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Abstract: The typical structure of an optical fiber surface plasmon resonance (SPR) sensor, which has
been widely investigated, is to produce the SPR phenomenon by the transmission of light in a fiber
core. The traditional method is to peel off the fiber cladding by complex methods such as corrosion,
polishing, and grinding. In this paper, the transmitted light of a single-mode fiber is injected into
three kinds of fiber cladding by core-shift welding technology to obtain the evanescent field directly
between the cladding and the air interface and to build the Kretschmann structure by plating with
a 50-nm gold film. The SPR sensing phenomenon is realized in three kinds of fiber cladding of
a single-mode fiber, a graded-index multimode fiber, and a step-index multimode fiber. For the
step-index multimode fiber cladding SPR sensor, all the light field energy is coupled to the cladding,
leading to no light field in the fiber core, the deepest resonance valley, and the narrowest full width at
half maximum. The single-mode fiber cladding SPR sensor has the highest sensitivity, and the mean
sensitivity of the probe reaches 2538 nm/RIU (refractive index unit) after parameter optimization.

Keywords: surface plasmon resonance; fiber cladding SPR

1. Introduction

Surface plasmon resonance (SPR) technology has become a novel sensing detection method in
recent years. The technology is widely applied in the fields of biopharming, environment monitoring,
and geological disasters due to its advantages of high sensitivity, rapid response speed, no label, and
real-time monitoring [1,2]. Besides the above features of SPR technology, optical fiber SPR sensors
have the advantages of a small size of the fiber, anti-electromagnetic interference, anti-corrosion,
high temperature resistance, and remote sensing measurement. The optical fiber SPR sensor is the
natural extension of SPR sensing technology development and the concrete embodiment to realize the
integration, micromotion, high sensitivity, and high reliability of sensors.

According to the principle of SPR detection, the essential condition of SPR sensing is that the
evanescent field permeates into the gold film. For the common silica cladding optical fiber, the
evanescent field exists in the interface between the fiber core and the cladding because the cladding
wraps the fiber core, and the transmission of light between the fiber core and the cladding has total
reflection. In order to contact the evanescent field with the gold film, some of the traditional methods
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to peel off the cladding of the fiber are hydrofluoric acid (HF) corrosion [3,4], polish-grinding on the
side face of the fiber [5-8], and grinding on the end face of the fiber [9-12]. The fiber core is exposed to
the air, and the evanescent field exists in the interface of the fiber core and the air. Then, the surface
of the fiber core is plated with a 50-nm gold film and immersed in the detecting solution to build the
three-layer structure of the fiber core-50 nm gold film-detecting solution. The evanescent field revealed
from the surface of the fiber core enters into the gold film, and SPR occurs. We call this a fiber core-type
SPR sensor.

Due to the structure of the optical fiber, for which the cladding completely encloses the fiber core,
in order to realize the fiber SPR sensor, another method is that the transmitted light of the fiber core
is coupled to the fiber cladding (optical fiber grating [13-16], tapering [17,18], heterogeneous core
structure [19,20]), which leads to the evanescent field directly presenting in the interface between the
fiber cladding and the air. In the meantime, the fiber cladding is plated with a 50-nm gold film and
immersed in the detecting solution to construct the fiber cladding-50-nm gold film-detecting solution
structure. The SPR phenomenon is produced when the evanescent field is revealed from the surface of
the optical fiber cladding and enters the gold film. For this kind of sensor, the fiber structure usually
cannot be changed to realize the coupling of the energy of the transmission of light from the fiber core
to the fiber cladding to obtain a fiber SPR sensor with high efficiency and high stability. We call this a
cladding-type SPR sensor.

In this paper, we propose a fiber cladding SPR sensor based on core-shift welding technology.
The light is coupled in the fiber cladding and is transmitted a short distance by the core-shift welding
technology. When the light is transmitted in the fiber cladding, the evanescent field between the fiber
and the cladding is completely exposed to the air to resolve the problem of the hard acquisition of
the evanescent field from the fiber-type SPR sensor perfectly. In the meantime, the fiber cladding is
plated with a 50-nm gold film. This novel fiber SPR sensor is built based on common fibers using
the easiest structure and design. The proposal effectively avoids the complex processing methods,
including cladding corrosion, side polishing, grinding on the ends, optical gating, and fused biconical
tapering, to obtain the interaction of the evanescent field and the gold film for the fiber SPR sensor,
and it increases the repeatability of fiber SPR probe manufacture.

2. Experimental Section

In this paper, we propose a fiber cladding SPR sensor based on core-shift welding technology.
In order to verify whether the transmission of light is effectively coupled to the three kinds of fiber
cladding after core-shift welding of a single-mode fiber, we firstly investigate the optical transmission
field of core-shift welding.

