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Photonic Crystalline (PCF)-based SPR (Surface Plasmon Resonance) sensors continue to develop and achieve good
performance, but in previous studies, PCF-SPR only has a small refractive index range detection, complex geometric
structure, and low sensitivity. In this paper, we investigate the performance of the Star-shaped PCF-SPR sensor
(S-PCF-SPR) in detecting the refractive index of the analyte. We performed numerical simulations using the finite element
method (FEM) based on COMSOL Multiphysics version 5.6. It was found that S-PCF-SPR can detect analytes in a wide
refractive index range from 1.3 to 139 RIU. S-PCF-SPR has a maximum wavelength sensitivity of 12000 nm/RIU, and the
sensor resolution resulting from S-PCF-SPR 5.4 x 10°°. These results indicate that the S-PCF-SPR can be used as a sensor
for sensitive analyte sensing applications and has good sensor resolution.
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1 Introduction

Sensing technology continues to develop until
today. Surface plasmon resonance (SPR) sensors
show excellent performance in environmental
sensings such as temperature sensing'? analyte
refractive index’”, and magnetic field*’. SPR is not
only used in single parameter sensing® but also used
in simultaneous sensing of temperature and refractive
index”'°, magnetic field and temperature'""'%, pH and
refractive index", temperature and strain'®. The
combined SPR sensor based on photonic crystal fiber
is a new and flexible type of sensor, this type of
sensor has several unique advantages in measurement
such as high birefringence'>'®, very fast sensing'’, low
transmission loss and not susceptible to the damage of
electromagnetic waves'®, very high sensitivity'**.
plasmonic material dissociated on PCF provides a
plasmon resonance phenomenon in the device so that
it can be used to detect analytes that can be used in
the medical area®"**.

The most common plasmonic materials used in
coating PCF are gold”?®, silver®, copper”,
titanium®®. When plasmonic material and dielectric
material meet with electromagnetic waves, it will

*Corresponding authors: (Email: Dedi.irawan@lecturer.unri.ac.id)

bring up surface plasmon (SP) due to electron
oscillation on the surface of plasmonic material'®, so
PCF-SPR becomes a popular sensor device with its
advantages such as small size”, can detect more than
one analyte®™', and multi-channels***.

The SPR technique is popularly used in sensing
because of its accuracy and sensitive sensing
performance and can detect the refractive index of the
analyte in the order of 0.01 of the refractive index
changes'’. In the phase-matching condition, the
energy transferred from the core to the plasmon mode
causes a shift in the peak of the confirmation loss.
Confinement loss is the loss of space generated by the
air around the PCF core'®. It was also found that the
confinement loss peak shifted as the refractive index
of the analyte changed so that this event would
provide information related to the type of analyte
included in the PCF-SPR*. The PCFs used in the SPR
technique are usually made of silica®, graphene”,
TOPAS®, Zeonex’’. Among the many materials
proposed by the researchers, PCF-SPR with fused
silica material gave the best performance.

Many researchers have reported various types of
PCF-SPR  geometric structures ranging from
hexagonal'’, octagonal®™, D-shape'’, and PCF-SPR
resembling the Marcedes Benz logo®. Other
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researchers also proposed PCF-SPR based on sensory
systems such as internal sensing and external
sensing®. some researchers have also reported the
results of the performance of the design as reported by
Meng et al obtained a sensitivity of 3330 nm/RIU
and can detect the refractive index in the range
1.35 — 1.4 RIUY, the study reported by Danlard et al.
in 2022 obtained PCF-SPR can detect the refractive
index in the range 1.4-1.46 RIU and obtained a
maximum  design  wavelength  sensitivity  of
3000 nm/RIU*, other researchers also reported that
PCF-SPR with silica and multiple-hole geometry
strictures can detect refractive index in the range
1.25-1.3 RIU obtained maximum wavelength
sensitivity of 1932 nm/RIU*, recently Bahloul et al.
reported that PCF-SPR obtained a maximum
sensitivity of 4100 nm/RIU and could detect
refractive index in the range 1.38 — 1.4 RIU*, and
Zhang et al. reported that the D-shaped PCF-SPR can
detect analytes in the refractive index range of
1.33 — 1.34 RIU with a sensitivity of 1371 nm/RIU*.
However, from all that recommended by previous
researchers, the geometric structure is difficult to
fabricate, the refractive index range is still small and
the sensitivity is low.

