friried applied
b sciences

Article

A Novel Dual-Wavelength Method for Evaluating Temperature
Effect in Fiber-Optic SPR Sensors

Ning Su T, Wei Luo **, Liusan Wang ¥, Zhengyong Zhang * and Rujing Wang **

check for
updates

Citation: Su, N.; Luo, W.; Wang, L.;

Zhang, Z.; Wang, R. A Novel
Dual-Wavelength Method for
Evaluating Temperature Effect in
Fiber-Optic SPR Sensors. Appl. Sci.
2021, 11, 9011. https://doi.org/
10.3390/app11199011

Academic Editor: Francisco

Pérez-Ocon

Received: 15 August 2021
Accepted: 14 September 2021
Published: 28 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

Institute of Intelligent Machines, Hefei Institutes of Physical Science, Chinese Academy of Sciences,

Hefei 230031, China; oksuning@mail.ustc.edu.cn (N.S.); Iswang@iim.ac.cn (L.W.); zyzhang@iim.ac.cn (Z.Z.)
* Correspondence: zjlw1018@mail.ustc.edu.cn (W.L.); rjwang@iim.ac.cn (R.W.)

t Current address: Intelligent Agriculture Engineering Laboratory of Anhui Province, Hefei 230031, China.

Abstract: The temperature effect is one of the critical factors to induce the resonance wavelength shift
in fiber-optic surface plasmon resonance (SPR) sensors, which leads to the inaccuracy measurement
of refractive index (RI) in practical applications. In this study, a novel dual-wavelength method is
presented for fiber-optic SPR sensors to measure the changes of RI and temperature simultaneously in
real time. A typical model of an SPR-based fiber optical sensor is constructed for theoretical analysis
of temperature effect. Both the thermo-optic effect in the fiber core and phonon—electron scattering
along with electron—electron scattering in the metal layer are studied systematically in the theoretical
model. The linear and independent relationship, about the dependence of defined output signals
on the RI and temperature, is validated by a theoretical calculation in specific dual wavelengths.
A proof-of-concept experiment is conducted to demonstrate the capability of the presented dual-
wavelength technique. The experimental results indicate that the presented dual-wavelength method
is technically feasible and can be applied for practical application. Since the presented method
only depends on the full advantages of the transfer spectrum data, it can be applied directly to the
conventional single-channel fiber-optic SPR without any specific design structure of the sensor probe.
The proposed method provides a new way to detect the RI under different thermal conditions and
could lead to a better design for the fiber-optic SPR sensors.

Keywords: surface plasmon resonance; dual-wavelength; refractive index; temperature effect; fiber-
optic sensor

1. Introduction

Surface plasmon resonance (SPR) is a phenomenon that involves the absorption of
p-polarized light by the surface electrons of a metal film [1,2]. The changes of refractive
index (RI) on the surface of metal film can be measured based on the SPR effect to reveal
the properties of analytes in real time. The SPR has become an important optical biosensing
technology due to the advantages of miniaturization, remote sensing capabilities, anti-
electromagnetic radiation, and label-free and real-time monitoring [3,4]. Therefore, a fiber-
optic sensor using the SPR (also called fiber-optic SPR sensor) can be designed with
different molecular sensor layers on the metal surface. The fiber-optic SPR sensor is a novel
bio-chemical sensor that can be applied broadly in the fields of biomolecular interaction
analysis, chemical/biological analytes detection and medical diagnostics [5-8]. It is capable
of detecting tiny RI changes of an analyte or other physical quantities that equivalently
convert to RI changes [9,10]. However, the performance of fiber-optic SPR sensors is always
disturbed by several physical parameters, such as the external environment parameters and
the condition of the analyte, in practical application. All of the physical parameters result
in the wavelength shift of fiber-optic SPR sensor. The application of fiber-optic SPR sensors
is limited by the accurate detection of wavelength shift. In all the interference parameters,
the temperature of the measuring object is one of the critical factors for the fiber-optic
SPR sensor and needs to be carefully considered for ensuring the stability and accuracy of
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the sensor. Previous studies have proven that the temperature of the detecting situation
has multiple influences on the performance of the SPR sensor and may lead to incorrect
measurements [11-14]. For a fiber-based SPR sensor, the temperature influence on the
measurement generally includes two main aspects: the property changes from detecting the
analyte and the sensor structure parameters. Therefore, the spectrum resonance shift could
be caused by the changes of the RI and temperature simultaneously [15,16], leading to the
major technological problem of discriminating between the RI-induced and temperature-
induced SPR changes. As a result, it poses a substantial challenge for the applications of
fiber-optic SPR sensors.