2.1. The Optical Transmission Field of a Single-Mode Fiber When Using Normalized Welding and
Core-Shift Welding

Normalized core welding: The coating layer was peeled off from the single-mode fiber, and
the fiber was cut to have a smooth end face by the fiber cutter. The fiber was completely welded
face-to-face with another finished single-mode fiber by the fiber fusion splicer. The schematic diagram
of the fiber structure after welding is shown as Figure 1a. A 532-nm green light source was injected into
the single-mode fiber on the left side, and the end face of single-mode fiber on the right side was cut
into a smooth plane. The end face was placed under the objective lens of the microscope to observe the
transmission of the optical field from the fiber end face. As shown in Figure 1b, the transmitted light
was focused in the 9-pum fiber core. The single-mode fiber on the right side lied flat on the hydrophobic
slide, and the eosin solution was added dropwise to observe the output of the optical field from the
side face, as shown in Figure 1c. As seen in Figure 1b,c, when the single-mode fiber was normalized
welded with another single-mode fiber, the light of the single-mode fiber core on the left was directly
injected into the single-mode fiber core on the right side, and the light was transmitted along the fiber
core to finally form the emergent light.
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Core-shift welding: As shown in Figure 1d, the single-mode fiber was core-shift welded with
another single-mode fiber by the fiber fusion splicer. The light of the single-mode fiber core on the
left side was coupled to the cladding of the single-mode fiber on the right side, indicated as the red
arrow in this figure. The output optical field from the end face of the fiber on the right side is shown in
Figure le, and the transmitted light completely filled the entire 125-pum fiber cladding. The output
optical field from the right side of the fiber face is shown in Figure 1f. According to the above results,
the transmitted light of the single-mode fiber core on the left side was effectively coupled to the
cladding of the single-mode fiber on the right side, and the evanescent field would be produced in the
interface between the right-side single-mode fiber cladding and detecting solution.

cladding fiber core  cladding fiber core

()

\ T
single mode fiber single mode fiber

cladding fiber core

cdadding fiber core ((l)

single mode fiber - 3
single mode fiber ol

Figure 1. The investigation of the transmission of the light field of the single-mode fiber when
normalized core welding and core-shift welding are used. (a) The schematic diagram of the single-mode
fiber structure and light transmission when using normalized core welding. (b) Microphotograph
of the light field from the end face of the single-mode fiber when normalized core welding is used.
(c) Microphotograph of the light field from the side face of the single-mode fiber when using normalized
core welding. (d) The schematic diagram of the single-mode fiber structure and light transmission when
core-shift welding is used. (e) Microphotograph of the light field from the end face of the single-mode
fiber when core-shift welding is used. (f) Microphotograph of the light field from the side face of the
single-mode fiber when using core-shift welding.

2.2. Transmission of the Light Field of the Gradient Index Multimode Fiber When Using Normalized Core
Welding and Core-Shift Welding

Normalized core welding: As shown in Figure 2a, a single-mode fiber was completely welded
face-to-face with the gradient index multimode fiber (GI 50/125-20/250, YOFC, Wuhan, China),
characterized by a fiber core of 50 um in diameter and a numerical aperture of 0.2, by the fiber fusion
splicer. The light from the single-mode fiber core on the left side was directly injected into the gradient
multimode fiber core on the right side. Due to the characteristic of the self-focusing of the gradient
multimode fiber (the refractive index in the middle of the fiber core was higher, and the refractive
index was gradually decreased on both sides), the light transmitted and exited according to the red
arrow direction of the figure. The output light field from the end face of the gradient refractive index
multimode fiber on the right side is shown in Figure 2b. Although the diameter of the transmitted
light was slightly enlarged, most of the transmitted light was focused in the middle section of the fiber
core. The output light field from the side face of the gradient refractive index multimode fiber on the
right side is shown in Figure 2c.
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Core-shift welding: As shown in Figure 2d, the single-mode fiber was core-shift welded with the
gradient refractive index multimode fiber by the fiber fusion splicer. The light of the single-mode fiber
core on the left side was coupled to the gradient refractive index multimode fiber cladding on the right
side, shown as the red arrow in the figure. The output light field from the end face of the gradient
refractive index multimode fiber on the right side is shown in Figure 2e. The transmitted light filled
the entire 125-um fiber cladding, and meanwhile, the amount of transmitted light in the 50-um fiber
core was less. The output light field from the fiber on the right side is shown in Figure 2f. According to
the figures, the transmitted light of the single-mode fiber core on the left side was effectively coupled
to the gradient refractive index multimode fiber cladding on the right side, and most of the light power
was focused in the fiber cladding.
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Figure 2. The investigation of the transmission of the light filed of the gradient refractive index
multimode fiber when normalized core welding and core-shift welding are used. (a) The schematic
diagram of the structure and the light transmission of the gradient refractive index multimode fiber
when normalized welding is used. (b) Microphotograph of the light field from the end face of the
gradient refractive index multimode fiber when normalized core welding is used. (c) Microphotograph
of the light field from the side face of the gradient refractive index multimode fiber when normalized
core welding is used. (d) The schematic diagram of the gradient refractive index multimode fiber
structure and light transmission when core-shift welding is used. (e) Microphotograph of the light field
from the end face of the gradient refractive index multimode fiber when core-shift welding is used.
(f) Microphotograph of the light field from the side face of the gradient refractive index multimode
fiber when core-shift welding is used.

