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Abstract

In this paper, a photonic crystal fiber sensor is proposed with four open-ring channels that enhances sensor performance with
increased coupling features. By detecting the optical spectrum of leakage from the fiber core to the channels, the sensitivity
of the sensor can be assessed. Gold is used as the plasmonic material coated on titanium oxide film which is employed as a
substrate layer to increase adhesion and sensor performance. The influence of structural parameters on the sensor performance
is investigated by the finite-difference time-domain method. Sensor response is investigated for a wide refractive index range
of 1.34-1.44. As aresult of applying these four analyte channels, maximum wavelength and amplitude sensitivity of 25,600
nm/RIU and 7367 RIU!and figure of merit (FOM) of 547 RIU'I, where RIU is the refractive index unit, were calculated.
In addition to high sensitivity, the proper FOM value of this sensor is an important feature which makes it suitable for iden-
tifying chemicals and biomolecules.

Keywords Photonic crystal fiber sensor - Surface plasmon resonance - Amplitude sensitivity - Refractive index - Figure of
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1 Introduction

With the increasing demand for optical sensors, especially
for medical applications, as well as the implementation of
sensors within integrated circuits, downsizing and increasing
the sensitivity of sensors in small dimensions has become
very important [1, 2]. One of the sensing mechanisms in the
identification of chemicals and biomolecules is the refrac-
tive index (RI)-based sensor [2]. In this regard, optical fiber
sensors have been designed and fabricated by methods such
as Bragg interferometry and grating to monitor water pol-
lution, detect chemicals, and so on [3, 4]. In the last two
decades, surface plasmon resonance (SPR) has been used in
the development of unlabeled optical sensors with high sen-
sitivity [5]. Surface plasmon amplification takes place when
an optical electric field with transverse magnetic wave (TM)
polarization is coupled with collective electron oscillation
at the boundary between a dielectric and a metal surface.
Various studies have explored the application of SPR-based
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optical sensors using different structures and methods. To
date, different SPR-based optical fiber sensors such as con-
ventional fibers [6], Bragg-grating-based fibers [7], photonic
quasi-crystal fibers (PQFs) [8] and photonic crystal fibers
(PCFs) [9] have been reported. In order to realize system
miniaturization and integration, SPR-based PCF sensors
(PCF-SPR) have been widely investigated. As a kind of
micro-structured optical fiber, PCF presents advantages such
as tunable effective RI, large mode area and birefringence
[10]. SPR-based PCF sensors offer sensitivity almost twice
that of conventional SPR-based fiber sensors [11, 12]. In this
regard, various PCF-SPR sensors have been designed and
studied. In 2019, Paul et al. proposed a dual-core PCF fiber
based on SPR [13]. Two different works report sensitivity of
4850 (nm/RIU) and 5200 (nm/RIU) , where RIU is the RI
unit, for D-shaped PCF-SPR sensors [14, 15]. Previously, a
three-hole sensor structure was reported by Hautakorpi et al.
by tuning the thickness of the dielectric layer [16]. Recently,
Momtaj et al. proposed a dual-core PCF-SPR sensor with
an open-channel D-shaped structure [17]. In 2021, another
open-channel dual-core biosensor was reported for the ana-
lyte RI range of 1.33 to 1.45 [18].

To achieve high-performance PCF-SPR sensors, surface
engineering of the structure has a vital role. In this work, a
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novel PCF-SPR sensor with four open-ring surface chan-
nels is proposed. These channels are engineered with proper
diameter and core-to-channel distance to improve the sens-
ing behavior. Gold is chosen as the plasmonic material due
to its low loss and is deposited on theTiO, layer to enhance
the sensitivity and adhesion. We have numerically reported
the sensing characteristics of the proposed PCF sensor by
optimizing the structural parameters such as position and
radius of surface rings, first air hole radius and thicknesses
of gold and TiO, films. The results show high values of
wavelength and amplitude sensitivity and figure of merit
(FOM), making the sensor suitable for various applications.

