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Abstract: The paper proposed and studied a Mach-Zehnder mode interferometric refractive index sensor,
which is based on splicing points tapered SMF-PCF-SMF (SMF, single-mode fiber; PCF, photonic crystal
fiber) structure. For the reason that the effective refractive index of photonic crystal fiber cladding
high-order modes near fiber core are more sensitive to surrounding refractive index changes, the refractive
index measurement sensitivity of splicing points tapered SMF-PCF-SMF Mach-Zehnder mode
interferometer can be enhanced further through tapering the splicing points. Relations between refractive
index measurement sensitivity and photonic crystal fiber length and taper waist diameter are studied through
numerical simulations and experiments. Simulation and experimental results show that sensitivity will be
increased with the increase of photonic crystal fiber length and the decrease of taper waist diameter. In the
refractive range of 1.3333-1.3737, splicing points tapered SMF-PCF-SMF Mach-Zehnder mode
interferometer with PCF length of 4cm and taper waist diameter of 60.4um has refractive index
measurement sensitivity of 260.8nm/RIU, compared with sensitivity of 224.2nm/RIU of direct splicing
SMF-PCF-SMF Mach-Zehnder mode interferometer with PCF length of 4cm, the sensitivity increased by
16.3%. The research shows that the sensing structure is with good linearity and repeatability.

Keywords: Optical fiber sensor, Refractive index measurement, Mach-Zehnder interference, Photonic

crystal fiber, High sensitivity, Splicing points taper
1. Introduction

Refractive index measurement has become one of the hot issues in the research of optical fiber sensing
technology [1-2]. Liquid refractive index measurement based on optical method mainly has two methods:

optical path measurement method and optical fiber measurement method [3]. Optical path measurement



method is a common method, but optical path structure is complex and optical path is not stable. The
structure of optical fiber measurement is simple, and it is the main method for refractive index measurement.
The optical fiber sensor based on Mach-Zehnder interferometer has the advantages of fabrication simple and
measuring convenient, which is a common method in the research of fiber optic interferometric sensors [4].
In 2008, Tian proposed a double tapered single-mode fiber Mach-Zehnder interferometer. It has the
advantages of simple fabrication and low cost, but the refractive index measuring sensitivity is low. In
refractive index range of 1.315~1.3618, the refractive index sensitivity is only 17.1nm/RIU [5]. In 2011,
Geng proposed a new method of splicing points expansion method to make a Mach-Zehnder interference
temperature sensor [6]. In recent years, photonic crystal fibers with periodic array of air holes have attracted
attentions of researchers because of its high birefringence and nonlinear [7]. With the rapid development of
PCF fabrication technology and rapid development of splicing technology, scholars have made many kinds
of PCF interferometric fiber optic sensor [8-11]. In 2012, Wang proposed a method that splicing a short
photonic crystal fiber between two sections of single-mode fiber to build a Mach-Zehnder interferometer
through making air hole of photonic crystal fiber around the splice points collapse completely, and the
resolution reaches 1.02x 10 RIU in the refractive index range of 1.333~1.422 [12]. In 2012, Liu made a
tapered photonic crystal fiber Mach-Zehnder interferometer by chemical corrosion method, the sensitivity
was 199nm/RIU[13]. Although this sensor has higher sensitivity, but the fabrication process of fiber
corrosion is hard to control and the sensor has low mechanical strength. With the appearance of photonic
crystal fiber, it has been widely used in fiber interferometer and sensor for its novel features and flexible
structure. In 2015, Wu made a PCF taper-based Mach-Zehnder interferometer by tapering the PCF between
two SMFs, the refractive index sensing sensitivity was 50.902nm/RIU [14]. The air holes of PCF were
destroyed seriously in the process of preparation, which led to low sensitivity and high-loss.

The paper proposed and studied a kind of Mach-Zehnder mode interferometric refractive index sensor,
which is based on splicing points tapered SMF-PCF-SMF (SMF, single-mode fiber; PCF, photonic crystal
fiber) structure. This paper fabricated the sensor by direct splicing a short solid core photonic crystal fiber
between two sections of single-mode fibers, and in the two splicing points taper regions, the higher order
cladding modes can be stimulated and coupled between the SMF core and PCF cladding. For the reason that
effective refractive index of photonic crystal fiber cladding high-order modes are more sensitive to
surrounding refractive index changing, the refractive index measurement sensitivity of splicing points
tapered SMF-PCF-SMF Mach-Zehnder mode interferometer can be further enhanced. The research shows
that the sensing structure is with good linearity and repeatability. The refractive index sensitivity of splicing
points tapered SMF-PCF-SMF structure (260.8 nm/RIU) is 5 times higher than the sensitivity of PCF
taper-based Mach-Zehnder interferometer (50.902nm/RIU) [14].