2.3. The Transmission of the Light Field of the Step Refractive Index Multimode Fiber When Using Normalized
Core Welding and Core-Shift Welding

Normalized core welding: As shown in Figure 3a, the single-mode fiber was welded with the
step refractive index multimode fiber (SI 40/125-22 /250, YOFC, Wuhan, China), characterized by a
40-um diameter fiber core and a numerical aperture (NA) of 0.22, by the fiber fusion splicer. The light
from the single-mode fiber core on the left side was directly injected into the step multimode fiber
core on the right side, and the light transmitted and exited according to the red arrow indicated in
the figure. The output light field from the end face of the step refractive index multimode fiber on the
right side is shown in Figure 3b, and the transmitted light completely filled the entire step refractive
index multimode fiber core of 40 pm. The output light field from the side face of the step refractive
index multimode fiber on the right side is shown in Figure 3c.
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Core-shift welding: As shown in Figure 3d, the single-mode fiber was core-shift welded with the
step refractive index multimode fiber by the fiber fusion splicer. The light of the single-mode fiber core
on the left side was coupled to the step refractive index multimode fiber cladding on the right side,
shown as the red arrow in the figure. The output light field from the end face of the gradient refractive
index multimode fiber on the right side is shown in Figure 3e. The transmitted light filled the entire
fiber cladding of 125 um, and there was no transmission of light in the 40-um fiber core. The output
light field from the right side face of the fiber is shown in Figure 3f. According to the above results,
the transmitted light of the single-mode fiber core on the left side was effectively coupled to the step
refractive index multimode fiber cladding on the right side, and all the light power was focused in the
fiber cladding.
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Figure 3. The investigation of the transmission of the light field of the step refractive index multimode
fiber when normalized core welding and core-shift welding are used. (a) The schematic diagram of the
structure and light transmission of the step refractive index multimode fiber when normalized welding
is used. (b) Microphotograph of the light field from the end face of the step refractive index multimode
fiber when normalized core welding is used. (c) Microphotograph of the light field from the side face
of the step refractive index multimode fiber when normalized core welding issued. (d) The schematic
diagram of the step refractive index multimode fiber structure and light transmission when core-shift
welding is used. (e) Microphotograph of the light field from the end face of the step refractive index
multimode fiber when core-shift welding is used. (f) Microphotograph of the light field from the side
face of the step refractive index multimode fiber when core-shift welding is used.

To solve the problem existing in the two types of proposals for an optical fiber SPR sensor, it
is necessary to investigate and realize a novel proposal, which can directly couple the light of the
fiber core into all kinds of fiber cladding in an easy and effective way, to carry out the transfer of the
evanescent field from the interface between the fiber core and the cladding to the interface between the
cladding and the air. Then, a 50-nm gold film was coated on the surface of the fiber cladding to realize
SPR sensing in all kinds of fiber cladding. The above proposal is one of the presently emphasized fiber
SPR sensor investigations. Namely, it is an urgent issue to construct a fiber SPR sensor, characterized
by a new structure, a simple fabrication, a stable property, a low cost, and the application to all kinds
of fibers. According to the experimental results for all kinds of fibers that are core-shift welded,
we proposed a fiber cladding SPR sensor based on core-shift welding technology: the single-mode
fiber was core-shift welded with all common types of fibers in the fiber welding machine. The wide
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spectrum of the light of the single-mode fiber core was directly coupled to all kinds of sensing fiber
cladding to lead to the evanescent field existing at the interface between the light-sensing cladding
and the air. The sensing fiber cladding was directly plated with a 50-nm gold film to build the fiber
cladding-gold film-sample solution structure. The evanescent field can permeate from the cladding
into the nanoscale gold film to produce the SPR phenomenon. This novel proposal can avoid the
complex processing technology of peeling off the fiber cladding of the traditional fiber core type SPR
sensor and can effectively solve the problems of traditional fiber SPR sensors, such as the difficulty in
processing-production and the high cost.