In order to eliminate the uncertainty of RI measurement of fiber-optic SPR sensor
caused by temperature perturbation, an alternative method is to measure RI and tem-
perature simultaneously. Several methods have been proposed to extract two different
parameters from the output signal of the conventional fiber SPR sensing probe. These
methods can be summarized into four categories: (i) measurements at two different fluid
channels (one of the channels is taken as the reference for the measurement); (ii) angular
spectroscopy at two different wavelengths [17] corresponding to the angle intensity inter-
rogation mode; (iii) wavelength spectroscopy at two different angles [18] corresponding
to the wavelength interrogation mode; (iv) multi-mode SPR spectroscopy [19]. However,
it is not easy to apply these methods in practice. To this end, a common approach is to
design the sensing structure by a pair of cascaded or embedded fiber devices. Typically,
a double-channel SPR with one of them taking as a reference is proposed and applied.
However, this method is not suitable for fabricating compact sensors or, in general, re-
quiring a complicated fabrication process and specialized equipment [20]. In addition,
Veldzquez-Gonzélez et al. proposed a gold-coated MM-SM-MM fiber structure to measure
the RI and temperature simultaneously [21]. With the design of the single-mode fiber
section inserted between two multimode fibers in sensor probes, the sensitive section was
partially covered with an analyte to generate two SPR resonance dips in the transmission
spectrum. Therefore, a complex fiber optic sensor probe structure is expected to carry out
in the experiment.

To this end, we present and demonstrate a novel dual-wavelength method for simul-
taneous measurement of the RI and temperature variation in this paper. Compared to other
types of fiber-optic SPR sensors with temperature self-compensation [22-24], our proposed
method can be directly applied to the traditional fiber SPR probe. In the dual-wavelength
technique, the dependence of the defined output signals at two dual-wavelengths on RI
and temperature are linear and independent with each other. Therefore, there are two
main advantages of the dual-wavelength technique. Firstly, the probe of the fiber-optic
SPR sensor is a single channel rather than a dual-channel. Secondly, the structure is just the
same as the traditional fiber SPR sensor. Therefore, this technique can be applied to the
traditional fiber SPR sensor, and no extra structure changes is needed in the sensor probe
section. The only requirement is to launch the sensor probe with two suitable wavelengths
of lights. This makes the dual-wavelength technique more suitable for practical application.
In this paper, a systematic theoretical analysis is conducted for the temperature effect in
fiber-optic SPR sensors. Based on the analysis, a theoretical calculation and the correspond-
ing numerical analysis are conducted to validate the change of light reflectance signals
with a pair of specific wavelengths due to the resonance wavelength shift. In some specific
dual wavelengths, the dependence of the defined output signals on the RI and temperature
is linear and independent of them. An experimental platform is constructed to verify the
dual-wavelength technique. The proof-of-concept experiment arrangement is as simple
and robust as the conventional single-channel fiber-optic SPR sensor. The experimental
results demonstrate that the presented dual-wavelength method is feasible in technology
and can be used in practical applications.
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2. Material and Methods
2.1. The Model of Fiber-Optic SPR Sensor

A typical model of an SPR-based fiber-optic sensor can be constructed with the
structure shown in Figure 1. A small portion of the cladding is firstly removed and
the exposed fiber core is then coated with a metal layer. Therefore, an analyte medium
(dielectric analyte) is surrounded on the metal layer that has been detected. When a
beam of light is inserted into the optical fiber, the metal-dielectric interface supports
an electromagnetic wave called the surface plasmon wave (SPW). In the SPR-based fiber
optical sensor model, the temperature effects on SPR can be equivalent to the changes in the
physical parameters of the sensing structure, i.e., the metal layer and fiber core. Therefore,
combining the phonon—electron scattering along with electron—electron scattering (in the
metal layer) and phenomena of thermo-optic (in the fiber core) with the multi-layer matrix
method, a complete theoretical model can be constructed to investigate the multiple
temperature effects on a fiber-optic SPR sensor.