In this paper, we investigate the S-PCF-SPR with a
hexagonal 3-layers star-shaped geometric structure.
The performance factors of the sensor being
investigated are maximum wavelength sensitivity,
wide refractive index sensing range, amplitude
sensitivity, and sensor resolution. The research was
conducted using the finite element method based on
COMSOL Multiphysics 5.6.

2 Geometri Structure Purposed Sensor

In this paper, we investigate the star-shaped
PCF-SPR design (S-PCF-SPR) using the finite
element method (FEM) using COMSOL Multiphysics
version 5.6. In this investigation, PCF uses fused
silica which can be defined by the sellmeier equation
as in Eq 1. Fused silica is the most commonly used
PCF material, and it is reported to have the best
performance when compared to other materials such
as TOPAS, Zeonex etc. The sellmeier equation can be
used in defining the fused silica material in the S-
PCF-SPR design. The distribution of the refractive
index for silica materials can be seen in Eq 1.

0.6961° 0.4084° 0.8971° 1
n(/t)z T3 T T3 - (D)
A”—=0.0047 A1°-0.014 A1°-97.934

Where n is the refractive index of silica for each
particular wavelength, Ais the wavelength that
illuminates the surface of the S-PCF-SPR. The
plasmonic material used to elicit the SPR effect
on the PCF, the plasmonic material used in this
study is gold, gold is chemically more stable than the
environment but shows a wide resonance peak and
this will harm the components. The drude-Lorentz
model is used to calculate the dielectric constant of
gold which can be shown in Eq 2.
2 2

g =g —— 0 AXY, . (2)
“ w(otjr,) (0-Q))+ T,

With Au being the gold permittivity value, and
high-frequency permittivity with a value of 5.9673,
then is the plasma frequency, where D is the
dumping frequency and D is the plasmon frequency
which numerically has a value of 31.84n THz and
4227.2n THz and the oscillator power with symbol
L = 1300.14n THz, and the spectral width is L =
209.72n THz.

PCF that has air holes around the surface will cause

loss when passing through the surface. This

confinement loss can be defined as Eq 3.

L,(dB/cm) =(ﬂj Im(n,,, )x10* - (3)
c %

Where Lc is the material confinement loss, with a
value of 3.14, f = frequency, n.s is the effective
refractive index, and c is the speed of light.
Meanwhile, S-PCF-SPR performance factors such as
wavelength sensitivity can be defined in Eq 4.

S, (nm/RIU)= AR, | An . (4)

‘peak

Wavelength sensitivity shows how big the shift in
the wavelength of the peak loss is for each change in
the analyte's refractive index. A large shift for a small
change in the refractive index of the analyte will show
components that are ultra-sensitive and have high
performance in differentiating changes in the
refractive index of the analyte. Wavelength sensitivity
also shows the difference in peak loss at a certain
wavelength divided by the difference in the sensing
refractive index. Furthermore, the sensor resolution is
mathematically shown by Eq 5. The proposed sensor
geometry structure is shown in Fig. 1. The sizes dl,
d2, and d3 are d/3, d/2.5, and d/2, respectively, with a
d value of 1.4 um
ana Xaﬂ’min (R[U) (5)
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Fig. 1 — The geometrical structure of the proposed PCF-SPR.

