
Received May 1, 2020, accepted May 6, 2020, date of publication May 11, 2020, date of current version June 4, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2993707

A Narrow Groove Structure Based Plasmonic
Refractive Index Sensor
YANJUN HU , YULONG HOU , ABDUL GHAFFAR, AND WENYI LIU
Science and Technology on Electronic Test and Measurement Laboratory, North University of China, Taiyuan 030051, China

Corresponding author: Wenyi Liu (liuwenyi@nuc.edu.cn)

This work was supported in part by the Fund for Shanxi 1331 Project Key Subject Construction, and in part by the National Science
Foundation of Shanxi Province, China, under Grant 201701D121065.

ABSTRACT A refractive index (RI) sensor based on plastic optical fiber (POF) with narrow groove
structures coated with a gold layer (POF-NGS (Au)) is proposed and demonstrated. The proposed sensor
was characterized using intensity interrogation, where the change in transmission power is induced by light
filed interaction and Surface Plasmon Resonance (SPR). Narrow groove structures with lengths of 5 mm
were fabricated using an ultraviolet laser, and a gold layer was sputtered to the surface of the whole fiber.
The effect of the machining pitch on the RI response was studied. In this paper, dB and µW were used to
represent the change of transmission power. Experiments have shown that the POF-NGS (Au) RI sensor
has liner response between 1.340 and 1.356. The curvature of the output is largest when the machining
pitch is 400 µm with sensitivity 12.5 dB/RIU (126 µW/RIU). The repeatability and temperature sensitivity
characteristics were also characterized. Furthermore, the proposed sensor offers improved stability and signal
to noise ratio.

INDEX TERMS Narrow groove structures (NGS), intensity interrogation, light filed interaction, surface
Plasmon resonance (SPR).

I. INTRODUCTION
Different types of optical fiber refractive index (RI) sensors
have been reported. Fiber-Grating [1]–[6], Michelson inter-
ferometer and Febry–Perot [7]–[9] based on glass optical
fibers (GOFs) have been extensively studied. However, the
Fiber-Grating sensors are cross-sensitive to temperature and
strain, which affects measurement accuracy. Michelson and
Febry–Perot interferometer sensors have the disadvantages
of difficulty in processing and system construction. Photonic
crystal fibers (PCFs) can change its light propagation mode
by changing parameters such as the arrangement and size of
pores in the cladding area. Nevertheless, PCFs are expen-
sive and many sensors are still in simulation and theoretical
analysis [10]–[12]. Compared with the above sensors based
on GOFs, plastic optical fibers (POFs) have the advantages
of low-cost, flexible, large diameter, and easy processing.
In terms of interrogation method, wavelength interrogation
is widely used in GOFs and PCFs sensors, but it requires
expensive experimental equipment. In this paper, the use of
intensity interrogation for POFs sensors provides a possibility
for low-cost and simple experimental systems.
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Surface Plasmon Resonance (SPR) occurs at the interface
between a prism and an adjacent metal layer, which is a
useful effect in optical fiber RI detection. Compared to prism
SPR sensors, SPR optical fiber sensors have a miniaturized
structure since they do not require a bulky prism. POF-SPR
sensors were used for their easy manipulation, high numer-
ical aperture (NA), and smaller bend radii. For a method of
measuring RI, Bhatia et al. attached a 40 nm silver layer and
a Si layer to the surface of an uncladding POF and tested a
sucrose solution having a refractive index of 1.333 to 1.353 in
steps of 0.005 [13]. Cennamo et al. designed a SPR sensor
based on bilayer metal (Pd/Au) and a D-shaped POF, and the
sensor exhibits excellent performances in the 1.38-1.42 RI
range [14]. Although the structure of the POF-RI sensor is
simple to process, almost half of the core is removed in those
designs, which seriously degrades the mechanical robustness
of the fiber.

Due to the material properties of POFs, they can be made
into different structures by simple methods. The fiber is bent
into a millimeter radius in order to increase the evanescent
field strength [15]. Side-polished fibers [16], [17] with sand-
papers have the disadvantages of high machining difficulty
and inconsistent structure. Some chemicals, such as acetone,
were used to corrode the fiber cladding and core [18]. The
etching method will destroy the material properties of the
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optical fiber and reduce the robustness of the optical fiber.
Tapered fibers prepared by heat-and-pull techniques have
a disadvantage of low evanescent field strength [19], [20].
In addition, as the smooth surface of fibers reduce the adhe-
sion between optical fibers and sensitive materials, some
schemes were proposed to improve the fiber structure. The
twisted macro-bend coupling structure sensor is complicated
and has alignment issues [21]. Multi-group groove-like struc-
ture processed by mold [22]–[24] can ensure the consistency
of processing, but this processing method does not have the
flexibility, and greatly increased the processing cost. In this
paper, the use of a UV laser can increase themachining speed,
while ensuring machining consistency and reducing machin-
ing loss. The evanescent field strength and sensor sensitivity
can be increased by changing the processing parameters of
the narrow groove structure.

