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Abstract

A photonic quasi-crystal fiber surface plasmon resonance (PQF-SPR) sensor composed of a ZnO-Au bilayer film is designed
and analyzed. The dual-core groove structure is designed to improve the performance of the sensor. The finite element method
is performed to analyze the influence of the groove shape on the sensing properties. The results reveal that the shape of the
groove directly influences the coupling between the core mode and the surface plasmon polariton (SPP) mode as well as
the peak loss and full-width at half-maximum (FWHM) of the loss spectra. By optimizing the groove shape and structural
parameters of the PQF, a maximum wavelength sensitivity of 25,000 nm/RIU and a quality factor (figure of merit) of 432
RIU™! are attained in the refractive index range between 1.30 and 1.41. This study provides valuable insights and guidance
for the development and optimization of high-performance SPR sensors.
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Introduction

Surface plasmon resonance (SPR) results from the collec-
tive oscillation of electrons induced by photons which then
excite surface plasmon polariton (SPP) waves [1, 2]. The
SPR effect can be utilized to design highly sensitive refrac-
tive index sensors. The traditional SPR refractive index sen-
sor typically employs a prism structure, but the large size
and complex configuration restrict its application field [3]. In
order to overcome these limitations, optical fibers as carriers
have been considered in the design of surface plasmon reso-
nance sensors, for example, refractive index sensors based
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on single-mode and multi-mode optical fibers [4-6], but they
tend to have low sensitivity. In contrast, SPR sensors based
on photonic crystal fibers (PCF) and photonic quasi-crystal
fibers (PQF) have gained significant attention due to their
better sensing characteristics and flexible structures. The
application field is further expanded, such as biomedical
field [7-9], gas and liquid analytes of industry field [10—14].

Similar to Bloch surface waves based sensor [15-19],
the properties of PCF-SPR and PQF-SPR sensors mainly
depend on the material and structure. In addition, the algo-
rithms such as machine learning, genetic algorithms are
also used to optimize the sensor [20]. Common plasmonic
materials are gold, silver, copper, and graphene [21-24], and
metal oxides such as zinc oxide (ZnO) and titanium dioxide
(TiO,) have also been found to yield good sensitivity and
figure of merit (FOM) [25]. Different PCFs with D-shape
[26, 27], groove-shape [28, 29], eccentric [30], dual-core
[31, 32], and multi-core [33] configurations have been pro-
posed. The objective is to enhance the coupling between
the core mode and the SPP mode by adjusting the position
of the fiber core and plasmonic materials. For example,
the D-shape structures have been widely studied due to the
better sensing performance [34-36]. Recently, the similar
groove-shape structures attract the interest of researchers.
Rahman et al. [37] have proposed a U-shape groove structure
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with a maximum wavelength sensitivity of 25,000 nm/RIU
and FOM of 277.77 RIU"!. Islam et al. [38] have designed a
single-core double-sided groove structure comprising gold
with peak wavelength sensitivity and FOM of 7000 nm/RIU
and 94.97 RIU™!, respectively. Gao et al. [39] have studied
a single-core double-sided groove structure based on the
D-type PCF by utilizing the relationship between tempera-
ture and refractive index of the medium to measure the tem-
perature. Majeed et al. [40] have developed a double-sided
groove PCF-SPR refractive index sensor using a rectangular
hole design, which shows a wavelength sensitivity of 33,000
nm/RIU by controlling the air hole size between the fiber
core and plasmonic material. Mittal et al. [41] have proposed
an eccentric groove structure incorporating the composite
film of Au- ,, and the wavelength sensitivity and amplitude
sensitivity are 2000 nm/RIU and 374.06 RIU™, respectively.
Dai et al. [42] have introduced a TiO,-Au composite film
into the PCF-SPR sensor, and the quasi-D-type PCF with
a U-shape groove exhibits a wavelength sensitivity of 7500
nm/RIU and FOM of 634.1 RIU™! in the analysis of hemo-
globin solutions. Liu et al. [43] have constructed a D-type
PQF-SPR methane sensor with a groove structure, in which
ZnO and Au are deposited on the groove surface to form a
composite film for methane detection. These previous stud-
ies reveal that a groove structure can enhance the proper-
ties of SPR sensors. However, there has been no discus-
sion on the impact of the groove parameter on the sensing
characteristics. In this work, a novel dual-core, dual-sided
groove PQF-SPR sensor with a ZnO—Au composite film is
designed, and the effects of the groove shape on the sensor
are analyzed systematically for the first time. By optimizing
the sensor structure, a maximum wavelength sensitivity of
25,000 nm/RIU in the refractive index range of 1.30-1.41
and the optimal FOM of 432 RIU™! are achieved.