3 Results and Discussion

After doing the simulation using the finite element
method assisted by COMSOL Multiphysics Version
5.6. The FEM method is used to evaluate the
geometric structure and analyze the performance of
the PCF-SPR sensor such as sensitivity, loss
confinement, amplitude sensitivity, sensor resolution,
and FWHM (Full-width Half Maximum). Simulation
is done by selecting the analysis mode with the
electromagnetic frequency domain (EWFD) on
COMSOL. The geometrical structure of PCF is
arranged as shown in Fig. 1. PCF is defined as a fused
silica material following equation 1. And the
plasmonic material used in this research is gold based
on the drude-Lorentz model based on equation 2.
After the material definition is carried out, the
simulation process is then carried out by investigating
the mode at the refractive index of 1.46 RIU.
Furthermore, the distribution of the electromagnetic
field for the SPP mode and the polarization of the x-
axis and y-axis is obtained as shown in Figs 2, 2(a)
for SPP mode, 2(b) x-pol, and 2(c) y-pol.

PCF-SPR has an analyte layer of d4 = 0.5 pm
outside the gold layer with a thickness of 40 nm, then
on the outermost layer, the design is limited by a PML
(Perfectly Matched Layer) layer with a thickness of
1 pm which will limit the distribution of the
electromagnetic field on the core surface. and sensor
cladding.

In Fig. 2 the distribution of the electric field around
the PCF-SPR surface. The refractive index of the
analyte defined in the distribution of Fig. 2 is 1.3 RIU.
for further variation of the analyte with different
refractive indices. It was found that the PCF-SPR

a

Fig. 2 — Electric field distribution on the PCF-SPR surface
(a) SPP mode, (b) X-polarization (¢) Y-polarization, with a gold
thickness of 40 nm.
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Fig. 3 — Confinement loss shift for each change in the refractive
index of the analyte in the range 1.3 — 1.34 RIU.

design can detect analytes in the range of the basic
index of 1.3 — 1.39 RIU, this range is broad compared
to previously reported studies” ™. When the analyte
has a refractive index of 1.4 RIU, the resonant
wavelength is not found in this design, then the
confinement loss has no peak value. The shift in the
confinement loss peak in the design for each refractive
index in the range 1.3 — 1.39 RIU can be seen in Fig. 3.

3.1 Confinement loss peak shift for each change in refractive
index

In this section, the PCF-SPR sensitivity test is
carried out in the refractive index range of 1.3 to
1.39 RIU. This sensing range is much wider when
compared to the sensor components proposed by
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other researchers®®*'. In this case, we observe a

confinement loss for each change in the analyte's
refractive index of 0.01 RIU. We find that a large
analyte refractive index will give a large confinement
loss value and vice versa. This is due to an increase in
the coupling in the design. In Fig. 3 we show only the
surface polarization on the x-axis (x-pol), we find that
the y-pol does not show a consistent value when
sensing the analyte. So it is not used as a reference in
sensing analytes. Next, calculate the confinement
loss value for each particular refractive index by
following equation 3. The effective refractive index is
found for each wavelength and transformed into the
imaginary value of each refractive index. So that
the confinement loss shift for each refractive index
is obtained as shown in Fig. 3. At the refractive index
of 1.3 RIU, the confinement loss peak is 39.3 dB/cm
and is known to be at a wavelength of 570 nm, then
the refractive index is increased by 0.01, and the
confinement loss peak is 48.9. dB/cm which is also at
a wavelength of 570 nm. However, from this result,
there is a significant change in the value of the
confinement loss between the two refractive indices.
Furthermore, at the analyte refractive index of
1.32 RIU, the peak confidence loss is 60.7 dB/cm at a
wavelength of 580 nm. The wavelength sensitivity is
obtained based on equation 4 of 1000 nm/RIU. The
value of the analyte's refractive index was then
increased to 1.33 and the confinement loss peak of
79.5 dB/cm was at a wavelength of 600 nm, so from
1.32 to 1.33 RIU, the refractive index had a sensitivity
of 2000 nm/RIU. At the refractive index of 1.34 RIU,
the confinement loss peak is 104.6 dB/cm at a
wavelength of 610 nm so the sensitivity is obtained at
1000 nm/RIU.