The work described in this paper, gold layers were sput-
tered on the POF, with a narrow groove structure which has
a great influence on the transmission power and was used
to stimulate the SPR effect. The RI measurements were per-
formed using NaCl solutions with different concentrations.
The intensity interrogation is used to detect the RI, and
the effects of narrow groove structural pitches on sensor’s
responses were studied. The experimental results show that
the proposed sensor has good output response characteristics.
A linear curve is used to characterize the relationship between
power and RI, when the RI varies from 1.340 to 1.356. With
a 400 µm machining pitch, the sensitivity of the sensor is
maximized. The system’s advantages include low cost and
easy detection.

II. MECHANISM OF RI SENSITIVITY
RI of the test NaCl solution ranges from 1.340 to 1.356.
A step-index POF (SK40, Mitsubishi, Japan) was used.
The refractive index of the core and cladding are 1.49 and
1.41, respectively. One groove structure is chosen to explain
the principle of the proposed sensor. An illustration of the
POF-NGS (Au) sensor working principle is shown in Fig.1.

FIGURE 1. Illustration of the POF-NGS(Au) sensor working principle.
(a) without gold layer (b) with gold layer.

In Fig1 (a), the transmission power in the optical-fiber
without the gold film is composed of the power in
the A, B and C regions. In A region, when the incident angle
(θin′ ) is greater than the critical angle (θc), the fiber will

have total internal reflection (TIR) at the core-air interface.
Where nair and ncore are the reflective indexes of the air
and core. When the external environment changes from air
to NaCl solution, the critical angle at the core-air interface
increases and caused the core to allow the propagation of
light modes to decrease, resulting in attenuation of trans-
mission power of the region A. In B region, when the light
is transmitted to the vertical edge of the narrow groove,
most of the light is lost through refraction, but part of the
light will be coupled into the fiber by double refraction.
θin is the angle of incidence at the narrow slot, θex is the
refraction angle of the external environment, and θout is the
refraction angle of optical coupling. According to Snell’s law,
θin = θout , and when the refractive index of the environ-
ment (nex) increases, the refraction angle θex will become
smaller, making more light coupling into the fiber. At this
time, the transmission coefficient (T ) of the unpolarized light
transmitted from the fiber to the external environment can be
expressed as [24], [25]:

T = 0.5
sin (2θin) sin (2θex)
sin2 (θin + θex)

[
1+

1
cos2 (θin − θex)

]
(1)

where θex = arcsin [ncoresin (θin) /nex]. In C region, TIR
occurs at the core-cladding and cladding-air interfaces. When
the medium changes from air to NaCl solution, the critical
angle at the cladding-air interface increases and caused the
cladding to allow the propagation of light modes to decrease,
resulting in attenuation of the light. This component of the
attenuation is called Evanescent Wave (EW) loss. The above
is the working principle of the fiber without gold layer.

After the gold film is sputtered to the surface of the nar-
row groove, the transmission power will be affected by four
regions (A, B, C and D). The gold layer has a small effect
on the coupling power in the B region but has a tremendous
effect on the A and C region. This is because when the
incident wavelength is 660 nm, the reflectance of the gold
layer is close to 1 [26]. This means that when the gold layer
is attached to the fiber surface, the transmission power will
increase. In region D, the SPR effect causing power atten-
uation occur when the propagation constant of the incident
light is equal to the surface plasmawave (SPW) on the surface
of the gold film. Further experimental tests are performed in
section III.

III. EXPERIMENTS
A. FABRICATION OF POF-NGS (Au)
A step-index POF (SK40, Mitsubishi, Japan) was used to
host the narrow groove structures. The core material of the
POF is polymethyl methacrylate (PMMA) with a diameter
of 980µm, and the cladding material is a fluorinated polymer
with a thickness of 10 µm. The numerical aperture (N.A.) is
0.5. A UV laser (355 nm solid-state UV laser, Delphi Laser,
China) was used to create the narrow groove structures on
the surface of the POF. After setting the laser’s frequency
and duty cycle, the fiber was fixed on the laser platform
for machining. Fig. 2(a) shows the schematic diagram of the
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FIGURE 2. (a) Schematic diagram of laser machining. (b) Sputtering
experimental apparatus and POF with gold layer.

laser machining process, as used on the fiber. The three XYZ
values characterize the relative positions of the laser beam
and the fiber. The X axis represents the lateral distance to
the fiber, the Y axis the distance the laser moves, and the Z
axis the vertical distance between the laser and the fiber. The
fiber was washed with distilled water to clean its surface, and
prepared for the gold layer sputtering in the next step.