7 -axi analyte medium
axis SPW

evanescent wave

X-axis

incident light

|
|
|

fiber core

metal layer dlI cladding
L

Figure 1. Illustration for SPR-based fiber-optical sensing.

2.2. Temperature Effect on Metal Layer

The theoretical analysis of the temperature effect on a metal layer is described as
follows. Firstly, the complex and frequency-dependent dielectric function of a metal sensor
layer can be presented by the Drude model [25] as Equation (1):

2
=1-—"P7 1
(w) w(w + iw;) @
where the w, and wy, are the collision frequency and plasma frequency, respectively.
Then, temperature (T) dependence of the plasma frequency (wy) can be calculated
according to the volumetric effects [26] as Equation (2):

wp = wpo[l + 7e(T — Tp)] /2 )

where wyy is the plasma frequency at a reference temperature Ty and 7y, is the expansion
coefficient of the metal layer.

In addition, the impact of temperature (T) on the collision frequency (w,) occurs
through two main factors: namely, phonon—electron scattering (w¢p) and electron-electron
scattering (w¢,). Therefore, the combined effect w, can be represented as Equation (3)

We = Wep + Wee ®3)
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1. wcp can be simulated with the Holstein model of phonon—electron scattering [27]:

/‘TD/T Z24dz ] @)
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where wy is a constant related to the electric conductivity of metal and can be determined
from the static limit of the equation [28]. Tp is the Debye temperature of the metal.

2. we can be presented by the Lawrence model using the Born approximation and
Thomas-Fermi screening of the Coulomb interaction [29] as:

fiwo \ 2
kpT) + [ —
(ko) +(4n2>] ®
where I', A, i, Ep, and kg are the Fermi surface average of scattering probability,

fractional Umklapp scattering, Planck’s constant, Fermi energy, and Boltzmann con-
stant, respectively.

4 TA

1
wee(T) = g p

Besides, temperature effects also affect the thickness of the metal layer. According
to [30], the metal film only expands in the normal direction with a corrected thermal-
expansion coefficient. Hence, the temperature dependence of the thickness of the metal
layer d can be expressed as Equation (6):

1+
d=do[1+~/(T-Ty)] =dy 1+7ﬁ(T—To) ©)
where y is the Poisson’s number, v is the linear expansion coefficient of the sensor metal,
and 7/ is the corrected thermal expansion coefficient. Ty is the reference temperature as in
Equation (2).

2.3. Temperature Dependence of the Optical Fiber for Wave-Interrogation Mode

In this study, the optical fiber is considered as a step index multimode fiber. The central
core of the optical fiber is made of fused silica. Therefore, the dependence of its Rl can be
expressed by the Sellmeier relation as Equation (7):

AA2 As\2 As\2
ni(A) =4/1+ + + 7
1) \/ A2_B2 A2_B,2 A2_B? @

where A denotes the wavelength of incident light. The coefficients A1, A3,As, By, By, and
Bs are constants with certain numeric values.

Meanwhile, the RI variation of the fiber core (11,) with temperature is another factor
which needs to be taken into account. The temperature effect on the fiber core can be
expressed as Equations (8) and (9) [31]:

R = A2 / (AZ - Al?g) ®)
2n()\)2—;(x\) = GR + HR? )

where A;; represents the band gap wavelength in units of um. dn/dT is the thermo-optic
coefficient for silica.

2.4. Multi-Layer Matrix Method

In general, the fiber sensor based on the SPR can be considered as an N-layer model [32-34].
To simplify the model, all the layers are assumed to be uniform, isotropic, non-magnetic, and
stacked along the z-axis, as shown in Figure 2. Here, we use the matrix method to obtain the
expression for the reflected light intensity of p-polarized incident light.
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Figure 2. Multi-layer model configuration for the calculation of reflected light intensity.

