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Abstract—An ultra-high sensitivity refractive index sensor is
proposed and designed by integrating plasmonic Mach-Zehnder
interferometer and the optical fiber structure together. The con-
figuration, the numerical simulations and the performance of the
proposed structure have been analyzed and discussed by the finite
element method. At the working wavelength of 1.55 p«m, the de-
signed sensor is optimized to obtain the sensing sensitivity 20141.7
nm/RIU. Furthermore, it is found that with the increase of the
working wavelength, the sensitivity will also increase, thus the
proposed sensor has the potential to work in the near-infrared
band. This sensor not only shows a high sensitivity to refractive
index detection, but also is highly applicable in the detection of
liquid concentration, gas concentration or temperature.

Index Terms—Surface plasmon resonance, Refractive Index
Sensor, Mach-Zehnder Interferometer, optical fiber.

1. INTRODUCTION

URFACE plasmon polaritons (SPPs) are electron density
waves transmitted at metal-dielectric or metal-air interfaces
[1], which have good spatial region and local field strength
[2]. A pure metal plasmonic wave provides a sub-wavelength
scale light guiding but with very high propagation loss [3], thus
accurate engineerings are demanded in designing the plasmonic
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based waveguides to carefully channelize the unique features
of SPPs for linear/nonlinear photonic devices [4] and sensing
applications [5]. At the satisfaction of phase matching condi-
tion between SPPs and light waves, surface plasmon resonance
(SPR) would be induced, drawing on which researchers have
developed sensors exhibiting superior detection performance
[6], [7]. The fundamental mechanism of the SPR sensors is to
detect the refractive index (RI) change of the material under
test, and theoretical and experimental studies show that the SPR
sensors [8], [9] are highly sensitive in detecting RI change,
convenient to fabricate, able to be monitored in real time and
leave out the trouble of labeling. Therefore, the investigation
and improvement of optical fiber-based SPR sensors has always
been a research hotspot. In 2020, Zhao et al. [10] proposed an
ultra-resolution optical salinity quantum sensor using SPR and
quantum sensing principle. In the same year, Bandaru et al. [11]
demonstrated a rapid, wash-free, dip-type plasmonic fiber optic
absorbance biosensor using SPR principle and specific binding
of antigens and antibodies. Huang et al. [12] realized for the
first time the accurate measurement of copper (II) Ion (Cu?™)
based on an ultrasensitive localized SPR sensor. Despite the
technical improvement and advantages concerning SPR sensors,
there are disadvantages that cannot be ignored. For example,
their working wavelengths are mostly concentrated in the visible
band, which high limited the application.

Interferometer, including Michelson interferometer [13],
Mach-Zehnder interferometer (MZI) [14], Sagnac interferom-
eter [15], Fabry-Perot interferometer [16], is one of the most
sensitive optical interrogation methods[17]. The principle of
MZI is that the optical signal is divided into two parts and
enters the reference arm and the measuring arm respectively,
and then the interference occurs after the convergence at the
other end. And the measured information can be obtained by
the interference fringe movement. In 2019, Zhang et al.[18]
proposed a temperature sensor based on a UV-curable polymer-
infiltrated Mach—Zehnder interferometer created in a graded
index fiber. Experiments show that the sensor has high refractive
index sensitivity and temperature sensitivity. In 2018, Li er al.
[19] proposed an MZI sensor based on magnetic fluid filled
PCF and realized simultaneous measurement of temperature and
magnetic field using interference between different modes. MZI
is a kind of the well-known label free optical sensing devices,
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Fig. 1. (a) Schematic of the proposed sensor, (b) Axial section diagram of the
proposed sensor, (c) Tangential section diagram of the proposed sensor.

which can achieve high sensitivity [20], [21] and which is not
limited by the working wavelength. Recently, plasmonic MZI
has been proposed [22], [23] and is believed to be promising
for sensitive lable-free sensing [24], [25]. SPR sensors with
different configurations, such as metal-insulator (MI), insulator-
metal-insulator and metal-insulator-metal (MIM), can be used
to form plasmonic MZI. However, up to now plasmonic MZI has
been mainly used for on-chip sensing, using two surface plasma
polarization (SPP) modes to form an MZI optical fiber sensor is
anovel idea.