2. Principle

Fig. 1 shows the schematic of SMF-PCF-SMF structure Mach-Zehnder interferometer proposed in this
paper. Fig. 1(a) is the schematic of direct fused SMF-PCF-SMF structure Mach-Zehnder interferometer, and
Fig. 1(b) is the schematic of splicing point tapered SMF-PCF-SMF structure Mach-Zehnder interferometer.
The Mach-Zehnder interferometer is based on the direct splicing type of SMF-PCF-SMF Mach-Zehnder
interferometer structure (Fig. 1(a)), and then tapered the splice points to form a splice points tapered
SMF-PCF-SMF structure Mach-Zehnder interferometer (Fig. 1(b)). In the experiments, the photonic crystal
fiber and single-mode fiber are spliced together by a fiber fusion splicer, and then tapered the fused region
using residual heat. When light passing through single-mode fiber into the first taper, for the reason that the
fiber diameter becomes smaller, there will be more light coupling into photonic crystal fiber cladding, the
light in fiber core and cladding will transmit at the same time, and then they reach the second taper, light in
fiber cladding will be coupled back to fiber core and interference with light in fiber core. According to fiber
evanescent field theory, the smaller the fiber diameter is, the stronger the fiber evanescent is. Since diameter
of fiber taper region became smaller, so evanescent field at the fiber taper region will be enhanced.
Therefore, light in the taper region will be more sensitive to the surrounding refractive index changing, so
the refractive index sensing sensitivity of splice point tapered SMF-PCF-SMF structure Mach-Zehnder

interferometer is higher than the traditional photonic crystal fiber Mach-Zehnder interferometer

theoretically.
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Fig. 1 Schematic of SMF-PCF-SMF structure MZI. SMF: Single mode fiber, PCF: Photonic crystal fiber
As it can be seen from Fig. 1, the splicing points tapered SMF-PCF-SMF structure forms a
Mach-Zehnder interferometer. The tapered region in the fiber actually acts as couplers, and the first taper
couples light in fiber core out into fiber cladding, and the second taper couples light in the fiber cladding
into fiber core again to interfere with light in fiber core to form a Mach-Zehnder interferometer. The

Mach-Zehnder interference can be expressed as Eq. (1).



I=1+1,+2\I1, cosp (1)
Where I, and I, are the light intensity transmit in the fiber core and fiber cladding respectively, ¢

is phase difference and it is shown in Eq. (2).
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Where L is optical route length of the interferometer, that is the length between the two splicing
points taper, A is light wavelength, An, is the difference between effective refractive index of fiber core

core
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cladding

and cladding, An,=n o

n . When difference between cladding mode and core mode equal to

(2m+1) 7, interference between light in fiber core and cladding will result in destructive interference, that is

to say, there will be an interference valley generated. The m-order interference valley can be concluded from

Eq. (2) and it is shown in Eq. (3) [15-16].

P 2An,, L 3)
L)
Therefore, the free spectrum range (FSR) of the interference spectrum can be expressed as Eq. (4).
2
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Wavelength of the m-order interference valley will be changing along with the surrounding refractive

index [17], and the variation is shown in Eq. (5).
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Effective refractive index of photonic crystal fiber cladding is a function of surrounding refractive
index, and effective refractive index of photonic crystal fiber core has nothing to do with surrounding
refractive [18]. An is the variation of effective refractive index of photonic crystal fiber cladding along

with surrounding refractive index changing.

