sensors
Article

Gold-Film-Thickness Dependent SPR Refractive
Index and Temperature Sensing with Hetero-Core
Optical Fiber Structure
Rui Zhang 1 , Shengli Pu 1,2, *
1
2

*

and Xinjie Li 1

College of Science, University of Shanghai for Science and Technology, Shanghai 200093, China;
172292028@st.usst.edu.cn (R.Z.); 1722020102@st.usst.edu.cn (X.L.)
Shanghai Key Laboratory of Modern Optical System, University of Shanghai for Science and Technology,
Shanghai 200093, China
Correspondence: shlpu@usst.edu.cn; Tel.: +86-21-6566-7034

Received: 9 September 2019; Accepted: 3 October 2019; Published: 8 October 2019




Abstract: A simple hetero-core optical fiber (MMF-NCF-MMF) surface plasmon resonance (SPR)
sensing structure was proposed. The SPR spectral sensitivity, full width of half peak (FWHM),
valley depth (VD), and figure of merit (FOM) were defined to evaluate the sensing performance
comprehensively. The effect of gold film thickness on the refractive index and temperature sensing
performance was studied experimentally. The optimum gold film thickness was found. The maximum
sensitivities for refractive index and temperature measurement were obtained to be 2933.25 nm/RIU
and −0.91973 nm/◦ C, respectively. The experimental results are helpful to design the SPR structure
with improved sensing performance. The proposed SPR sensing structure has the advantages of simple
structure, easy implementation, and good robustness, which implies a broad application prospect.
Keywords: refractive index sensing; temperature sensing; optical fiber sensor; hetero-core fiber
structure; surface plasmon resonance

1. Introduction
Surface plasmon resonance (SPR) optical fiber sensor has the advantages of ultra-high sensitivity
and resolution, fast response, small size, and real-time detection capability, which has been widely
studied in environmental monitoring [1,2], disease diagnosis [3,4], biological analysis [5,6], and other
fields [7,8]. Its sensing performance mainly depends on the geometry and structure parameters of
optical fiber, type of metal coating, etc. In order to increase the evanescent wave outside the optical
fiber, removing some or all of the optical fiber cladding is employed with the traditional SPR optical
fiber sensor. For example, the typically processed fiber structures include etched fibers [9,10], side
polished fibers (SPF) [11,12], tapered fibers [13,14], D-shaped fibers [15,16], etc. Through this way,
the SPR effect is enhanced. However, removal of cladding will reduce the structural strength of the
fibers and result in decline in mechanical properties. To avoid the damage of fiber structure, high
sensitivity SPR optical sensors can also be realized by using grating structure, such as tilted fiber Bragg
grating (TFBG) [17,18], fiber Bragg grating (FBG) [19,20], and long period fiber grating (LPG) [21,22].
These grating structures maintain the integrity of the optical fiber and are easy to operate, but the
fabrication cost is high.
The mentioned problems can be solved with hetero-core fiber structure [23–25], which possesses
the merits of simple structure, low cost, high sensitivity, and good mechanical performance. Therefore,
we fabricated simple hetero-core optical fiber (MMF-NCF-MMF) structures using coreless optical fibers
(NCF) as sensing regions. Due to the absence of cladding, the core mode of NCF can directly contact
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The mentioned problems can be solved with hetero-core fiber structure [23−25], which
possesses the merits of simple structure, low cost, high sensitivity, and good mechanical
performance. Therefore, we fabricated simple hetero-core optical fiber (MMF-NCF-MMF) structures
using coreless optical fibers (NCF) as sensing regions. Due to the absence of cladding, the core mode
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The glycerol aqueous solution and ethanol are utilized for the refractive index and temperature
sensing experiments, respectively.
respectively. Ethanol has a relatively high thermo-optical coefficient of around
−4 RIU/◦ C, which is two orders of magnitude higher than that of silica, which is about
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Figure 4 shows the transmission spectra of the sensing structure at different surrounding refractive
Figure 4 shows the transmission spectra of the sensing structure at different surrounding
indices and ambient temperatures, respectively. The thickness of the coated gold film is 25.753 nm.
refractive indices and ambient temperatures, respectively. The thickness of the coated gold film is
The measured SPR spectrum is normalized according to the following definition:
25.753 nm. The measured SPR spectrum is normalized according to the following definition:
Tsol − Dbg

T -D ,
Ptrans =Tairsol− Dbgbg,
Tair -Dbg

Ptrans =

(4)
(4)

where Tsol and Tair are the measured intensity when the structure is in measurand and air, respectively.
Dwhere
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each spectrum
has been smoothed.
bg is the
and Tair signal.
are the To
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intensity whennoise,
the structure
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and air,
Tsolbackground
Figure 4 shows that the resonance wavelength drifts to a long wavelength with the external refractive
D
index.
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On
the
other
been smoothed. Figure 4 shows that the resonance wavelength drifts to a long wavelength with the
hand,
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dip remains
unchanged,
reflects
the measurement
external
index.
However,
the resonance
wavelength
driftswhich
to a short
wavelength
with the
stability
sensing structure.
increaseofofthe
temperature,
which is due to the decrease of the refractive index of ethanol solution at
high temperature. On the other hand, the intensity of the SPR wavelength dip remains unchanged,
which reflects the measurement stability of the sensing structure.
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Figure 6. Refractive index and temperature sensitivities as functions of gold film thickness.
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Figure 7. Gold film thickness dependence of (a) full width of half peak (FWHM), (b) valley depth (VD),
and (c) figure of merit (FOM) during refractive index measurement.
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Figure 7a indicates FWHM decreases with the increase of film thickness for certain external
refractive index. Besides, the larger the external refractive index is, the larger the change of FWHM
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