2.4. Experimental Setup

The experiment testing platform was built as shown in Figure 4 in order to verify the feasibility
and detection sensitivity of the proposed fiber cladding SPR sensor based on the core-shift welding
technology. The fiber cladding SPR sensing probe based on the core-shift welding technology was
built as follows: firstly, the single-mode fiber was core-shift welded with another single-mode fiber.
The large core step refractive index multimode fiber, with a core diameter of 105 pm, was regarded as
the light-receiving fiber to fabricate the single-mode fiber cladding SPR sensor as the testing object
(the length of the sensing single-mode fiber in the middle was 20 mm and plated with a 50-nm gold
film), as shown in Figure 4a. The completed fiber cladding SPR sensing probe was sealed in the
reaction tank. The glycerol solution to be tested in the syringe was injected into the reaction tank
by a micro-injection pump (LSP01-1A, LongerPump, Baoding, China). The waste liquor after the
measurement was dispensed into the waste reservoir, and the refractive index of glycerol solution
was calibrated by the Abbe refractive index analyzer (GDA-2S, Gold). An ultra-continuous spectral
light source (SuperK compact, NKT Photonics) was injected into the single-mode fiber. The light
of the single-mode fiber core was injected into the sensing single-mode fiber cladding by core-shift
welding. The sensing single-mode fiber cladding was plated with a 50-nm gold film to produce the SPR
phenomenon. The light was then transmitted into the large core step refractive index multimode fiber
and finally entered the spectrometer (AQ6373B, Yokogawa, Tokyo, Japan) to collect the attenuation
spectrum of SPR.
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Figure 4. Diagram of the experimental test equipment of the single-mode fiber cladding SPR sensor
based on the core-shift welding technology.
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The schematic diagram in Figure 4a is the single-mode fiber cladding SPR sensor structure based
on core-shift welding technology. The single-mode fiber on the left is the light injection fiber in this
structure, and the light is injected into the fiber cladding in the middle section of the structure after
core-shift welding. The light is transmitted in the middle section of the fiber, which is the SPR sensing
fiber of the structure. The large core multimode fiber on the right is the light-receiving fiber of this
structure to complete the collection of the light signal.

3. Results and Discussions

3.1. Results

For the proposed cladding SPR sensor based on the core-shift welding technology, the single-mode
fiber was the light injection fiber. The experiment was divided into three groups, namely the core-shift
welding single-mode fiber, the gradient refractive index multimode fiber, and the step refractive index
multimode fiber, then these fibers were respectively welded with a large core diameter multimode
fiber by the normalized welding method to collect light. The fibers after welding were plated with
a 50-nm gold film by a plasma sputter (ETD-2000, YLBT, Beijng, China), where a rotary fixture was
installed for fixing and rotating the fibers. Finally, we fabricated the single-mode fiber cladding SPR
sensing probe, the gradient refractive index multimode fiber cladding SPR sensing probe, and the step
refractive index multimode fiber cladding SPR sensing probe. In the constructed experiment testing
system, the SPR spectrum of the probes from the three groups is shown in Figure 5 to test the sample
solutions successively with a 1.333-1.385 RIU refractive index. In Figure 5a, the single-mode fiber
was core-shift welded with another single-mode fiber with a length of 2 cm, and the step refractive
index multimode fiber with a core diameter of 105 pm was the light-receiving fiber. In Figure 5b,
the single-mode fiber was core-shift welded with gradient refractive index multimode fiber whose
core diameter was 50 pm and length was 2 cm, and the step refractive index multimode fiber with
the core diameter of 105 um was the light-receiving fiber. In Figure 5c, the single-mode fiber was
core-shift welded with the step refractive index multimode fiber, whose core diameter was 40 pm and
length 2 cm, and the step refractive index multimode fiber with the core diameter of 105 pm was the
light-receiving fiber.
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Figure 5. The testing data of all kinds of fiber cladding SPR sensors. (a) The testing data of the
single-mode fiber cladding SPR sensor; (b) the testing data of the gradient refractive index multimode
fiber cladding SPR sensor; (c) the testing data of the step refractive index multimode fiber cladding
SPR sensor.

In Figure 5a, the normalized light intensity of the deepest resonance valley was —0.13. In Figure 5b,
the normalized light intensity of the deepest resonance valley was —0.16. In Figure 5c, the normalized
light intensity of the deepest resonance valley was —0.22. Namely, the resonance valley became
gradually deeper and the SPR effect became gradually stronger when the sensing fibers of the fiber
cladding SPR sensors were respectively the single-mode fiber, the gradient refractive index multimode
fiber, and the step refractive index multimode fiber. At the bottom left of every test graph, seen
from the transmission of the light field corresponding to the different types of sensing fibers when
using core-shift welding, the causes of the successive enhancement of the SPR effect were as follows:
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Light was injected into single-mode fiber cladding, and the optical output power was distributed in
the entire fiber. Light was injected into the gradient refractive index multimode fiber cladding, and the
optical output power was mainly focused in the cladding with a part of the optical output power in
the fiber core. Light was injected in the step refractive index multimode fiber cladding, and the optical
output power was completely focused in the cladding. When the sensing fiber was the single-mode
fiber, the gradient refractive index multimode fiber, and the step refractive index multimode fiber, the
proportion of the optical output power in the cladding increased successively, the evanescent field
in the interface between the cladding and the air increased successively, and the resonance valley
deepened successively. Namely, the resonance valley was deepest in the step multimode fiber because
the entire optical power was in the cladding, producing a stronger evanescent field, more optical
power interacts with the gold film, and the SPR phenomenon occurred. A part of the light from the
single-mode and the gradient multimode fiber was transmitted in the fiber core or the middle section
of the fiber, and the light had no interaction with the gold film, which led to no SPR phenomenon for a
part of the optical power.