Structure and Analysis

The sensor has the six-fold Penrose photonic quasi-crystal
structure shown in Fig. 1b. The upper and lower eight air
holes indicated by the dashed lines are removed, and then
two air holes with a diameter of d, = 1.3 pm are added to
form two fiber cores. The distance &; between the two air
holes and the fiber center is 3.3 pm. Figure 1a illustrates the
dual-core structure. The diameter of the eight large outer
air holes is d;= 2.4 pm, and the distance of these air holes
is A= 3.3 pm. The diameter of the central air hole is d, =
1 pm, and two air holes with a diameter of d, are located at
a distance of A/2 from the fiber center. The designed PQF
can be manufactured by the computer assisted capillary
arrangement or 3D printing preform technology [44, 45].
The symmetrical dual-sided groove with A= 5.05 pm is
manufactured by the femtosecond laser micromachining or
focused ion beam (FIB) milling [46]. Finally, the gold (Au)
and zinc oxide (ZnO) films with thicknesses of £, = 0.035 pm
and ¢,= 0.005 pm are deposited sequentially on the groove
surface by the physical vapor deposition (PVD) and chemi-
cal vapor deposition (CVD), respectively [47, 48]. The green
part of the structure represents the measured medium. The
finite element method (FEM) is employed to analyze the
characteristics of the sensor. In the simulation, the geometry
is broken up into smaller portions, and a wave equation with
suitable boundary conditions is solved for each section. An
extremely fine mesh element controlled by physics is utilized
to produce the most accurate simulation results. The com-
plete mesh consists of 77,800 domain elements and 6895
boundary elements. In order to absorb radiation, an addi-
tional cylindrical type of perfectly matched layer (PML) is
added to the PQF-SPR sensor’s outermost layer [49].

The sensor is composed of silicon dioxide, and the disper-
sion relation is described by the Sellmeier equation [50]:
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Fig. 1 a Cross-section of the
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Fig.2 Dual-core groove
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structure (a) loss spectra and
dispersion curves, (b) electric
field diagram of the y-polarized
core mode, and (c) electric field
diagram of the y-polarized SPP
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where A represents the wavelength of the incident light in
vacuum with a unit of micrometer. The dielectric constant
of gold can be derived from the Drude-Lorentz model [51]:

2
@p

—
w? + iow,

Equ(@) = €4 — @
where , = 1.36 x 10" (rad/s) and w,= 1.45 X 10'* (rad/s)
represent the plasma frequency and the scattering frequency
of electrons in the gold film, respectively. The dielectric
constant €, at high frequencies is 9.75, = 2nc/A denotes
the angular frequency of the incident light, ¢,, refers to the
complex dielectric constant of the gold film. The dielectric
property of ZnO is calculated by Eq. (3) [52] and 4 is operat-
ing wavelength in pm.

Fig.3 Single-core groove
80 T T

420.87968
(A2 —0.3042%) — 0.00711%"

€7,0(4) =2.81418 — 3)

The properties of the PQF-SPR sensor are typically deter-
mined by calculating the confinement loss of the core mode.
As the real parts of the effective refractive indexes of the
core fundamental mode and the surface plasmon polariton
(SPP) mode are equal, SPR occurs on the metal surface. The
coupling between the core mode and the SPP mode increases
the loss of the core mode as shown below [53]:
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“

where Im(n,y) is the imaginary part of the effective refrac-
tive index of the core mode at different wavelengths.
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Using 1.39 as the refractive index of the medium, the real
parts of the effective refractive indexes of the y-polarized
core mode and SPP mode are calculated using FEM and
shown by the red dashed line and red solid line in Fig. 2a.
The intersection of the two curves means that the phase-
matching condition is satisfied, and the core mode is coupled
with the SPP mode as shown in Fig. 2b and c. Consequently,
the partial core mode energy couples to the ZnO—Au com-
posite film. The loss spectrum of the y-polarized core mode
shows a peak indicated by the solid black line in Fig. 2a.
Similarly, the loss spectrum of the x-polarized core mode is
calculated and shown by the blue solid line, the loss peak is
significantly lower than that of the y-polarized core mode. In
order to highlight the advantage of dual-core groove struc-
ture, the loss spectrum of single-core groove structure is
also calculated as shown in Fig. 3. It can be seen that the
spectrum exhibit lower peak and wider linewidth. It means
that the performance of single-core groove structure is rela-
tively poor. Therefore, the y-polarized core mode of dual-
core groove structure is selected in our subsequent analysis.