In this paper, we introduce a novel optical fiber plasmonic
MZI sensor utilizing a MIM structure deposited on a coreless
fiber to achieve dynamic RI sensing ability. In order to enhance
light-matter interactions to obtain a high wavelength sensitivity
to small RI change in the sensing material, the sensor parameters
are optimized using the finite element method (FEM) and a
sensitivity up to 20141.7 nm/RIU is achieved. To the best of our
knowledge, this is the first report on optical fiber-based sensing
devices drawing on plasmonic MZI to realizing highly sensitive
RI detection. The proposed sensor not only has a sensitive
response to RI but also exhibits an excellent ability in detecting
liquid or gas concentration.

II. THEORY AND DESIGN SCHEMES

The proposed sensor consists of the transmission optical fiber,
a coreless fiber and a MIM structure, as shown in the illustration
of Fig. 1(a). The transmission optical fiber adopts two commer-
cial single-mode fibers, which are connected to the light source
and the spectrometer respectively and fused at both ends of the
coreless fiber to work as the input and output channel of optical
signals as shown in Fig. 1(a). It is possible to fuse single-mode
fiber with a specific length of coreless fiber by welding machine.
After welding, magnetron sputtering machine is used to make
metal film, and polymer film is made on the surface of the metal
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film by coating machine. The coreless fiber with a diameter of
dr serves to excite surface plasmonic wave in addition of its
role as the light transmission medium. The MIM structure com-
prises three layers: Au film-polymethyl methacrylate (PMMA)
layer-Au film. The first Au film is deposited on the coreless
optical fiber with the thickness d a1, the PMMA layer coats on
the first Au film with the thickness d, and the second Au film
on the PMMA layer with the thickness da 2. The length of the
first Au film, the PMMA film and the second Au film is L. The
surface plasma wave excited by total reflection of light on the
interface of the coreless fiber and the first Au film is called MIM
mode, and the one excited in the second Au film is called MI
mode. These two modes propagate with propagation constant
(P) and distance (L), and finally transmit out through the other
transmission optical fiber while interfering with each other.

The MI mode is in direct contact with the external determi-
nand. When the RI of the external determinand changes, the
effective RI of the MI mode will change accordingly, which
would in turn affect the output interference spectrum. Thus, by
observing the evolution of the interference spectrum, any change
in the RI of the external determinand can be monitored, realizing
the sensing performance. The output signal intensity is given by
[26]:

QWLAneff
A

Towt = Inar + Inarve — 24/ InarInaroa cos (

ey

The resonant wavelength Ares and free spectrum range (FSR)
are [20]:

AngrrL
Ares = % (2)
)\,2
FSR= — 3
AneffL ( )

where m is an integer number, Ancfr = Nefrmr — Nef fMIM
is the difference between the MI mode and MIM mode effective
indices. X is working wavelength, I is intensity of different
modes. From Eq. (1) and (2) we know that the output spectrum
intensity I+ and resonance wavelength A,.s will change with
the external RI difference. Thus, any change in the external
RI can be detected by monitoring the output spectrum, and by
detecting the change of resonance wavelength, the external RI
can be measured. The sensitivity (AA/An) can be got easily from

) [14].
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 An 2rAncsr LAN -
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The sensor design, optimizations, and performance analyses
require an accurate mode solver, so the FEM is used by the
commercial software COMSOL. First, the Physics is chosen
as the Electromagnetic waves, Frequency domain. Then, the
geometric structure parameters and material parameters of the
model are set.

The diameter of the coreless fiber dp = 10 pm is selected.
The thickness of the first and second Au films is day1 = daus =
50 nm and the thickness of PMMA layer is d;, = 160 nm. The
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RI of PMMA is calculated by the Sellmeier equation [27],
1.18192.2

A=\/1+ 50—
n) \/ +k2—0.011313

where n is the RI of PMMA, A is wavelength in pm. The
dielectric constant of Au is defined by the Drude-Lorentz model
(28],

(&)

AeQ?
(w? — Q)+ jTrw

oo — wh
* w(w+jp)