Secondly, compared with the full width at half maximum in the three types (single-mode fiber,
gradient refractive index multimode fiber, and step refractive index multimode fiber) of the fiber SPR
curves in Figure 5, the full width at half maximum of the curve had a successive decreasing trend as a
whole. Namely, when the sensing fiber was the step refractive index multimode fiber, the full width at
half maximum of the curve was narrowest.

Then, in this paper, every SPR curve was normalized again, namely the maximum value and
the minimum value of every curve were unified between zero and one. The resonance valley height
of every curve was almost aligned, and every curve was further adjusted for easy observation and
sensitivity calculation. The renormalization result is shown in Figure 6.
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Figure 6. The testing data of the three types of fiber cladding SPR sensors are renormalized.
(a) Normalization of the testing data of the single-mode fiber cladding SPR sensor; (b) normalization of
the testing data of the gradient refractive index multimode fiber cladding SPR sensor; (¢) normalization
of the testing data of the step refractive index multimode fiber cladding SPR sensor.

The SPR equation for the sensitivity is Sxp = dAres/Ing, Where Sy, is the mean sensitivity, OAres is
the shift in the resonance wavelength, and dng is the unit change in the refractive index. When the
detecting range of the refractive index was 1.333-1.385 RIU, the single-mode fiber cladding SPR
sensor was as shown in Figure 6a with a dynamic range of the resonance wavelength between
655 nm and 787 nm, totaling 135 nm, and a mean sensitivity of 2538 nm /RIU. The sensitivity of the
traditional fiber-core-type SPR sensor with the multimode fiber was about 2000 nm/RIU. For the
novel fiber cladding SPR sensor we proposed, it had a slightly higher sensitivity than most multimode
fiber-core-type SPR sensors; the gradient refractive index multimode fiber is as shown in Figure 6b
with a dynamic range of the resonance wavelength between 623 nm and 729 nm, totaling 106 nm,
and a mean sensitivity of 2038 nm/RIU; the step refractive index multimode fiber is as shown in
Figure 6¢ with a dynamic range of the resonance wavelength between 622 nm and 732 nm, totaling
110 nm, and a mean sensitivity of 2115 nm /RIU. The single-mode fiber cladding SPR sensor had the
highest sensitivity.
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3.2. Discussion

In this paper, we proposed and fabricated a fiber cladding SPR sensor based on core-shift welding
technology. The manufacture parameters that affected the valley depth of the SPR resonance curve, the
full width at half maximum, and the sensitivity were being plated with a gold film of a certain thickness,
having a certain fiber length of the sensing zone, and a certain offset displacement amount when
core-shift welding. The gold film thickness was directly chosen as 50 nm, which is generally accepted;
we researched the effect of the sensing fiber length in the middle section and the offset displacement
in the core-shift welding step on the fiber SPR sensor properties, respectively. While conducting
this research, the single-mode fiber, characterized by the highest sensitivity, was fabricated into the
single-mode fiber cladding structure SPR sensor and tested.

3.2.1. Different Sensing Fiber Lengths

When fabricating the structure, the single-mode fiber was core-shift welded with the single-mode
fiber with an offset displacement of 36 um by manually fixing the mode in the fiber fusion splicer.
The cutting lengths to control the sensing single-mode fiber in the middle section were respectively
0.5cm, 1 cm, 2 cm, 3 cm, and 5 cm. Figure 7a—e corresponds to the testing curves, respectively.
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Figure 7. Testing data of the sensing fiber SPR with different lengths. (a) Experimental data of the
sensing fiber length of 0.5 cm; (b) experimental data of the sensing fiber length of 1 cm; (c) experimental
data of the sensing fiber length of 2 cm; (d) experimental data of the sensing fiber length of 3 cm;
(e) experimental data of the sensing fiber length of 5 cm; (f) normalized light intensity of the deepest
resonance valley corresponding to the sensing fibers of different lengths.