For the nth medium layer, the thickness, dielectric constant, and permeability are
defined as d;, €,;, and py,. The tangential fields at the first boundary (Z = Z; = 0) and the
final boundary (Z = Zy_) are related by the relation of Equation (10):

=M E a0

where, E;, Hj, and Ex_1, Hy_1 are the tangential components of electric and magnetic
fields at the boundary of the first layer and the Nth layer, respectively. Here, M is the
characteristic matrix for the multilayer structure and can be given by Equation (11):

N-1
M = Hn:Z My (11)
Herein,
—isin By
A (12)
—igysinB,  cos Py

with the coefficients: 1
Bn = Xanm/sn — n3sin?6 (13)

where A is the free space wavelength and 75 is the RI of the first layer.
In transverse-electric (TE, s-polarized) models,

Gn = \/en — n3sin®0 (14)
In transverse-magnetic (TM, p-polarized) models,

gn = (15)

The reflection amplitude for polarized incident light can be calculated by Equation (16):

»— (M + Mipgn)g1 — (Mo + Moagn) 16)
(Mg + Miqn)qr + (Ma1 + M22gn)

Therefore, the final reflection intensity of unpolarized wave containing TE and TM
modes can be given by Equation (17):

1 2 )
R= §(|VTE| + [rrm| ) (17)
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2.5. Transmitted Power for SPR-Based Fiber-Optical Sensor

The modal power corresponding to the incident angle 6 can be expressed as [35,36]:

n% sinf cos 0

— (18)
(1- n%cos29)2

p(0) =

Based on the reflectance value for a single reflection at the core/metal interface,
the normalized transmitted power of unpolarized light can be calculated by Equation (19):

o2 RNp(0)do
Jo? p(6)do

where N represents the number of reflections that a ray undergoes in the fiber sensing area.
8¢r is the critical angle. The N and 6., can be expressed as in Equations (20) and (21):

P= (19)

N=_—"— (20)

. n
cr — SIn 1 <1/lc1l> (21)

where L and D are the length and core diameter of the fiber sensing region, as shown in
Figure 1. n, and n; are the refractive indices of the cladding and core.

3. The Principle of Dual-Wavelength Method and Theoretical Calculation of
Fiber-Optic SPR Sensor

Based on the model of fiber-optic SPR sensor illustrated in Section 2.1, the functional
relationship between the output light intensity and the wavelength of incident light is
fitted as shown in Figure 3. The solid curve represents a typical resonance spectrum of
the fiber-optic SPR sensor. The resonance curve exhibits a valley and the signal of light
reflectance gets its minimum value in a characteristic wavelength. However, the surface-
plasmon wave of the fiber-optic SPR sensor will be changed due to the variation of RI or
temperature of an analyte, which in turn leads to the variation of resonance incident wave
vector. The original resonance curve could shift to the dotted line as shown in Figure 3
with a resonance wavelength drift. The conventional method to obtain the variation is to
detect the resonance dip in the transmission spectrum. However, the temperature effect
cannot be ruled out, which results in the bias of detection result.

Inspired by the dual-incident angle technique for the prism-based SPR sensor [37-40],
a dual-wavelength method is presented for the fiber-optic SPR sensor in this paper. Based
on the theoretical analysis and the resonance characteristics of the fiber-optic SPR sensor,
we present a linear model between the change of reflectance transmission signal and the
change of RI/temperature of the analyte with two specific incident wavelengths. The two
specific incident wavelengths (A1 and A,) are chosen on the opposite sides of the resonance
curve. The light reflectance signal at wavelength A; is denoted as S(A1), and the light
reflectance signal at wavelength A, is denoted as S(A;). Compared with the traditional
fiber-optic SPR detection method which just exploits the resonance wavelength obtained
at the dip of transmission spectrum, the presented dual-wavelength measurement takes
full advantage of the data obtained at both A1 and A, and offers two output signals to
indicate the variations in temperature and RI. Based on the assumption of the original dual-
wavelength method, the selection principle of the wavelengths is that the dependence of
the defined output signals on RI and temperature are linear and independent of each other
in the detection range of both RI and temperature. In order to find two fixed wavelengths
that meet these conditions for practical applications, the RI and temperature effects are
analyzed in detail. Figure 4 shows the resonance spectra of the analyte with RI range from
1.333 to 1.340, and the temperature is set at 310 K. As shown in the Figure 4, the resonance
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spectrum shifts to the right side as Rl increasing. In wavelength range 1, the lines of the
resonance spectra are almost parallel to each other. The same phenomenon appears in the
wavelength range 2. Therefore, a linear relationship between the RI and reflectance signal
can be established in the two wavelength ranges. The right fixed wavelength can be chosen
in range 1, and the left fixed wavelength can be chosen in range 2.