The fabricated fiber was bent and fixed to a machined disk
in a magnetron sputtering apparatus (NJ08057, Denton Vac-
uum, USA). The machining time was determined by the time
needed to reach the target gold layer thickness of 100 nm.
The sputtering experiment apparatus and the sputtered fiber
are shown in Fig. 2(b). As shown in Fig. 2 (b), the gold layer
completely covers the outer surface of the optical fiber.

FIGURE 3. (a) The transmission spectrums of air, water and NaCl solution,
(b) The transmittance spectrum of the POF-NGS (Au) sensor under water
and NaCl solution.

In order to obtain the transmission spectrum of the
POF-NGS (Au) sensor, we set up a wavelength-modulated
experimental setup. It included a halogen lamp and a spec-
trum analyzer. The halogen lamp (SLS201, Thorlabs, New-
ston, NJ, USA) has a wavelength range from 300 nm to
2600 nm. The detection range of the spectrum analyzer
(AQ6374, YOKOGAWATest&Measurement, Tokyo, Japan)
is from about 350 nm to 1750 nm. Fig. 3(a) shows the

transmission spectrums of air, water and NaCl solution.
The transmission spectrums of water and NaCl solution
were characterized by measuring the transmission spectrum
and subtracting the spectrum measured in air. As shown
in Fig. 3 (b), the resonant wavelength changed from 638.2 nm
(a) to 634.2 nm (b), when the RI changed from water
(RI = 1.333) to the NaCl solution (RI = 1.340). The SPR
effect of the proposed sensor is weak compared to other
POF-SPR sensors [27]–[30]. The main reason is that the
proposed structure has less damage to the core, resulting in
less loss of light intensity in the test area. In addition, as the
RI increases, the transmittance increases as shown in Fig 2.
The change in power is more pronounced than the change
in resonant wavelength, providing the basic criteria for the
approach to intensity interrogation used in this paper.

FIGURE 4. Measurements of POF-NGS (Au) sensor.

B. EXPERIMENTAL SETUP
The schematic to illustrate the experimental setup is shown
in Fig. 4. The prepared POF-NGS (Au) sensor was fixed to
the soft block. One end of the fiber was connected to the LED
light source (M660F1, Thorlabs, Newston, NJ, USA). The
LED light sources used were stable and do not require optical
isolation to replace laser sources that are susceptible to echo
interference. The other end was connected to the power meter
(PM100USB, Thorlabs, Newston, NJ, USA), which contains
a photodiode s151c. The variations in the optical output
power were displayed on a computer using the optical power
meter monitor software package (Thorlabs, in Newston, NJ,
USA). The POF-NGS (Au) sensor (except for the test area)
were put in a black cover to avoid interference from visible
lights [31], as were the free ends. The RI tests were performed
by dropping theNaCl solution on the test area using a dropper.

IV. RESULTS
A. CHARACTERIZATION
The micrographs of the POF-NGS and POF-NGS (Au) are
shown in Fig. 5. The induced temperature rise during laser
machining changes the surface strain of the fiber, and makes
the edge rough. As shown in Fig. 5(b), the surface of the
fiber has a metallic luster. The accumulation of edges on the
structures increases the area of the gold layer on the surface
of the fiber.

In order to verify the consistency of lasermachining, a fiber
with a period of 800 µm was selected. We characterized ten
sets of values for machining width (a), machining spacing (b),
and machining pitch (c), as shown in Table 1. In summary,
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TABLE 1. Narrow groove parameter.