Figure 3 shows the shift of the confinement
loss peak to changes in the analyte's refractive
index. The proposed sensor has a wide sensing
range from 1.3 — 1.34 RIU. Using equation 4
we can calculate the sensitivity obtained in this
design, respectively for analytes with a refractive
index of 1.3 to 1. 1.31, 131 to 1.32, 1.32 to 1.33, 1.34
to 1.35, 1.35 to 1.36, 1.36 to 1.37, 1.37 to 1.38 and 1.38
to 1.39 have sensitivities of 1000, 1000, 2000, 1000,
2000, 2000, 3000, 6000 and 12000 nm/RIU. The
amplitude sensitivity (AS) obtained from the
difference in CL for the two different indices can be
seen in Fig. 4. It was found that the maximum AS in
the range of refractive index 1.3 — 1.34 RIU was -
146.63 RIU™ at refractive index 1.34 RIU.

In the range of refractive index 1.35 — 1.38 RIU,
the peak shift of the confinement loss is obtained as
shown in Fig. 5. Amplitude sensitivity shows the
performance of the sensor in measuring the analytical
refractive index. Fig. 5 shows the shift of the design
confidence loss peak to changes in the refractive
index in the range of 1.35 — 1.39 RIU. When the
analyte refractive index is 1.35 RIU, the design shows
that the confinement is increasing and when it reaches
the maximum height the confinement loss value
decreases with wavelength and it is found that the
confinement loss peak is at a wavelength of 630 nm.
At 660 nm the confinement loss value continues to
increase until the design can only detect analytes with
a refractive index of 1.39 RIU with a confinement
loss value of and at a wavelength of 870 nm. This
design cannot detect analytes with a refractive index
of 1.4 and so on. This result occurs because the
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Fig. 4 — Amplitude sensitivity PCF-SPR in the range 1.3 — 1.34 RIU.
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analyte with a refractive index of 1.4 did not find x-
pol in the effective refractive index of this design, nor
was a resonance wavelength found in this design. As
shown in Fig. 5. Furthermore, a performance analysis
was carried out on this refractive index range by
obtaining the sensitivity amplitude as shown in
Fig. 6. In the range of refractive indexes 1.35,
1.36, 1.36, 1.37, 1.37 and 1.38 RIU, meanwhile, the
sensitivity amplitude was not found in the index.
biased 1.38 and 1.39 RIU.

Amplitude sensitivity shows a shift in the value of
1/RIU negative which will shift along with changes in
the refractive index of the analyte. Furthermore, a
performance analysis is carried out on the design by
determining the peak confinement loss for each
change in the refractive index which can be shown in
Fig. 7. The confinement loss peak always increases
with the increase in the value of the analyte refractive
index. The confinement loss value of each analyte is
in the refractive index of 39.3 to 432.6 dB/cm.

Further, the performance factor of the proposed
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Fig. 6 — Amplitude sensitivity sensor design in the range 1.35-
1.38 RIU.

500 432.6
450

400
350

L)
(=3
(=1

250

(3]
(=3
(=1

150

—
(=3
<

n
(=3~

Peak Confinement Loss (dB/cm)

1.28 13 1.32 1.34 1.36 1.38 1.4
Refractive Index (RIU)

Fig. 7 — Shift of the confinement loss peak to changes in
refractive index.

sensor is shown in Table 1 and The proposed sensor
has better performance than the previously proposed
sensor design, as in Table 2

3.2 Effect of gold thickness on sensor performance

The effect of gold thickness is evaluated in this
design based on the confinement loss value of each
gold thickness. In the design, the gold thickness was
varied by 30 nm, 35 nm, and 40 nm. The confinement
loss values can be shown in Fig. 8 S-PCF-SPR with
30 nm, 35 nm, and 40 nm gold Ilayers, the
confinement loss peaks are at the same wavelength,
namely 660 nm. Meanwhile, the peak confinement
loss values were 414 dB/cm, 324 dB/cm, and
192.2 dB/cm, respectively. shows that the thicker the
gold layer, the smaller the confinement loss value