€1 = (6)
where em is the permittivity of Au, eco is the permittivity
in high frequency, 5.9673 approximately. wp and yp are the
plasma frequency and damping frequency, respectively. The
weighting factor Aeis 1.09.w = 2mc/A is the angular frequency,
where c is the velocity of light, whereas wp /27 = 2113.6THz
and yp /27 = 15.92THz. The frequency and spectral width of
the Lorentz oscillator are €y, and I'y,, respectively, Qy, 2m =
650.07THz and I'y, /2m = 104.86THz. Transfer Matrix Method
(TMM) has been used to calculate the transmission of light
through the metal-insulator-metal, where ny is the complex
values of the refractive index and ey is the permittivity of the
k™ layer with thickness di.. As shown in Fig. 1(c), the designed
sensor is a 5-layer structure, thus the characteristic matrix is
expressed by the following equation:

N
M =[] Mk = [MH Ml?}
k=2

Ms1 Maa
T cos(By)  —isin(Bi)/a
M= {—iqksin?ﬁk) cos(ﬁlz) k} @

where

2md
B = ( 7;k> \/er — n3sin?f;

qx = \/ex — nisin?0; /e

It is assumed that all the light is propagated within the fiber.
If the light is having angle 6 with normal interface to the fiber-
metal, then the power distribution of the light is given by Eq.

®):
n? sin  cos 6

AP o LSMUCOST
(1 — n2cos20)

®)
If the light is applied at the fiber’s input and the total num-
ber of reflected rays within the sensing region (L) is Ny./(6)
= L/(Dtanf)) with angle 6, then the output transmitted power
received at the end of the fiber can be calculated by the given
formula:
7/2 Nref(0) n?sinfcosb
fg” RP (11771?(:0520)2 0
fﬂ'/Q n? sin 6 cos §
Ocr (1771%00520)2

€))

PTrans =

where

(Mi1 + Maagn) 1 — (Mao1 + Maszqn)
(M1 + Miagn) g1 + (Ma1 + Maagn)

Rp = |7”p|2 =
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Fig. 2. Mode field distributions of (a) MIM mode, (b) MI mode.

According to Eq. (9), the reflectivity of light through the
metal-insulator-metal can be obtained. A cylindrical perfect
matching layer (PML) is added around the analyte and the
perfect scattering boundary is set to reduce the reflection and
increase the calculation accuracy. And the type of meshing is
physics-controlled mesh, mesh size is normal. The mode field
distributions of MIM mode and MI mode are shown Fig. 2(a)
and (b), respectively. The MIM mode works as the reference
arm of our proposed sensor, and from Fig. 2(a) we can see that
the energy is mainly concentrated in the inner side of the first
Au film. MI mode is the sensing arm of our proposed sensor.
Its energy is distributed outside the second Au film and in direct
contact with the external determinand, as shown in Fig. 2(b). The
loss of mode can be calculated according to the Eq. (7) [29],

P
a = 8.686 x T”Im (ness) (10)

where A is the wavelength and Im(n.g) is the imaginary part
of the effective RI. The effective Rls of MIM mode and MI
mode are respectively calculated at the working wavelength rang
of 1520-1610 nm when the external RIs are 1.3333 (water),
1.3334, 1.3335, 1.3336 and 1.3337, as shown in Fig. 3(a). Both
of the effective RIs of the two modes decrease as the wavelength
increase due to the high field confinement. The MIM mode
exhibits a higher effective RI, for it is in contact with the coreless
fiber, while the MI mode is in contact with external determinand,
and the RI of coreless fiber is higher than that of external
determinand. However, with the increase of the external RI, the
effective RI of MI mode increases observably, but that of the
MIM mode almost shows no change. It is clear that the MI mode
is more susceptible to the influence of the external environment,
verifying its role as the sensing arm of the proposed sensor.
Fig. 3(b) shows the calculated effective RI difference, which
decreases significantly with the increase of the external RI.