Figure 7f shows the normalized light intensity of the deepest resonance valley corresponding to
the sensing fiber with different lengths. The result shows that with the gradual increase in sensing
fiber length, the resonance valley depth was gradually augmented, and when the sensing fiber length
was respectively 0.5 cm, 1 cm, 2 cm, 3 cm, and 5 cm, the deepest resonance valley was —0.09, —0.10,
—0.12, —0.18, and —0.42. Secondly, as shown in Figure 7a—e, when the increase of the sensing fiber
length reached above 3 cm, the full width at half maximum of the SPR resonance curve obviously
widened, and the curve shape was degraded.

Then, the renormalized results of every SPR curve in Figure 7 are shown in Figure 8.

The renormalized experimental data curve is shown in Figure 8, for different fiber lengths of the
sensing section. The corresponding relation between the sensing fiber length and sensitivity is shown
in Figure 8f; namely, with the increase in sensing fiber length, the sensitivity was gradually decreasing.
Taken together, for the proposed fiber cladding SPR sensor based on core-shift welding technology,
the effect of sensing fiber length on the sensor properties and the optimized selection parameters was
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as follows: When the length was less than 1 cm, the sensitivity was increased, but it was difficult to
identify due to the too shallow resonance valley and bad resonance curve shape. When the length was
above 3 cm, the sensitivity was too low and the resonance valley too wide. The length of 1-3 cm was a
suitable choice and was easily recognized due the appropriate sensitivity, resonance valley depth, and
full width at half maximum.

sensing fiber length as 0.5cm (a) sensing fiber length as 1cm (b) sensing fiber length as 2cm (C)
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Figure 8. Renormalized sensing fiber SPR testing data with different lengths. (a) Normalized
experimental data when the sensing fiber length was 0.5 cm; (b) normalized experimental data when
the sensing fiber length was 1 cm; (c) normalized experimental data when the sensing fiber length
was 2 cm; (d) normalized experimental data when the sensing fiber length was 3 cm; (e) normalized
experimental data when the sensing fiber length was 5 cm; (f) corresponding relation diagram of
sensing fiber length and sensitivity.

3.2.2. Different Displacements of Core-Shift Welding

We investigated the effect of different displacements of core-shift welding on the SPR curve
property. When fabricating the structure, the core-shift welding displacement was respectively 12 um,
24 pm, 36 um, 42 um, and 54 ym by manually fixing the mode in the fiber fusion splicer. Under the
microscope, sensing fiber length was cut into 2 cm. The testing curves are respectively shown in
Figure 9a-e.

Figure 9f shows the normalized light intensity of the deepest resonance valley corresponding
to different core-shift welding displacements. The result shows that with the gradual increase in
the core-shift welding displacement, the resonance valley depth was first gradually increased and
then decreased. Namely, when the core-shift welding displacement was 36 um, the corresponding
resonance valley was the deepest; when the core-shift welding displacement was about half of the
difference value between the cladding diameter and fiber core diameter, the resonance valley was
the deepest. After calculation, there was no significant effect of the change in the core-shift welding
displacement on the sensor sensitivity.
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Figure 9. The SPR testing data with different displacements of the core-shift welding.
(a) The experimental data of the core-shift welding displacement of 12 pm; (b) the experimental
data of the core-shift welding displacement of 24 um; (c) the experimental data of the core-shift welding
displacement of 36 pum; (d) the experimental data of the core-shift welding displacement of 42 um;
(e) the experimental data of the core-shift welding displacement of 54 pum; (f) normalized light intensity
of the deepest resonance valley corresponding to the core-shift welding displacement.

4. Conclusions

The optical fiber SPR sensor has a series of advantages such as high sensitivity, remote transmitting
of monitored information by docking of the optical network, and rapid response, which has been widely
investigated in the field of environmental geological monitoring. Based on the sensing mechanism,
the SPR phenomenon is produced depending on the contact between the evanescent field of the
transmission of light and the gold field as the prerequisite to realize sensing. However, the fiber
evanescent field exists in the interface between the fiber core and the cladding. The traditional method
is to peel off the fiber cladding by corrosion, polish-grinding, tapering, and other complex mechanical
processing methods and to plate it with a gold film, thus leading to the disadvantage of the difficulty
in processing and the bad property repeatability. In this paper, by investigating fiber core-shift welding
technology, light is directly injected into the sensing fiber cladding and the evanescent field is obtained
at the interface between the cladding and the air to solve the difficulty in obtaining the evanescent
field of the SPR sensor creatively. The proposal significantly promotes the technology and structural
novelty of the SPR sensor with its high sensitivity.