The cross section of the photonic crystal fiber used in this paper is shown in Fig. 2(a). The core and
cladding of photonic crystal fiber is pure SiO2, refractive index of 1.457, the cladding is composed of five
layers of air holes, the fiber diameter is 125.2um, the diameter of the core is 8.89um and air hole pitch is
7.67um, the air hole diameter is 4.88um. The single mode fiber is SMF-28, the core diameter is 8.3um, and
the cladding diameter is 125um. The fusion splicer used in the experiments is s178 (Fitel, Inc.). Fig. 2(b)
shows the single-mode fiber and photonic crystal fiber fusion splicing process. After completion of the fused

taper, the effect of the fused taper was detected by using an ASE broadband light source (1520nm~1570nm)



and an optical spectrum analyzer (Yokogawa, AQ6370). In the fabrication process, manual splicing of PCF
and SMF through adjusting splicer parameters. After completion of splicing, fiber tapering at the splicing
point is carried out, and the waist diameter is tapered to 78 um, and microscope image of PCF taper region

is shown in Fig. 2(c).

PCF
SMF
(a) Cross section of PCF (b) Splicing process of SMF and PCF
PCF o

78um

SMF

(c) Splicing point tapered SMF-PCF
Fig.2 Photonic crystal fiber and SMF-PCF splicing and taper

The Mach-Zehnder interferometer is formed by tapering the splicing points between photonic crystal
fiber and single mode fiber. Compared with direct spliced SMF-PCF-SMF Mach-Zehnder interferometer,
more high-order cladding modes can be stimulated in the splicing points tapered SMF-PCF-SMF
Mach-Zehnder interferometer, and high-order modes of PCF cladding are more sensitive to external
refractive index changing. Therefore, splicing points tapered SMF-PCF-SMF Mach-Zehnder interferometer
will obtain greater sensitivity. The air hole diameter and hole spacing ratio of photonic crystal fiber used in
the experiments is up to 66.7%, therefore, compared to single-mode fiber Mach-Zehnder interferometric
refractive index sensor, this splicing points tapered SMF-PCF-SMF Mach-Zehnder interferometer will get

higher refractive index measurement sensitivity.

3. Theoretical model and numerical simulation

Fig. 3(a) is a schematic diagram of splicing points tapered single-mode fiber and photonic crystal fiber
for numerical simulation. The model based on finite element simulation software and assume that the taper
region collapse completely. Parameters of single-mode fiber used in the model are as follows: diameter and
refractive index of SMF cladding is 125um and 1.4613, diameter and refractive index of SMF core is 8.3pum
and 1.4679. The length of taper region is 60um, the taper waist diameter is 18um, and the input light

wavelength is 1550nm. Fig. 3(b) shows the electric field energy distribution of splicing points tapered



SMF-PCF-SMF structure. It can be seen from Fig. 3(b) that light transmitted in the SMF core will partially
diffusion into PCF cladding and transmitted in the cladding and then recoupled back to SMF core and

interference with SMF core fundamental mode.
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Fig. 3 Numerical simulation of splicing points tapered SMF-PCF-SMF structure. A=1550nm, surface: Electronic field, z
component (V/m). (The black arrow represent light transmitted direction, and the color from blue to red represents energy

gradually more and more.)
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Fig. 4 Schematic diagram of splicing points tapered SMF-PCF-SMF Mach-Zehnder inerferometer
It is difficult to quantitatively analyze the influence of waist diameter on interference based on the above
numerical simulations, so a splicing points tapered SMF-PCF-SMF Mach-Zehnder interferometer model
which is more close to the actual situation was built as shown in Fig. 4. In the model, the splice points region
was assumed completely collapse. As to single-mode fiber on one side of waist, a tapered cladding diameter
and core diameter are considered as reduction in proportion. As to photonic crystal fiber on the other side of

waist, the taper cladding diameter, core diameter and air hole diameter are also considered as reduction. The



cascaded two taper in Fig. 4 are the same in structure. Fig. 4 shows the cross section of taper waist collapse
area contact between photonic crystal fiber and single mode fiber at the photonic crystal fiber side. The
diameter of the cross section is 60pum, 80um, 100um, and 125um respectively. Based on the finite element
software COMSOL [19-20], the distribution and effective refractive index of fundamental mode and
cladding mode field of photonic crystal fiber with different diameters are simulated, and the refractive index
of the external solution is 1.35.