As shown in Eq. (1), the length of the Au film L affects
the output spectrum. And the intensity of MIM and MI modes
(Inrrv and Iygr) will affect the total intensity of output but not
the position of the crest or trough in the interference spectrum,
so it can be considered that the intensity of these two modes will
not affect the detection results. Assume that the intensities of
both MIM and MI modes are 1 and fusion loss is excluded. The
output spectra with different L (0.5 mm, 1 mm and 2 mm) are
calculated, as shown in Fig. 4(a). It can be seen that the output
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Fig. 3. (a) Effective RI of MIM and MI mode at different wavelength with
different external RI, (b) Effective RI difference of MIM mode and MI mode.

spectra are all periodic sine curves, and with the increase of
L, the period of output spectrum decreases, which is consistent
with Eq. (2). According to Eq. (4), the sensitivity of the proposed
sensor is not affected by the length of the Au film L, so it can
be considered that L does not affect the performance of the
designed sensor. For the output spectrum, the smaller the full
width at half maximum, the more distinguishable the crests and
troughs. However, when A, shifts more than half period, it is
not conducive to spectral resolution, so an appropriate L needs to
be selected according to the detection range of the sensor. When
L is 0.5 mm, 1 mm and 2 mm, the half period is about40nm,
20nm and 10nm, respectively. And, taking L = I mm as an
example, the output spectra with different external RI (1.3333,
1.3334, 1.3335, 1.3336 and 1.3337) are calculated, as shown in
Fig. 4(b).

With the external RI increasing, the interference spectrum
moves to the short wavelength obviously. When the external RI
changes by 0.0004, the resonance wavelength shifts about 8 nm.
Whatever L is, the interference spectrum shifts about 8 nm with a
change of 0.0004 in the external RI. For the sensors with L<0.5
mm, the half periods are > 20 nm, much longer than 8§ nm. The
full width at half maximum is big, and the crests and troughs
cannot be easily identified. For the sensor with L = 2 mm or
longer, the half period is about 10 nm or smaller than 10 nm,
which is close to 8 nm. After the spectral shift of more than half
a period, the peaks and troughs cannot be resolved. Therefore,
for the designed sensor, L is selected as 1 mm according to
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Fig. 4. (a) Output spectra with different L, L = 0.5 mm, 1 mm and 2 mm, (b)

Output spectra of different external Rl at L = 1 mm.

the detection RI range of 0.0004. Although the length of the
metal film is short, it is not difficult to operate. After fusing a
long coreless fiber with commercial single mode fiber, the fiber
cutter is used to cut off the excess part so that the length of the
remaining coreless fiber is 1 mm. The diameter of coreless fiber
is smaller than that of single mode fiber. After coating operation,
the excess metal film on the surface of single mode fiber can be
easily removed without damaging the metal film on the surface
of coreless fiber.

According to Eq. (4) and output spectra in Fig. 4(b), the shift
of resonance wavelength (AX) with the external RI is calculated,
as shown in Fig. 5. It can be seen that AA changes linearly with
the external RI. By fitting the calculated data, the relationship
is obtained as follows: AL = 21381.16-16036.27 xRI, and the
R-Square is about 0.9999. The slope of the curve represents
the sensitivity of the designed sensor, which is about 16036.27
nm/RIU, much higher than most of the existing RI sensors.
In addition, the losses of MIM and MI modes under different
external RI are calculated as shown in Fig. 6. The loss of MI
mode is slightly larger than that of MIM mode, and both losses
are hardly affected by external RI.