The sensitivity of the PQF-SPR sensor can be evaluated
by the wavelength sensitivity and amplitude sensitivity. The
wavelength sensitivity is determined by the peak wavelength
shift A2, in the loss spectrum. It stems from the refractive
index variation An, of the measured medium as shown below
[54]:

5. A4,
(nm/RIU) = A 35)

a

The wavelength resolution of the sensor is defined as fol-
lows [55]:

An, X Adgin
R= AL (6)
P
where A4,,,;, represents the minimum wavelength resolution

of the wavelength demodulator, which can be set to 0.1 nm.
The full-width at half-maximum (FWHM) of the loss spec-
trum impacts the resolution and signal-to-noise ratio (SNR)
of the sensor. The detection accuracy can be evaluated
according to the figure of merit (FOM) defined below [56]:

S
FOMRIU™") = —~—. 7
( ) FWEM (N
Equation (7) discloses that a wavelength sensitivity and
smaller FWHM translate into better sensing characteristics.
The amplitude sensitivity is based on the following [57]:

Ax
1 Ay

S (RIU™Y) = -
al ) ac, An

®)

a

where Aa; defines the confinement loss variation and a;
is the loss in the initial state.
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Fig.4 a Schematic diagrams of the structure of the sensors with dif-
ferent long semi-major axis r, and b Electric field distributions of the
y-polarized core mode

Optimization and Discussion

The effects of the shape of the grooves on the sensing are
assessed. The ellipse with a long semi-axis r, and a short
semi-axis r, is adopted to form the groove. The long axis
of the ellipse is parallel to the x-axis. The short semi-axis is
fixed at r,= 1.7 pm, and the distance 4 is 5.05 pm. As the
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Fig.5 a Loss spectra and b wavelength sensitivity and FOM for different r,

long semi-axis r, are 2 pm, 4 pm, 6 pm, 8 pm, 10 pm, and
00, the structures are shown in Fig. 4a. The corresponding
mode field diagrams of the y-polarized core mode are shown
in Fig. 4b for n=1.40 as Au and ZnO thicknesses are ¢, = 35
nm and ¢, =5 nm, respectively. It can be seen that the shape
of the groove directly influences the distribution and intensity
of the electric field. With increasing semi-major axis r,, of the
ellipse, the SPR effect becomes progressively stronger. The
intensity of the y-polarized core mode decreases as the SPP
mode field expands. It is because the area of the plasmonic
substance expands with increasing r, and the plasmonic
medium is closer to the fiber core. As a result, the coupling
between the core mode and the SPP mode becomes stronger,
and the peaks of the loss spectra increase gradually.
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Figure 5a depicts the loss spectra of the y-polarized core
mode for different r, as the refractive index is changed from
1.40 to 1.41. For a fixed refractive index, the peak in the loss
spectrum rises and shifts towards a longer wavelength with
increasing r,,. Figure 5b exhibits the wavelength sensitivity and
FOM. When r, is small, the wavelength sensitivity of the sen-
sor is low. When r,> 8 my, the shape of the groove changes
slightly, the wavelength sensitivity remains nearly unchanged.
But it still influences the coupling between the core mode and
SPP mode, and results in larger linewidth of the loss spectrum
which gives rise to a smaller FOM. To achieve the optimal
sensing performance, 7,= 8 um is selected.

The effects of the thickness of the ZnO—Au composite
film are then investigated. For a ZnO film thickness ¢, of
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Fig.6 a Loss spectra and b wavelength sensitivity and FOM for different 7,
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Fig.7 a Loss spectra and b Wavelength sensitivity and FOM for different ¢,

5 nm, Fig. 6a shows the loss spectra for different gold
film thickness #,. The loss spectra redshift as ¢, increases
from 25 to 40 nm because the effective refractive index
of the SPP mode increases with the thickness of the gold
film, while the effective refractive index of the core mode
remains unchanged. The phase matching point of the core
mode and the SPP mode shifts toward longer wavelengths.
Figure 6b compares the wavelength sensitivity and FOM
for different gold film thicknesses. The wavelength sen-
sitivity increases gradually with increasing ;. However,
the peak of the loss spectrum is relatively smaller for
t;= 40 nm. It is because the thicker gold film increases
the damping loss of the electric field and the SPR effect
is weakened [34]. Therefore, the FWHM increases and
FOM is lower. It means that the resolution of the sensor
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deteriorates. Therefore #; = 35 nm is selected as the opti-
mal thickness. The influence of the ZnO film thickness 7,
on the sensing characteristics is analyzed. As shown in
Fig. 7, the loss spectrum exhibits lower peak and wider
FWHM without the ZnO layer (#,= 0 nm). With inserting
the ZnO film the FWHM of the loss spectrum is reduced
and FOM is enhanced. However, an excessively thick
ZnO film decreases the wavelength sensitivity, as shown
in Fig. 7b. When the thickness t, of the ZnO film is 5 nm,
the sensor exhibits the optimal performance.