Fig. 5 is the cladding mode (the model is equivalent to the seventh order cladding mode [21-22])
electric field energy distribution of the above four different photonic crystal fiber cross section diameter
(60pum, 80um, 100pum, and 125pm). Because the diameter of a single-mode fiber is 8.3um, far less than
60um, so it is believed that higher-order modes excited at different diameter of the taper waist collapse area
are approximately the same, we mainly consider the condition that same mode couple into the tapered
photonic crystal fiber with different diameter propagating. Simulation results show that with taper waist
diameter reducing from 125um is to 60um, cladding mode energy gradually couple to the outside of
photonic crystal fiber cross section. There will be more evanescent wave penetration into external solution,

and it will cause cladding mode effective index gradually decreases.
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Fig. 5 Cladding mode electric field energy distribution of different PCF taper waist diameter
Fig. 6(a) is numerical simulation results of surrounding solutions refractive index and effective

core __cladding

refractive index difference between core mode and cladding mode (An,,=ng“-n ;") at taper waist

diameter from 125pum to 20pum. As it is shown in Fig. 6(a), when the taper waist diameter changing from



125um to 40um, fundamental mode is the core mode and the 7™ order mode is equivalent to cladding mode

(For the 7" order mode excitation in good condition, approximately uniform distribution in the cladding

[23]). When the taper
approximately uniform

cladding mode. When

waist diameter changing from 30um to 20um, the first higher order mode has
distribution in the cladding. At this time the first high order mode is equivalent to

the taper waist diameter below 10um, the basic mode cannot be confined in the

photonic crystal fiber core.

=

k=

Effective refractive index difference An

0.05 - ]
o m— —— & —B—Dd=125um

] e —— ©=120pm
. —b— 0=110um
0.04 - L " =100
=TT hAE pm
|« gk T TTET h ot % 0=80um
*_______-—*" 3 #,__,--"" —a— O=80um
0.03 4 _:_ e — & ——w —e > 20=70um
I e —%— ®=60um
1T ¢ e — T — » * &=50um
S - L « P &  G=40um
. «— —— —t—~ e — —a— d=30pm
| ¢ — o +—— ¢ | 3=20um
g v ¥ v
— I -1 11 A A
0014 g &~ a—— & a8 &
F
0.00 —

T T T T T T T
132 133 134 1.35 1.36 1.37 1.38
Surrounding refractive index

(a) Numerical simulation of relations between effective refractive index difference (An,, =n; -nf}f""’"g ) of different tapered

waist diameter (20pm - 125pum) PCF and surrounding refractive index.

— — .
1.32 1.33 1.34 1.35 1.36 1.37 1.38
Surrounding refractive index

[ o

|

8 B d=1250m

S oo3s{ & @=120pm

T —A— p=110pm L
ko .

= 00304 —v— 2=100um *___./--"”

= —4— ©=90um

L 0025 4 o=80um -

L P @G=T0um o

2 0020 —e— @=60um

E —h— DO=5H0urm ’/,/

& 00154 —#— ©=40um o R
° —&— @=30um A T e
£ oot0d 1 @=20um |~ e g T

g | - T

— -

£ 0.005

2 0.000 1

[ =

S 1

® -0.005 ———— :

-

L]

>

(b) Numerical simulation of relations between variation ( An ) of effective refractive index difference of different tapered
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Fig. 6 Relations between effective refractive index of tapered PCF and surrounding refractive index.

From Fig. 6(a) it can be seen, when the taper waist diameter in the range of 125um ~ 20pm, the



surrounding refractive index changing from 1.32 to 1.38, An, has approximately linear relation with

surrounding refractive index. When the surrounding refractive index is kept constant, An_ will increase

eff

with the taper waist diameter decreases from 125um to 40um. The numerical simulation results indicate that

decrease of taper waist diameter will excite higher order modes, and that will result in the increasing of

An,, and further improve sensor sensitivity. When the taper waist diameter in the range of 30um ~ 20um,

as the decreasing of taper waist diameter, fitting slope of the curve in the figure gradually increased, which
indicates that sensitivity of the sensor is improved with the decrease of taper diameter.

Fig. 6(b) is the relationship curve between surrounding solutions refractive index and variations of
refractive index difference. It can be concluded from Fig. 6(b), with increase of surrounding refractive index,
An is increasing linearly, and the smaller the taper waist diameter is, the larger the curve fitting slope is.
Therefore, based on Eq. (5), sensitivity of the splicing points tapered SMF-PCF-SMF Mach-Zehnder
interferometer will increase with taper waist decrease.