signal measured
at the right fixed

signal measured
at the left fixed
wavelength S(A l)

_ A

left fixed
wavelength (A 1)

resonance
wavelength shift

Light reflectance signals (ref.units)

right fixed 1
wavelength (/\2)

Wavelength

Figure 3. Dual-wavelength signal by shifting of the resonance curve.
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Figure 4. The fiber-optic SPR resonance spectra at different RI (core: 200 pum, 0.36 NA, sensor length:
10 mm, 50 nm gold film at 300 K).

In order to investigate the feasibility of the dual-wavelength method for the simulta-
neous measurement of the changes of RI and temperature, a theoretical calculation and
numerical analysis are conducted to quantify the output signal, i.e., light intensity, of a
fiber-optic SPR sensor with different temperature and RI. In our simulation, the core of a
multimode fiber is coated with gold film. The thickness of the gold sensor film is assumed
to be 50 nm. The numerical aperture (NA) of the optical fiber is set to 0.36. Tempera-
ture variation is in the range of 290-320 K and the interval of variation of the RI is set
to 1.333-1.338 RIU. The two characteristic wavelengths A; = 495 nm and A, = 575 nm
are sought for the evaluation of temperature effect and RI on the fiber-optic SPR sensor.
The dependence of output signal on temperature and Rl is analyzed based on the model
analysis in Section 2. Hence, the theoretical analysis and numerical calculation are carried
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out to quantitative analysis of the variations of temperature and RI simultaneously. The
dependence of reflectance signals on RI and temperature are simulated at the wavelengths
A1 = 495 nm and A, = 575 nm, as shown in Figure 5. It is obvious that the reflectance sig-
nals S(A1) and S(A,) are linear with both RI and temperature. For example, the reflectance
signal S(A1) increases linearly with RI at a temperature of 300 K, while the linear decrease
of the signal S(A,) is with RI at the temperature of 300 K. Besides, the absolute slope of
S(Ay) is larger than that of S(A1), which reveals that the change of reflectance signal at A,
is faster than A; to RI variation. In other words, the constructed fiber-optic SPR sensor is
more sensitive to RI at the A,. Meanwhile, another feature is that the linear variation of the
reflectance signals S(A) with temperature is less significant than RI. It demonstrates that
the reflectance signal is less sensitive to temperature. The variation of the output signal
mainly depends on the change of RI. In summary, the relationship between the output
signal change versus RI and temperature variation is approximately linear with different
slopes depending upon the light wavelength used in the measurement.

0.85

NS A =5750m

. /

Light reflectance signal (ref unit)

1338
51336 L3365 1337 13373

dex (R1U)

4 13345 1335 1333

290 1.33 . :
) 1.333 13335 Refractive 1D

Figure 5. The SPR reflected intensity signal shifts versus temperature and RI for the dual wavelengths
(495 nm and 575 nm).