FIGURE 5. (a) Microscope photo of POF-NG. (b) Microscope photo of
POF-NGS (Au).

the data in the table shows that the maximum deviation value
of the machining pitch (c) is 0.6 µm. the width’s deviation
is small. The deviation of laser machining may come from
the weak fixation of the POF. Therefore, the result shows
the machining method can guarantee the consistency of the
structure

B. THE EFFECTS OF GOLD LAYER ON RI DETECTION
The effect of the deposited gold layer on the RI sensor was
characterized. Two POFs, 50 cm in length, were used and
processed with 5 mm long narrow groove structures on their
surfaces. One fiber was sputtered with a 100 nm gold layer
with machining pitch 600 µm, and another fiber was not
coated with a gold layer. The output responses of the two
sensors to five different RI NaCl solutions were measured at
room temperature (RT). The power transmittance (T ) of the
proposed sensor is calculated using:

T = 10log10

(
Pout
Pin

)
(2)

where Pout represents the output power of the NaCl solution,
and Pin represents the initial output power without the NaCl
solution at 25oC. The results are shown in Fig. 6. The SPR
effect occurs due to the gold layer attached to the surface
of the POF-NGS. In Fig. 6, when the POF-NGS is coated
with a gold layer, the increases in transmittance and in output
power are accompanied by an increased refractive index (RI).
Moreover, it also can be seen from Fig. 2(b) that when the
incident wavelength is 660 nm, as the RI increases the trans-
mittance increases, resulting in increased output power. The
results obtained by intensity interrogation and wavelength
interrogation are consistent, indicating that the method of

FIGURE 6. Transmission power of sensor with or without gold film in
NaCl solutions (a) in dB (b) in µW.

intensity modulation is effective and visualized. When the
POF-NGS is not coated with a gold layer, the transmittance
of the sensor increases with the increase of the refractive
index (RI), and the change in power is opposite to the change
of transmittance. The increase of the external RI reduces
the difference between the core-air interface, increasing the
critical angle of the two interfaces and reducing the optical
transmission mode inside the POF, leading to optical fiber
loss. As shown in Fig. 6(a), the slope of the transmittance
curve of the POF-NGS sensor is slightly larger than that
of the POF-NGS (Au) sensor. POF-NGS sensor cause the
power loss under the interaction of the evanescent field,
which expands the difference between the output power and
the input power. According to Equation 2, it can increase
the slope of the transmittance curve. In contrast, the output
power of the POF-NGS (Au) sensor increases as the refractive
index increases, as shown in Figure 6 (b). The difference
between the output power and the input power is reduced,
so the change of the transmittance will decrease. But the
POF-NGS (Au) sensor can increase the signal-to-noise ratio.

C. STUCTURE MACHINING PITCH
This section is concerned with the effect of different machin-
ing pitches on the sensor response. The machining pitch was
set to 400µm, 500µm, 600µm, 700µm, 800µm, and 900µm.
The output transmittance for five different NaCl solutions
was tested and the insertion loss of the sensor was calculated.
The insertion loss (I ) of the proposed sensor is calculated
using:

I = −10log10

(
Pm
P0

)
(3)

where Pm represents the output power of the fiber after struc-
tural machining, and P0 represents the output power without
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FIGURE 7. Response of POF-LPG (Au) sensor with different machining
pitches, to three NaCl solutions (a) in dB (b) in µW (c) Insertion loss at
different machining pitches.

any structural machining. As can be seen from Fig. 7 (a),
when the machining pitch is gradually decreased, the trans-
mittance of the POF-NGS (Au) sensor variation gradually
decreases. The sensor with a machining pitch of 400 µm has
the highest sensitivity, which is 12.5 dB/RIU (126 µW/RIU).
By reducing the machining pitch, the sensitivity area of the
surface of the optical fiber is increased, while the evanescent
field increases. The sensitivity of the sensor was increased.
According to the sensor principle shown in Fig. 1, it can
be seen that reducing the machining pitch will increase the
loss of light (corresponding to region B in Fig. 1), although
the coupling power on the side will increase accordingly.
As the sensitivity area between the gold film and the optical
fiber increases, the power reflected by regions A and C will
increase. With the increase of the machining pitch, the inser-
tion loss is reduced, as shown in Fig. 7(c). The loss between
different machining pitches is less than 0.3dB, indicating that
the narrow groove structures can achieve the RI detection
with small losses.

It can be seen from the experimental results that the sensi-
tivity of the sensor is related to the narrow groove processing
pitch. As can be seen from Fig. 1, the machining width
also affects the coupling power, so the machining parameters
(frequency and duty cycle) will become the research direction
in the later period.

Fig. 7 (b) shows that the transmission power increases
with the increase of the refractive index, which will increase
the signal-to-noise ratio (SNR) of the sensor to a certain

extent. Compared with the sensor based on evanescent wave
loss, the sensor can reduce machining loss, and decrease the
input power. In addition, due to the high reflection coeffi-
cient and chemical inertia of the gold film, the influence of
ambient noise on the transmission power is reduced. When
the sensor is placed in a normal environment, its influence
on the transmission power is only a few tens of nW, which
can be completely ignored compared with the output power.
Therefore, the structure can increase the stability of the sensor
and prolong its service life.