III. OPTIMIZATION OF SENSOR PARAMETERS

The sensitivity of a sensor is the ratio of the output variation to
the input variation under stable working conditions. Taking the
designed sensor as an example, assuming that the RI variation
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of An and the output spectrum movement of AA, the ratio of the
two is the sensitivity. The greater the sensitivity is, the higher
the measurement accuracy can be obtained. But the higher the
sensitivity, the narrower the measurement range. Subsequent
optimizations are done based on sensors that is giving better
sensitivity. In order to get better sensing performance, optimiza-
tion of the sensor’s structure parameters has been carried out.
During the sensor design, a high RI layer is to be introduced
above the first Au film to facilitate the coupling of the mode
field to the second Au film, and PMMA is adopted considering
its simple coating process, good light transmittance and high RI.
However, this PMMA layer should be optimized regarding its
thickness, for if too thin, the mode field cannot be well enhanced
to couple to the second Au film; if too thick, the mode field
will be restricted within the PMMA layer, and no sensing can
be realized. We calculate the sensor’s sensitivity with different
PMMA layer thickness (dp = 80, 120, 160, 200, 240, 280, 320
nm) at the work wavelength of 1.55 pm, as shown in Fig. 7.
At d, = 200 nm, the highest sensitivity 16176.28 nm/RIU is
achieved. Therefore, the PMMA layer is optimized to be 200
nm in thickness.
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The Au films as the metal layer are the key to generate
plasmonic waves, and their thicknesses would naturally affect
the sensitivity of the proposed sensor. With the increase of
the thickness of the first Au film da,;, MIM mode can be
enhanced. However, if da,; is too thick, the evanescent field
cannot penetrate the first metal layer, and MI mode cannot be
excited. On the other hand, a thin second Au film da,» would
enhance the MI mode’s perception of external RI change, but it
would be too difficult to make and easy to damage if da,2 goes
too thin. As a result, the sensitivity of the designed sensor is
calculated at the work wavelength of 1.55 pim with da 1 ranging
from 40 nm to 60nm and dp 2 from 20 nm to 60 nm, as shown
in Fig. 8. The x-coordinate represents da;, the y-coordinate
represents da,2, and the histogram on the right indicates the
sensitivity. It is to be noted that the greater the da,; and the
smaller the da2, the higher the sensitivity of the sensor. At
day1 = 60 nm, da,2 = 20 nm, the sensitivity of the designed
sensor achieves 20141.7 nm/RIU.

The diameter of coreless fiber also has a certain influence on
the transmission signal of the designed sensor. Thus based on
the parameters already obtained from the above optimization,
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sensitivities at different coreless fiber diameters, dp = 10, 20,
30, 40 and 50 pum are calculated, as shown in Fig. 9. With the
increase of coreless fiber diameter, the wavelength sensitivity
of the sensor decreases slightly. Compared with other fiber
structures, the size of coreless fiber is easier to control and more
choices can be made in practical applications.

The previous formula analysis shows that the working wave-
length A will also affect the sensitivity of the designed sensor.
Thus based on the parameters already obtained from the above
optimization, sensitivities at A = 1.55 2, 2.4, 2.8 and 3 pum
are calculated, as shown in Fig. 10. It can be found that the
longer the working wavelength, the higher the sensitivity. At A
=3 pum, dp = 10 pm, dp = 200 nm, da,1 = 65 nm, days =
20 nm and L = 1 mm, the highest sensitivity of the proposed
sensor is achieved, which is 53730.07 nm/RIU. For the proposed
sensor structure, the transmission optical fiber only serves as
the input/ output channel of optical signals, so the single-mode
fiber can be replaced by other fiber structures, such as multi-
mode fiber. Heavy metals such as silver or copper can also be
used to excite the SPR depending on the practical necessity.
PMMA can be replaced by other high RI polymer materials with
good light transmittance, for example, Polydimethylsiloxane
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(PDMS). Moreover, if optical fibers supporting transmission at
longer wavelength band, such as soft glass fibers, are selected
as the transmission medium, the resulted sensor structure may
work in the middle infrared band and even realize the detection
of gas concentration. At the present scenario, the plasmonic MZI
sensor is designed based on a coreless fiber, any size of which
is conveniently available in the market. The coreless fiber can
be easily fused to the single-mode optical fiber using a fusion
machine, the Au film can be coated by magnetron sputtering
technique and the PMMA layer can be implemented using a
coating machine.

IV. CONCLUSION

In conclusion, we proposed and designed an ultra-high sen-
sitivity RI sensor based on plasmonic MZI. The configuration,
the numerical simulation and the performance of the proposed
sensor structure have been analyzed and discussed using FEM.
After optimization, the designed sensor obtained the maximum
wavelength sensitivity S = 20141.7 nm/RIU with dp = 10 pm,
dayr = 65 nm, daye = 20 nm, dpyvia = 200 nm and L =
1 mm at the working wavelength of 1.55 pum. The proposed
sensor is small in size, simple in structure, easy to make, label-
free and able dynamic detection. The designed sensor shows a
great potential to be employed as a refractometer to measure
temperature, liquid concentration, gas concentration, and so on.
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