For the detailed scenario, Figure 6 shows the output signal changes versus the RI at
different temperatures. It is obvious that the dependence of the S(A1) (or S(A2)) on the Rl is
nearly the same at T = 290 K (T is the value of temperature) and T= 320 K. The difference in
the slope of the signal versus Rl is negligible compared to either of the two slopes. It clearly
suggests that, for the two defended sensor outputs, the dependence of the output signal
on Rl is almost independent with temperature. Another important observation is that the
spacings between the curve pairs of T = 290 K and T = 320 K are different. The spacing
of Aq is larger than the spacing of A, which reveals that the signal is less sensitive to
temperature variation at the signal of S(A;). As the curves show in Figure 6, the linear
sensitivities between output signals versus the RI are —21.6454/ RIU and 9.2836/RIU
for S(Ay) and S(Aq), respectively. Figure 7 shows the change of the output signal versus
the temperature with RI equalling n = 1.333 RIU (n is the value of RI) and n = 1.338 RIU.
Similarly, two important key features can be obviously found from these curves. Firstly,
the spacings between the curve pairs of #n = 1.333 RIU and #n = 1.338 RIU for S(A1) and S(A;)
are larger than its counterpart in Figure 6 because of the significant RI dependence and low
temperature sensitivity. Secondly, it is clearly observed that, for both of the output signals,
the slopes of the output signal versus temperature for n = 1.333 RIU and n = 1.338 RIU
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are nearly equal. This means that, for the two signals, the temperature dependence of the
output is approximately independent with RI. The small detectable sensitivities between
output signals versus the temperature are —2.8672/10* K and —5.3535/10* K, respectively.
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Figure 6. SPR reflected signal shifts versus RI for the temperature at 290 K and 320 K.
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Figure 7. SPR reflected signal shifts versus temperature for RI equalling 1.333 RIU and 1.340 RIU.

Based on the above analysis, the dependence of the two output signals, defined
by the dual-wavelength technique, on RI and temperature can be viewed as linear and
independent with each other. Therefore, the variation of the two defined output signals
with the simultaneous changes in RI and temperature can be expressed as:
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(astn ) =*(a1) @

kn k71

K ( kno k2 ) 3)
where AS(A1) and AS(Ay) are the output changes of the two defined signals. An and
AT represent the RI variation and temperature change, respectively. K is the sensitivity
matrix, taking into account the cross-sensitivity between the changes of RI and temperature.
The sensitivity matrix K is composed of the linear fitting coefficients between the output
signals versus the RI and temperature as shown in Figures 6 and 7. However, the changes
of RI and temperature are invisible in an actual sensing case of measuring the resonance
spectrum to detect the variations of RI and temperature. Therefore, by the inverse matrix
of K and measuring the defined output signals at the dual wavelengths, the changes of RI
and temperature can be calculated simultaneously as:

An \ K1 AS(A1) '\ [ 0.0201 —0.0376 AS(Aq) (24)

AT ) AS(Az) )\ —0.1519 —0.0651 AS(Az)
With the full use of the detected spectrum data, both the variations in RI and temper-
ature can be obtained with the dual-wavelength method. Further, this technique can be

applied with traditional single-channel fiber-optic SPR sensors and extended to a detection
situation of both the transmission-based and the reflection-based fiber-optic SPR probes.

4. Experimental Results and Discussion

Based on the above-mentioned dual-wavelength method, the approach can be directly
applied to the conventional fiber-optic SPR sensor. A proof-of-concept experiment is
carried out with a typical transmission-based fiber-optic SPR sensor. The schematic of
the transmission-based fiber-optic SPR is shown in Figure 8. Two laser diodes with the
center wavelengths of 520 nm and 635 nm light up in turns. The light beams interflow
into the two exiting directions through a semi-permeable mirror. One direction of the light
is directly recorded by a photoelectric detector as the reference to eliminate the influence
caused by the fluctuation of light source. The other one is the detecting light coupled into
the optical fiber with the lens 3. The light passes through the SPR sensing probe portion
and is detected with a fiber-optic power meter (PM20A, Thorlabs). A step index multimode
fiber (core: 200 um, 0.37NA) is used as the light transmission medium with cladding of
10 mm length removed. Then, the unclad fiber core is coated with gold film of a thickness
of 50 nm using vacuum magnetic sputtering rotary technique.

laser diode
(635 nmg’z
7 plens2

lens 1 lens 3 inlet  flow cell fiber optic

I ) (I multi-mode fiber power meter
laser diode p

(520 nm) / | — |lens4

semi-transparent
mirror

photo diode

Figure 8. Schematic of the transmission-based fiber-optic SPR experimental setup.
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The experimental platform can provide an exact measurement of transmission power
variation caused by SPR sensing at the two detecting wavelengths. Different concentrations
of aqueous NaCl solution are used as the analytes and confirm the RI with an Abel refractive
index-measuring instrument in the experiment. The change of temperature is controlled
by a hot plate. Therefore, a proof-of-concept experiment is carried out to demonstrate the
capability of the proposed dual-wavelength method after the optical arrangement.