Table 1 — Proposed sensor performance factors

na (RIU) Peak Loss (dB/cm) WS (nm/RIU) AS (1/RIU)
1.3 393 -
1.31 48.9 1000 -61.7
1.32 60.7 1000 =719
1.33 79.5 2000 -106.7
1.34 104.6 1000 -146.63
1.35 140 1000 -272.3
1.36 192.2 3000 -380.7
1.37 255 3000 -426.23
1.38 351.6 6000 -
1.39 429.3 12000 -
Table 2 — Comparison with other design
Reference RI range Maximum WS Resolution
(nm/RIU) (RIU™
[40] 1.35-1.4 3330 -
[41] 1.4-1.46 3000 333107
[42] 1.25-1.3 1932 310°
[43] 1.38-1.41 4100 2.44 107
[44] 1.33-1.34 1371 -
[45] 1.33-1.40 12000 -
Purposed 1.30-1.39 12000 54107
Sensor
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Fig. 8 — Effect of gold thickness on component confinement loss.
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generated in this design. The thickness of the gold
film has a great impact on the sensing performance. If
the gold layer is too thick, the sensitivity and peak
confinement loss will be significantly reduced,
because the electric field cannot penetrate the gold
layer. Meanwhile, if the gold layer is too thin, the
plasmonic waves will be strongly damped due to
radiation attenuation.

3.3 Effect of distance between holes on sensor performance

In this section, the PCF-SPR confinement loss
values are evaluated for different hole distances, the
hole distances being varied are 1.6 pym, 1.7 um, and
1.8 um. The refractive index of the analyte used in
this section is 1.36 RIU and the component loss
confinement is obtained as shown in Fig. 9. It is
shown that the larger the size of the design profile and
the greater the distance between the holes, the smaller
the confinement loss value as well as the best,
peak value of the confinement loss between each
distance. holes 1.6 pm, 1.7 um, 1.8 um are 109.4 pm,
192.2 pm and 54.9 pm. and are known to be at
wavelengths of 660 nm, 660 nm, and 670 nm,
respectively.

3.4 Effect of hole size on sensor performance

In this sub-material, the PCF-SPR design is
evaluated according to the size of the surrounding air
holes. Variations in the size of the air holes tested in
this section are air holes with diameters of 1.2 pm, 1.3
um, and 1.4 pm. Variations in air hole diameter were
compared based on the PCF-SPR confinement loss.
From the simulation results, the relationship between
confinement loss and air diameter is obtained as
shown in Fig. 10

In this section, we identify the effect of PCF-SPR
hole size on the confinement loss peak. The refractive
index of the analyte used in this section is 1.36 RIU
and the air hole spacing is 1.7 pm. It was found that
the peak of the resonance wavelength was at a
wavelength of 660 nm. It was found that the small
size gives a very large confinement loss value as
shown in Fig. 10. At the 1.2 pm hole diameter size the
maximum confinement loss value is 1140.3 dB/cm,
then at the hole size of 1.3 um, the confinement loss
value is 493.4 dB/cm, and finally at hole size 1.4 pm,
the confinement loss peak is 192.2 dB/cm. From this
data, an inverse relationship is obtained between the
size of the air hole in the design and the confinement
loss value. High confinement loss will give a high
signal loss value also for fabricated PCF-SPR.
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Fig. 10 — Effect of hole size on the confinement loss of the S-
PCP-SPR component.

4 Conclusions

S-PCF-SPR sensor simulation has been carried out
using the finite element method based on COMSOL
Multiphysics version 5.6. The sensor is coated with a
layer of gold with a thickness of 40 nm, and the
material used is fused silica. After the simulation, it
was found that this sensor can detect the refractive
index in the range of 1.3 - 1.39 RIU, this result is
better when compared to previous studies.
Performance tests were also carried out on the sensor
to detect the refractive index, and it was found that the
sensor is ultra-sensitive with a sensitivity value of
12,000 nm/RIU. besides that, the sensor resolution is
obtained at 5.4 x 10°. The effect of gold layer
thickness was also tested with this sensor design and
it was found that a thick gold layer gives a small
confinement loss value, this is due to the presence of
an electric field that cannot penetrate the gold layer. It
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was also found that the resonant wavelength increased
followed by an increase in the refractive index. This
sensor can be used in biomedical or biochemical
fields to detect cancer cell analytes.
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