This paper respectively realizes the single-mode fiber cladding SPR sensor, the gradient refractive
index multimode fiber cladding SPR sensor, and the step refractive index multimode fiber cladding SPR
sensor. Comparing the sensing fibers, the single-mode fiber, the gradient refractive index multimode
fiber, and the step refractive index multimode fiber, the resonance valley of the step refractive index
multimode fiber is the deepest because all of the light field energy is entirely coupled to the step
refractive index multimode fiber cladding with almost no light field in the fiber core, the strongest
evanescent field leaked from cladding, the easiest recognition of the resonance valley, and the most
regulated curve. However, the single-mode fiber as the light sensing fiber has the highest sensitivity of
2538 nm/RIU. We further investigated the parameters of the single-mode fiber cladding proposal with
the highest sensitivity, the lowest price, and the most easily obtained characteristics. When the length
of the SPR sensing fiber in the middle section is 1-3 cm, we have a suitable sensitivity, a good resonance
valley depth index, an appropriate full width at half maximum, and easy recognition. The core-shift
welding displacement of 36 pm has the deepest resonance valley and the best effect.



Sensors 2019, 19, 1202 12 of 13

Author Contributions: Y.W. and J.H. conceived of and designed the experiments; PW. and Y.S. performed the
experiments; C.L. analyzed the data; S.W. and X.N. contributed reagents/materials/analysis tools; Y.W. and L.L.
wrote the paper.

Funding: This research was funded by the National Natural Science Foundation of China (No. 61705025); the
Program for Innovation Team Building at Institutions of Higher Education in Chongging (CXTDX201601034);
the Chongqing Municipal Key Laboratory of Institutions of Higher Education (Grant No. [2017]3); the
Program of Chongging Development and Reform Commission (Grant No. 2017[1007]); the Chongqing Natural
Science Foundation (cstc2018jcyjAX0817); and the Science and Technology Project Affiliated with the Education
Department of Chongging Municipality (KJQN201801217, KJ1710247).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nomura, K.; Gopinath, S.C.; Lakshmipriya, T.; Fukuda, N.; Wang, X.; Fujimaki, M. An angular fluidic channel
for prism-free surface-plasmon-assisted fluorescence capturing. Nat. Commun. 2013, 4, 2855. [CrossRef]
[PubMed]

2. Caucheteur, C.; Guo, T,; Albert, J. Review of plasmonic fiber optic biochemical sensors: Improving the limit
of detection. Anal. Bloanal. Chem. 2015, 407, 3883-3897. [CrossRef] [PubMed]

3. Coelho, L.C.C; De Almeida, ] M.M.M.; Moayyed, H.; Santos, ].L.; Viegas, D. Multiplexing of surface plasmon
resonance sensing devices on etched single-mode fiber. J. Lightwave Technol. 2015, 33, 432—438. [CrossRef]

4. Coelho, L.; Almeida, ] M.M.M.D.; Santos, J.L.; Ferreira, R.A.S.; Viegas, D. Sensing structure based on surface
plasmon resonance in chemically etched single mode optical fibres. Plasmonics 2015, 10, 319. [CrossRef]

5. Tsai, WH.; Tsao, Y.C.; Lin, H.Y.; Sheu, B.C. Cross-point analysis for a multimode fiber sensor based on
surface plasmon resonance. Opt. Lett. 2005, 30, 2209. [CrossRef] [PubMed]

6. Slavik, R.; Homola, J.; Ctyrok}'/, J.; Brynda, E. Novel spectral fiber optic sensor based on surface plasmon
resonance. Sens. Actuator B Chem. 2001, 74, 106-111. [CrossRef]

7.  Piliarik, M.; Homola, J.; ManiKova, Z; Ctyrok}?, J. Surface plasmon resonance sensor based on a single-mode
polarization-maintaining optical fiber. Sens. Actuator B Chem. 2003, 90, 236-242. [CrossRef]

8. Zhao, J.; Cao, S.; Liao, C.; Wang, Y.; Wang, G.; Xu, X,; Fu, C.; Xu, G,; Lian, J.; Wang, Y. Surface plasmon
resonance refractive sensor based on silver-coated side-polished fiber. Sens. Actuator B Chem. 2016, 230,
206-211. [CrossRef]

9. Kim, Y.C,; Peng, W.; Banerji, S.; Booksh, K.S. Tapered fiber optic surface plasmon resonance sensor for
analyses of vapor and liquid phases. Opt. Lett. 2005, 30, 2218-2220. [CrossRef] [PubMed]

10.  Wei, Y,; Su, Y; Liu, C;; Nie, X,; Liu, Z.; Zhang, Y.; Zhang, Y. Two-channel SPR sensor combined application of
polymer- and vitreous-clad optic fibers. Sensors 2017, 17, 2862. [CrossRef] [PubMed]

11. Wei, Y,; Liu, C,; Zhang, Y.; Lou, Y.; Nie, X,; Liu, Z.; Zhang, Y.; Peng, F.; Zhou, Z. Multi-channel SPR sensor
based on the cascade application of the Single-mode and multimode optical fiber. Opt. Commun. 2017, 390,
82-87. [CrossRef]