D. HIGH ACCURACY RI TEST
Different refractive indices ranging from 1.340 to 1.348 were
prepared using NaCl in deionized water. The RI of the NaCl
solution was measured using an Abbe refractometer having
an accuracy of 0.0001 RIU. The POF-NGS (Au) sensor with
a 600 µm pitch was used to detect the NaCl solution, and
the correspondence between the refractive index (RI) and the
transmittance was estimated.

FIGURE 8. A POF-NGS (Au) sensor with 600µm pitch. (a) Output response
of at RI between 1.340 to 1.348 (a) in dB (b) in µW.

The experimental results of the high accuracy are shown
in Fig. 8. The relationship between the transmittance variation
and the RI satisfies a linear equation, and the coefficient
of determination (R2) is 0.98. Comparing the experimental
results with the results of section C, the transmission curve
with a refractive index between 1.340 and 1.356 is further
proved to be linear.

When the detection step size is large, the fitting curve as
shown in Fig. 7(a) (b) will be obtained. Although the relation
between transmission power and refractive index can be fitted
as a linear relation, the output result will inevitably have
deviation. Therefore, further testing is required to improve the
accuracy of the output curve. As shown in Fig. 8, the experi-
ment can further verify the linearity of the output curve.

E. REPEATABILITY TEST
The POF-NGS (Au) sensor with a 600 µm pitch was sub-
jected to repeatability, and for test values of RI from 1.340 to
1.356 under room temperature. The experimental results are
shown in Fig. 9. The multiple measurements have consistent
curvature indicating that the sensor has good repeatability.
There is one limitation in this structure. Gold layer losing
its fastness with surface or fiber which cause after several
time testing, and it reduces the corresponding output power.
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FIGURE 9. Repeatability test at RI from 1.340 to 1.356 (a) in dB (b) in µW.

FIGURE 10. Temperature sensitivity experiment of the proposed sensor
with air and with NaCl solution (RI = 1.340) (a)&(b) in dB (c)&(d) in uW.

Furthermore, this could be caused by reduced power output
of the LED, as may drop with time and use.

F. TEMPERATURE SENSITIVITY EXPERIMENT
Finally, the thermo-optic (TO) coefficient of POFs is related
to temperature, and temperature sensitivity property of the
sensor was investigated. The POF-NGS (Au) sensor was
fixed to a heating plate. A thermometer was introduced to
monitor the ambient temperature of the RI sensor probe.
The transmittance of the fiber at 30-65 ◦C was calculated,

with the output power at 25 ◦C being the reference power.
As shown in Fig. 10 (a), the transmittance of the proposed
sensor is different when the temperature of the chamber is
set in the range 30-65 ◦C. The slope of the curve changes,
which means that the sensitivity of the proposed sensor is
temperature-dependent. We can conclude that the change
of the output power gradually declines with gradual tem-
perature increases when the RI sensor is in the air. This
is affected by thermo-optic (TO) coefficient. As the tem-
perature rises, the refractive index of the fiber decreases,
which causes the internal transmission mode and output
power of the fiber to decrease. In Fig. 10 (c), when a NaCl
solution is dropped on the test area, the amount of change
in the output power gradually increases as the temperature
rises. This is because water evaporates as the temperature
rises, causing the NaCl solution concentration to increase
and thereby cause the refractive index to increase too. The
temperature-compensation curves were made by integrating
the influence of the thermo-optic (TO) coefficient of the
optical fiber and the influence of the external temperature
on the sensor, as shown in Figure 10 (b) (d). It can be seen
that there is a linear relationship between temperature and
transmitted power. Therefore, the refractive index detection
can be temperature compensated by measuring the current
ambient temperature.

V. CONCLUSION
A RI sensor-based POF for monitoring NaCl solution is
proposed. The proposed sensor was composed of a POF with
a 50 cm length and a 5 mm narrow groove structure, and a
100 nm gold layer. Two sensing mechanisms were examined
on the proposed sensor. Intensity interrogation was used for
experimental detection, which greatly simplified the com-
plexity of experimental setup and made the results intuitive.
The effect of the machining pitch on the sensor’s RI sensi-
tivity was investigated. The experimental results show that
there is a linear curve relationship between refractive index
and output power. When the machining pitch is 400 µm, the
curvature is maximized for RI from 1.340 to 1.356. The pro-
posed sensor is easy to fabricate, and can also be integrated
into systems for biological instrumentation applications, and
quasi-distributed detection. The machining equipment (such
as the Femtosecond laser) or method will be changed to
reduce the machining width and deviations.
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