2 Design and method

A schematic diagram of the proposed PCF-SPR sensor is
demonstrated in Fig. 1, where four open-ring channels are
created on the surface of the structure which are coated by
TiO, and gold films. Three hexagonal rows of air holes are
stacked in which some rotations have been done, and four
holes of the second row are removed to obtain good coupling
between the fundamental core and SPR modes appearing at
the surface of the four open rings. The radii of holes of the
second and third rows are assumed to be r, = r;=0.65 pm.
The distance from the center of the first ring of air holes to
the core, pitch (A), is fixed to 2 um. Another two pitches
were fixed to 1.4 A and 1.8 A for the distance of the second
and third rings to the core, respectively. These four large
open-ring channels are more conducive to the deposition of
metal thin films which support SPR modes. The optimized
parameters for the four open-ring channels are determined as
1 pm and Ry; = 4 pm for the radius of rings and the distance
from their center to the center of the fiber, respectively. Gold

Analyte

TiO2

Silica

Air

Fig.1 Two-dimensional cross-sectional view of the proposed PCF
sensor with Ry=4 pm, 1, =1;=0.65 pm

and TiO, layers with thicknesses of t,, and tr; are depos-
ited at the inner surface of the open rings.

Fused silica is selected as the background material for
the sensor, and its RI is given by the Sellmeier relation [19]:
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where B, B,, B;, C;, C,, and C; are known as the Sell-
meier constants. The values of these constants for the
fused silica are 0.69616300, 0.407942600, 0.897479400,
0.00467914826 um?, 0.0135120631 um? and 97.9340025
um?, respectively. The permittivity of gold is given by the
Drude-Lorenz model [20]. A thin layer of TiO, is also used
between the gold and silica, which assists in reducing the
adhesion problem of Au and improves the sensitivity by
enhancing the coupling of the core-guided mode and SPR
mode [21]. The dielectric constant of titanium oxide is cal-
culated by the following equation [22]:

2.441 x 107
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where 4 is the wavelength measured in pum.

The confinement loss is a crucially important perfor-
mance parameter for the PCF-SPR sensor, which can be
determined by the following equation [23]:

dB) 3

4

a(A) = 8.686 X ky X Im(n,) X 10 <%
where the imaginary effective mode index is denoted as
Im(nggy), ky = 27” is the wave number and A is the operating
wavelength. Analyte sensing happens with the variation of
the RI in the surrounding environment for the bio-targets.
This is done by measuring the spectral peak displacement
and the spectral sensitivity of the PCF sensor S, is expressed
as [24]:

AL,
S = ﬁ(ﬂm/R[U) (4)

a

w

Another performance parameter is the amplitude sensitiv-
ity, which can be analyzed through the following formula
[24]:

1 da(l,na)

S, =-
A a(/l,na> on,

(RIU™) (5)

where a(A, n,) shows the confinement loss for wavelength
A and analyte RI of n,, and da(A, n,) represents the differ-
ence between a values of two adjacent n,,. The resolution of
the biosensor can be improved by reducing the full-width at
half-maximum (FWHM). The FOM, which provides both
sensitivity and FWHM, can be calculated by [25]:
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mons that form at the interface of a metal and dielectric are
called surface plasmons (SPs) and can be excited by visible
or ultraviolet photons, a phenomenon called surface plasmon
resonance [26]. For the case of simple flat metal-dielectric
interfaces, a prism with a high dielectric constant is used to
obtain the evanescent wave for the excitation of SPs. The
resonance phenomenon occurs when the propagation con-
stant of the SP matches the wave vector of the evanescent
wave. The satisfied SP modes are guided at the interface of
the metal and dielectric and can be excited by photons with
the same polarization state as that of SPs. This matching
condition causes the energy transfer from photons to SPs,
which is dependent on the RI of the dielectrics (analyte).
However, in the case of optical fiber SPR sensors, due to the
total internal reflection of the core-guided mode, the eva-
nescent wave is presented at the interface of the core and
cladding regions. Therefore, the prism is replaced by the
fiber core in the case of fiber sensors. The coupling of the
evanescent field located at the metal-sensing layer interface
and the SP wave strongly depends on the wavelength, fiber
geometrical parameters and the metal layer properties. In
fact, the phase-matching condition can be satisfied at the
intersection point of the effective mode index of the core
and the SPR modes. At the resonance wavelengths, the real
part of the effective RI of the fiber core and the SPs are
equal [27].