The large outer air holes with a diameter of d; affect the
confining ability of the core mode. As d; decreases, the
confinement to the core mode weakens, and the coupling
between the core mode and the SPP mode is enhanced.
Therefore, the peak of the loss spectrum increases as d;
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Fig. 8 a Loss spectra and b wavelength sensitivity and FOM for different d
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Table 1 Performance comparison of groove-structured sensors

References ~ Coatings RI Range Max Wave. Max

Sens. (nm/RIU) FOM
(RIUTY

Ref. [21] Au 1.17-1.40 13,000 /

Ref. [58] Au 1.15-1.44 4520 230.56

Ref. [59] MoS,-Au  1.19-1.40 5100 29.143

Ref. [38] Au 1.33-1.40 7000 94.97

Ref. [60] Au 1.26-1.38 5626 /

This work Au-ZnO 1.30-1.41 25,000 432

decreases from 2.4 pm to 2.1 pm, as shown in Fig. 8a. At
the same time, a smaller d; decreases the effective refrac-
tive index of the core mode and the loss spectrum shifts to
a shorter wavelength. Figure 8b compares the wavelength
sensitivity and FOM for different d;. It can be observed that
d;=2.4 ym is the optimal value.

Finally, the influence of the two air holes with a diam-
eter of d, is analyzed. The two holes situated between the
fiber core and the surface plasmonic substance form the
coupling channel of the core mode and the SPP mode. Fig-
ure 9a shows the loss spectra for different diameters d,. It
is evident that the peak of the loss spectrum decreases as
d, increases from 1.1 um to 1.4 um due to the narrow cou-
pling channel and enhanced confinement ability to the core
mode. Additionally, larger air holes result in the diminished
effective refractive index of the core mode. Therefore, the
loss spectra shift toward longer wavelengths. Figure 9b
shows the wavelength sensitivity and FOM for different
d,, and the sensor delivers the optimal performance when
d,=1.4 pm.

According to above analysis, the optimal structural
parameters of the PQF-SPR sensor are as follows: d; =
I pm, dy=1.4um, d3=2.4 pm, ¢, =35 nm, and t,= 5 nm.
Figure 10a presents the loss spectra as the refractive
indexes of the medium increase from 1.30 to 1.41. The
peak of the loss spectra rise with the refractive indexes,
while the resonance wavelengths redshift monotonically.
The amplitude sensitivities for RI changes from 1.30 to
1.41 are presented in Fig. 10b, and the optimal amplitude
sensitivity of 1360/RIU is obtained for n,= 1.40. Fig-
ure 10c shows the wavelength sensitivity and FOM in this
refractive index range. The maximum wavelength sensitiv-
ity is 25,000 nm/RIU with FOM of 432 RIU™!. The average
wavelength sensitivity is 4584 nm/RIU. If the spectrometer
with a resolution of 0.1 nm is employed, the maximum
resolution can reach 4 x 10~* RIU. Then, we compared
the sensing performance with various types of groove-
structured PCF-SPR sensors reported in recent years.
Table 1 verifies that the dual-groove dual-core PCF-SPR

@ Springer

sensor proposed in this study exhibits superior sensing
characteristics.

Conclusion

A novel dual-core PQF-SPR sensor comprising a ZnO-Au
bilayer film is designed and analyzed. The sensor has a
double-sided groove structure to enhance the SPR effect.
The influence of the groove structure on the wavelength
sensitivity and FOM is determined by the finite element
method. By optimizing the PQF structure and thickness of
the plasmonic layer, the groove-shape PQF-SPR sensor can
be operated in the refractive index range of 1.30-1.41. Our
analysis reveals that the optimized structure exhibits a max-
imum wavelength sensitivity and FOM of 25,000 nm/RIU
and 432 RIU™!, respectively. The results provide insights
into the design of high-performance SPR sensors, and the
structure discussed in this paper has large application poten-
tial in medical diagnostics, environmental monitoring, and
biochemical sensing.
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