Figure 9 depicts the relationship between the output signal versus analyte RI when the
temperature is fixed at 30 °C. Obviously, there is a significant linear relationship between
output signal and the RI. With the RI changing from 1.3407 RIU to 1.3462 RIU, the signal
at Ay = 635 nm decreases from 35.7258 uw to 30.9591 uw while the signal at A1 = 520 nm
increases from 29.6735 uw to 31.7652 uw, corresponding to the slopes of —873.0231 uw/RIU
and 383.0945 uw /RIU, respectively. Figure 10 shows the dual-wavelength signals’ variation
versus temperature with the RI of 1.3448 RIU. With the increase in temperature, both of
the output signals decrease slightly, resulting in the detectable slopes of —0.0240 uw /°C
for S(A) and —0.0138 uw/°C for S(A;), respectively. Due to the fitting lines measured
in the calibration progress, the sensitivity matrix can be obtained with the linear coeffi-
cients. Therefore, with the proposed dual-wavelength technique and the inverse of linear
sensitivity matrix, both the RI and temperature variations can be measured as:

An \ K- AS(A1) 52593  —9.1466 AS(Aq) (25)
AT ) AS(Ap) )\ —332716 —14.6001 AS(Az)
Here, An and AT are the RI variation and temperature change of the analyte in units

of 107* RIU and °C. AS(A;) and AS(A,) are the variations of defined output signals at
A1 = 520 nm and A, = 635 nm, respectively.
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Figure 9. The output signal of the dual wavelengths versus RI.

For the experimental setup used to verify the new technique, the sensor works in the
intensity-interrogation mode. The detection limit is dependent on the composite resolutions of
the fiber intensity detector, metal thickness, and RI detecting range. In general, a conventional
SPR sensor based on multimode fiber has the RI resolutions of 7.69 x 10~ RIU with the
wavelength sensitivity of 2600 nm/RIU and spectrometer resolutions of 0.2 nm [41]. Com-
pared to the traditional multimode fiber SPR sensor, our proposed detecting method using
two fixed wavelengths can improve the resolution and signal-to-noise ratio of measurements.



Appl. Sci. 2021, 11,9011

12 of 14

3257 T T T T T T
324 E
322} T T
y=-0.0138x+32.5673 I —

E320p R? =0.9931 — ]

B

% 3181 —Fitting line 4

2* Transmission power

=) ()\2=635nm)

2 31.6 Transmission power |

g ¥ (A\,=520nm)

|

g

=314 i

=

.20

=

w
to

y=-0.0240x+31.9472
R2 =0.9837

31.0F

30.8 L I 1 1 L L L
15 20 25 30 35 40 45

Temperature (°C)
Figure 10. The output signal of dual wavelengths versus temperature.

5. Conclusions

In this paper, we analyze the temperature effect on the performance of fiber-optic
SPR sensors in theory. Based on theoretical analysis, a novel dual-wavelength method is
presented to simultaneously measure the changes of RI and temperature. The detailed theo-
retical calculation is carried out to analyze the temperature effects on the performance of the
SPR-based fiber-optic sensor. We then experimentally demonstrate the effectiveness and
capability of the proposed dual-wavelength technique. The proof-of-concept experiment
arrangement is as simple and robust as the conventional single-channel fiber-optic SPR
sensor. The dual-wavelength technique is practical and convenient for various applications,
which makes full use of the signals at two fixed wavelengths without need of extra sensing
structure design. With the dual-wavelength technique, the RI change can be distinguished
from the temperature interference. Therefore, the proposed dual-wavelength technique
may further extend the potential of the fiber-optic SPR sensor and pave a way to optimize
the performance against temperature interference.
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