It can be seen from effective refractive index simulation data of Fig. 6 that refractive index
measurement sensitivity increase less when taper diameter lager than 50pum, and when the taper waist
diameter less than 50pum, the sensitivity can be notably improved. This is mainly because effective refractive

index of fundamental mode and cladding mode will both decrease with the decreases of taper waist diameter,

and the increase ratio of An, 1is reduced. Because of the complexity of the Mach-Zehnder mode

interferometric, the sensitivity improvement need to be studied in the experiments.
4. Experiments and discussion

In experiments, the concentration of NaCl solution was 0%, 5%, 10%, 15%, 20% and 25% respectively,
and the refractive index was measured. The relationship between concentration and refractive index is
shown in Table 1. From Table 1, it can be seen that the NaCl solution concentration from 0% to 25% covers
the range of common liquid refractive index.

Table 1 Relationship between NaCl solution concentration and refractive index

NaCl solution concentration (%) 0 5 10 15 20 25

refractive index 1.3333 1.3411 1.3493 13574 1.3656 1.3737

Experimental system apparatus is shown in Fig. 7. Experimental light source is amplified spontaneous
emission (ASE) broadband light source, the wavelength range is 1520nm~1570nm. Optical spectrum
analyzer (OSA, AQ6370) is produced by Yokogawa. Single-mode fiber is SMF-28. Photonic crystal fiber is

an endlessly single mode photonic crystal fiber (NL-PCF-1, YOEC). Fig 7 (a) is schematic diagram of



photonic crystal fiber Mach-Zehnder interferometer experimental system. In this paper, we first using the
system studied direct spliced SMF-PCF-SMF Mach-Zehnder interferometer length (photonic crystal fiber
length) of liquid measurement sensitivity effect. The photonic crystal fiber length were taken 2cm, 3cm, and
4cm. Then, we studied the splicing points tapered SMF-PCF-SMF Mach-Zehnder interferometer in the same
interference length (Length of photonic crystal fiber is 4cm) and different taper waist diameter (Diameter of
taper waist 60.4um, 78.8um, 101.2um respectively) of liquid measurement sensitivity effect through the
system. The fiber sensing head fixed in the tested liquid pool connects to the broadband ASE light source
and optical spectrum analyzer (OSA) in respectively through two single-mode fiber jumper. The ASE light
source was used to provide wavelength range 1520nm to 1570nm input light and optical spectrum analyzer
was used to display and analyze the output interference spectrum. Optical fiber was fixed stably on the
measured liquid pool through fiber pressure foot, and the SMF-PCF-SMF Mach-Zehnder interferometer
sensing head was kept straight and suspended in the liquid pool, so as to ensure the optical fiber sensing

head can prevent small force interference outside and can fully contact with the liquid to be tested.

(b) Photo of sensing head

Fig. 7 Experimental setup of SMF-PCF-SMF Mach-Zehnder interferometer sensor
Photo of experimental system setup is shown in Fig. 7(b) and the specific experimental operations are
as follows: (1) connecting the light source - optical fiber sensing head - optical spectrum analyzer; (2) the

spectrum of fiber sensing head in the air is measured and saved as a reference spectrum; (3) The distilled



water is injected into a liquid pool with a syringe, and then measured and saved the spectrum; (4) Liquid is
removed from the liquid pool through the outlet, washing liquid pool with distilled water and alcohol
alternately and repeatedly, drying liquid pool with compressed air, until the spectra the same as the reference
spectra in the air. The interference spectra of NaCl solution with different refractive index were measured by

the above steps. The average value of the three repeated measurements was performed to reduce the

measurement error.
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Fig. 8 Measuring sensitivity of direct splicing SMF-PCF-SMF Mach-Zehnder interferometer at different PCF length
Fig. 8 is a linear fitting curve of wavelength shift and refractive index at different photonic crystal fiber
length, and the slope represents refractive index measurement sensitivity. It can be concluded from Fig. &,
when the photonic crystal fiber length is L=2cm, 3cm, and 4cm, the refractive index measurement sensitivity
is 46.29nm/RIU, 163.4nm/RIU and 224.2nm/RIU respectively, and the corresponding fitting degree (R?) is

0.9804, 0.9975, and 0.9973 respectively. When L=4cm, the refractive index measurement sensitivity is
224 2nm/RIU.
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(a) Interference spectrum of direct splicing

SMF-PCF-SMF MZI.