12. Wei, Y,; Su, Y;; Liu, C,; Zhang, Y.; Nie, X,; Liu, Z.; Zhang, Y.; Peng, F. Segmented detection SPR sensor based
on seven-core fiber. Opt. Experss 2017, 25, 21841-21850. [CrossRef] [PubMed]

13.  Guo, T. Fiber grating assisted surface plasmon resonance for biochemical and electrochemical sensing.
J. Lightw. Technol. 2016, 35, 3323-3333. [CrossRef]

14. Zhang, Z.; Guo, T,; Zhang, X.; Xu, J.; Xie, W.; Nie, M.; Wu, Q.; Guan, B.; Albert, J. Plasmonic fiber-optic vector
magnetometer. Appl. Phys. Lett. 2016, 108, 101105. [CrossRef]

15. Guo, T, Liu, F; Liang, X.; Qiu, X.; Albert, J. Highly sensitive detection of urinary protein variations using
tilted fiber grating sensors with plasmonic nanocoatings. Biosens. Bioectron. 2015, 78, 221-228. [CrossRef]

16. Han, L.; Guo, T,; Xie, C.; Xu, P; Lao, J.; Zhang, X.; Xu, J.; Chen, X.; Huang, Y.; Liang, X.; et al. Specific
Detection of Aquaporin-2 Using Plasmonic Tilted Fiber Grating Sensors. ]. Lightw. Technol. 2017, 35,
3360-3365. [CrossRef]

17.  Villatoro, J.; Monzénhernandez, D.; Mejia, E. Fabrication and modeling of uniform-waist single-mode
tapered optical fiber sensors. Appl. Opt. 2003, 42, 2278-2283. [CrossRef] [PubMed]

18. Srivastava, S.K.; Gupta, B.D. A multitapered fiber-optic spr sensor with enhanced sensitivity. IEEE Photonics
Technol. Lett. 2011, 23, 923-925. [CrossRef]


http://dx.doi.org/10.1038/ncomms3855
http://www.ncbi.nlm.nih.gov/pubmed/24335751
http://dx.doi.org/10.1007/s00216-014-8411-6
http://www.ncbi.nlm.nih.gov/pubmed/25616701
http://dx.doi.org/10.1109/JLT.2014.2386141
http://dx.doi.org/10.1007/s11468-014-9811-3
http://dx.doi.org/10.1364/OL.30.002209
http://www.ncbi.nlm.nih.gov/pubmed/16190420
http://dx.doi.org/10.1016/S0925-4005(00)00718-8
http://dx.doi.org/10.1016/S0925-4005(03)00034-0
http://dx.doi.org/10.1016/j.snb.2016.02.020
http://dx.doi.org/10.1364/OL.30.002218
http://www.ncbi.nlm.nih.gov/pubmed/16190423
http://dx.doi.org/10.3390/s17122862
http://www.ncbi.nlm.nih.gov/pubmed/29232841
http://dx.doi.org/10.1016/j.optcom.2016.12.069
http://dx.doi.org/10.1364/OE.25.021841
http://www.ncbi.nlm.nih.gov/pubmed/29041476
http://dx.doi.org/10.1109/JLT.2016.2590879
http://dx.doi.org/10.1063/1.4943623
http://dx.doi.org/10.1016/j.bios.2015.11.047
http://dx.doi.org/10.1109/JLT.2016.2645233
http://dx.doi.org/10.1364/AO.42.002278
http://www.ncbi.nlm.nih.gov/pubmed/12737458
http://dx.doi.org/10.1109/LPT.2011.2146767

Sensors 2019, 19, 1202 13 of 13

19. Iga, M,; Seki, A.; Watanabe, K. Hetero-core structured fiber optic surface plasmon resonance sensor with
silver film. Sens. Actuator B Chem. 2004, 101, 368-372. [CrossRef]

20. Takagi, K.; Sasaki, H.; Seki, A.; Watanabe, K. Surface plasmon resonances of a curved hetero-core optical
fiber sensor. Sens. Actuator A Phys. 2010, 161, 1-5. [CrossRef]

® © 2019 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 (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.snb.2004.04.007
http://dx.doi.org/10.1016/j.sna.2010.03.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	The Optical Transmission Field of a Single-Mode Fiber When Using Normalized Welding and Core-Shift Welding 
	Transmission of the Light Field of the Gradient Index Multimode Fiber When Using Normalized Core Welding and Core-Shift Welding 
	The Transmission of the Light Field of the Step Refractive Index Multimode Fiber When Using Normalized Core Welding and Core-Shift Welding 
	Experimental Setup 

	Results and Discussions 
	Results 
	Discussion 
	Different Sensing Fiber Lengths 
	Different Displacements of Core-Shift Welding 


	Conclusions 
	References

