this data changes, the sensitivity of the temperature
sensor hardly changes. It can be seen from Fig. 5(d) that the
linearity with the deeper polishing depth is better, so the pol-
ishing depth is considered to 3.1 pm.

800
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aadaaa
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Fig. 3. Loss spectrum from 0 °C to 60 °C: (a) d; = 0.4 um, (b) d; = 0.6 um, (c) d; = 0.8 um. (d) The linear fitting of the resonance wavelength

in the case with three different d;.
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Fig. 4. Loss spectrum from 0 °C to 60 °C: (a) ty = 30 nm, (b) ; = 40 nm, (c) tg = 50 nm. (d) The linear fitting of the resonance wavelength in
the case of three different 7.
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Fig. 5. Loss spectrum from 0 °C to 60 °C: (a) h =2.9 um, (b) 7 = 3.0 pm, (c) 2 = 3.1 um. (d) The linear fitting of the resonance wavelength
in the case of three different /.
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3.3. Sensing performance of the proposed temperature
sensor

The loss spectrum of the proposed sensor at different tem-
peratures is illustrated in Fig. 6(a). It can be seen that the spec-
trum is particularly good and the resonance wavelengths are
1840 nm, 1930 nm, 2010 nm, 2090 nm, 2170 nm, 2240 nm,
and 2310 nm, respectively. Since the thermosensitive liquid
we used corresponds to different refractive indexes at different
temperatures, and the SPR is very sensitive to the change in
refractive index near the metal film. So the change in refrac-
tive index of thermosensitive liquid corresponds to the change
in temperature, and the corresponding resonance wavelength
will also change. In this chart, as the temperature increases, a
red shift of the resonance wavelength is observed. Figure 6(b)
shows the linear fitting of the relation between the resonance
wavelength and temperature. The results show that the pro-
posed sensor has high linearity (R*> = 0.99803), and the sen-

sitivity is 7.82 nm/°C. These results indicate that the perfor-
mance of the proposed temperature sensor is better than the
reported previously.!!7-20]

The resolution of a temperature sensor describes that the
smallest variation of the temperature can be detected by this
sensor. The resolution of the proposed temperature sensor can

be calculated as!?7!

az'min
alpeak

where dT is the change of temperature, dApcqx refers to the

SR:8T><

(°C), (6)

wavelength of the loss peak difference, and dAn;, indicates
the minimum wavelength resolution. From Eq. (6), the reso-
lution at 0 °C and 50 °Cis 1.1 x 1073 °C and 1.4 x 1073 °C,
respectively. Therefore, the proposed sensor has the ability

to response to a small variation of temperature at the order of
1073,

2300 (®)
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2200

g
=
< —— Linear fit
o0
=]
[
< 2100}
¢
g 2000t y=7.820+1849.64
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5 1900}
Q
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1800 L— s s . . . .
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Fig. 6. (a) The loss spectrum of the sensor from 0 ° to 60 °. (b) Linear fitting of sensor resonance wavelength.
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Fig. 7. Amplitude sensitivity of the temperature sensor from 0 °C to 50 °C.

Amplitude sensitivity is an important parameter, it can be
expressed as
1 Jda(A,T)
S a(A,T) oT
where a is defined as the loss value for any 7', and do(A,T)
is the loss difference for two adjacent thermosensitive liquid
temperature. The amplitude sensitivity obtained by Eq. (7) is

Sa(°C) = @)

shown in Fig. 7. It can be seen that the amplitude sensitivity
becomes higher as the temperature rises. Higher temperature

reveals the stronger loss and, as a consequence, amplitude sen-
sitivity increases. Amplitude sensitivities are expressed about
0.0674, 0.0720, 0.0774, 0.0841, 0.0918, and 0.1008 °C~!, re-
spectively, with the temperature of 0, 10, 20, 30, 40, and 50 °C,
respectively.

There are some other important parameters to investigate
the performance of the sensor, which is closely related to the
full width at half maxima (FWHM) of the loss curve. These
parameters are signal-to-noise ratio (SNR), figure of merit
(FOM), and detection limit (&), respectively. They can be
expressed as!?8]

aZ'peak
SNR = , (8)
I )2
S
FOM = , )]
A1)
dAr
5, = 2 (10)

1.5 x (SNR)025

In Egs. (8)-(10), d4,, represents FWHM of the loss curve
for respective temperature. And the computed results are tab-
ulated in Table 1.
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Table 1. Sensing performance of the proposed SPR sensor.

Temperature (°C) Resonance wavelength (nm) Sensitivity (nm/°C) FWHM (nm) SNR FOM (°C~ 1) Detection limit (nm)

0 1840 9 254 0.354 0.035 220
10 1930 8 299 0.268 0.027 277
20 2010 8 234 0.342 0.034 204
30 2090 8 197 0.406 0.041 165
40 2170 7 185 0.378 0.038 157
50 2240 7 161 0.435 0.043 132
60 2310 - 143 - - -

4. Generalized measurement setup

The side polished PCF can be prepared by professional
grinding machines. The PCF is connected to the laser and
the optical power meter, the polishing depth can be accurately
obtained by measuring the power of the received light during
the polishing process.?”! Using commercial magnetron sput-
tering equipment, the gold layer can be coated on the PCF. 30!
The experimental principle of the proposed temperature sen-
sor is shown in Fig. 8. First of all, a single-mode fiber is fused
on both ends of the gold-coated side-polished PCF to facili-
tate the connection of the light source and the spectrometer,
and then the PCF is put into the temperature chamber. At this
time, the light source is turned on, and the incident light en-
ters the PCF through the single-mode fiber. It interacts with
the gold and causes surface plasmon excitation, and the en-
ergy of the core mode will be transferred to the SPP mode.
Consequently, a trough will be displayed on the spectrometer.
Finally, we change the temperature through the temperature
control chamber, the movement of the trough will be displayed
on the spectrometer, and sensing characteristics of the sensor
can be measured by the movement of the trough.

Proposed PCF Thermosensitive liquid

Light

source

OSA

SMF SMF

Temperature control chamber

Fig. 8. The experimental principle of the proposed temperature sensor.

5. Conclusion

A high sensitivity and high linearity SPR based PCF tem-
perature sensor is proposed in this article. Both the thermosen-
sitive liquid and the gold layer are deposited on the outer sur-
face of the side-polished PCF to reduce the fabrication com-
plexity. After we optimized the structure parameters, a high
sensitive and high linear temperature sensor was obtained. The
temperature detection range of the sensor is 0 °C to 60 °C, and
the sensitivity is as high as 7.82 nm/°C. The sensor shows good
linearity (R? = 0.99803) and resolution of 1.1 x 1073 °C~! as

well. The simulation results show that the size of the small
air hole and the polishing depth have little influence on the
sensitivity of the sensor. Therefore, the requirements for man-
ufacturing accuracy of the sensor are reduced. Such excellent
temperature sensing characteristics and low difficulty for fab-
rication make the proposed sensor have a distinctive advantage
in temperature measurement.
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