(b) Interference spectrum of splicing points tapered

SMF-PCF-SMF MZI at taper waist diameter of @#=101.2um
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(c) Interference spectrum of splicing points tapered
SMF-PCF-SMF MZI at taper waist diameter of

(d) Interference spectrum of splicing points tapered
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Fig. 9 Interference spectrum of direct splicing and splicing points tapered SMF-PCF-SMF Mach-Zehnder interferometer
Fig. 9 are interference spectra of direct splicing and splicing points tapered SMF-PCF-SMF
Mach-Zehnder interferometer respectively. Based on the above studies, length of photonic crystal fiber of
4cm is selected for the interferometer has the largest sensitivity. From Fig. 9 (a), (b), (c), (d) it can be seen
that the refractive index measuring sensitivity of splicing points tapered SMF-PCF-SMF Mach-Zehnder
interferometer is higher than direct splicing SMF-PCF-SMF Mach-Zehnder interferometer. The smaller the
taper waist is, the larger the refractive index measurement sensitivity is. The sensitivity of refractive index
measurement can reach 260.8 nm/RIU at the taper waist diameter of 60.4um, which is increased by 16.3%

from the sensitivity of 224.2 nm/RIU.
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Fig. 10 Relations between wavelength shift and surrounding refractive index of direct splicing and splicing points tapered



SMF-PCF-SMF Mach-Zehnder interferometer

Fig. 10 is relations between wavelength shift and surrounding refractive index of direct splicing and
splicing points tapered SMF-PCF-SMF Mach-Zehnder interferometer. From the experimental results of Fig.
10, it can be seen that splicing points tapering can improve refractive index measuring sensitivity of
SMF-PCF-SMF Mach-Zehnder interferometer. The reason is that, due to the first splice point tapering, the
fiber diameter decreases will stimulate more high order modes which will infiltrate to external environment
solution, and the contact area between cladding mode evanescent field and external solution increases, so
surrounding refractive index changing will influence cladding mode transmission characteristics greater.
According to refractive index definition, cladding mode effective refractive index can be reduced due to
surrounding refractive index is smaller than cladding refractive index, and core mode effective refractive
index will remain the same. Although with the core diameter becomes little, more fundamental mode energy
will penetrate into the cladding, but due to cladding mode effective index has little difference with
fundamental mode effective index, reduction amount fundamental mode effective index is lower than

cladding mode. Based on Eq. (5), when surrounding refractive index is a constant, the taper waist diameter

becoming small will result in An_ increasing, that is to say, it will result in wavelength shift increasing

and sensitivity improvement, which also corresponding to the simulation results. The simulation and
experimental results show that with taper waist diameter become smaller, the sensitivity can be further
improved, but considering the fabrication process and mechanical strength, this paper haven’t fabricated

smaller diameter taper.

5. Conclusion

The paper proposed and studied a type of Mach-Zehnder mode interferometric refractive index sensor,
which is based on splicing points tapered SMF-PCF-SMF (SMF, single-mode fiber; PCF, photonic crystal
fiber) structure. This paper fabricated the sensor by direct splicing a short solid core photonic crystal fiber
(PCF) between two sections of single-mode fibers, and in the two splicing points taper regions, the higher
order cladding modes can be stimulated and coupled between the SMF core and PCF cladding. For the
reason that effective refractive index of photonic crystal fiber cladding high-order modes are more sensitive
to surrounding refractive index changes, the refractive index measurement sensitivity of splicing points
tapered SMF-PCF-SMF Mach-Zehnder mode interferometer can be further enhanced. In this paper, relations
between refractive index measurement sensitivity and photonic crystal fiber length and taper waist diameter
are studied through numerical simulations and experiments. The simulation and experimental results show

that sensitivity will increase with the increase of photonic crystal fiber length and the decrease of taper waist



diameter. The experimental results show that interference spectrum central wavelength will emerge red shift
as the surrounding refractive index increasing. In the refractive range of 1.3333-1.3737, direct splicing
SMF-PCF-SMF Mach-Zehnder mode interferometer with PCF length of 4cm has the sensitivity of
224.2nm/RIU, and splicing points tapered SMF-PCF-SMF Mach-Zehnder mode interferometer with PCF
length of 4cm and taper waist diameter of 60.4um has refractive index sensitivity of 260.8nm/RIU, that is to
say the sensitivity increased by 16.3%. The research shows that the sensing structure is with good linearity

and repeatability.
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