4 Results and discussion

This section presents numerical results for the proposed
SPR-based PCF sensor for different parameters of the struc-
ture. Figure 2 shows the dispersion of fundamental core and
SPR modes supported at the surface of rings for the analyte
RI of 1.43. The dotted (solid) line shows the dispersion of
the real (imaginary) part of the effective RI (neﬁ-) of the fun-
damental core mode. In addition, the real part of (neﬁ') for
the SPR mode is illustrated by the dashed line. By satisfying
the phase-matching condition, the core and the plasmonic
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Fig. 2 Dispersion of the fundamental and SPR-guided modes. Dotted
and solid curves show the dispersion of the real and imaginary parts
of the fundamental mode, respectively, and the dashed curve shows
the dispersion of the SPR mode. Inset a (b) displays the profile of the
electric fields for the fundamental core (SPR) mode denoted by an
arrow for an analyte RI of 1.43, where t,, =40 nm and r;=0.67 ym
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Fig.3 Loss spectra of proposed sensor for two analyte RIs of 1.41
and 1.42, where tr;o, = 12nm, t,,=40 nm and r;=0.65 um

modes are coupled and a peak is observed in the loss spectra.
Thus, this loss peak is related to the intersection point of the
real parts of (neﬁ) for the core and SPR modes. An unknown
sample with a specific RI can be effectively detected by the
variation in the corresponding resonance wavelength to a
longer or shorter wavelength.

To analyze the sensor performance, firstly, the loss peaks
for two analytes with RI of 1.41 and 1.42 are shown in
Fig. 3. For the case of 1.41, the loss peak occurred at a
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wavelength of 0.966 pm, and correspondingly for the case
of 1.42, it occurred at 1.085 pm. Thus, according to Eq. (4),
the wavelength shift between the two analytes shows a wave-
length sensitivity of 11,900 nm/RIU.

In order to investigate the effect of numerous struc-
tural parameters on sensor performance and to select the
optimized values, all of the parameters are classified and
explained in the following figures and tables. These calcula-
tions are performed considering analyte RI variations in the
range of 1.34-1.44.

To investigate the effects of TiO, thickness on the perfor-
mance of the proposed sensor, we show the sensitivity and
FOM values versus the thickness of the TiO, film in Fig. 4,
in which the gold thickness is fixed at 30 nm and r;=0.6 pm.
These results show that the highest wavelength sensitivity
and FOM values can be obtained as 23,000 (nm/RIU) and
466.66 RIU™! which take place at trio,= 11 nm. Thus, we
assume tr;o =11 nm as an optimum value in the remain-
der of the paper. Also, we deduce from these data that the
presence of the TiO, layer has a positive effect on FOM
values, while the sensitivity enhancement occurs at greater
thicknesses.

Similarly, in Fig. 5, the sensor performance in terms of
sensitivity and FOM is plotted for different Au thicknesses.

As is clear from Fig. 5, the maximum values of wave-
length sensitivity and FOM relate to the t,, =40 nm.
Thus, we choose this value as an optimum value for the
proposed sensor in the following. It should be mentioned
that the corresponding values are 21,700 (nm/RIU) and
391.66 RIU™!, respectively. Finally, in Fig. 6, the sensor
performance using the previous optimum parameters are
examined for different r; values. As seen from this figure
and with respect to the maximum values of the sensitiv-
ity and FOM, r;=0.67 pm is the optimum value. It worth
mentioning that we examine the effect of the sizes of r,,
r; and ry parameters on the performance of the proposed
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Fig.4 Calculated wavelength sensitivity and FOM values of pro-
posed sensor versus the thickness of the TiO, layer
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Fig.5 Calculated wavelength sensitivity and FOM values versus
thickness of the gold layer

sensor. Our calculated results show that the variations in
the rod size of r, and r; have no significant effect on the
sensitivity. Also, the proposed structure showed no uni-
form or proper peaks for the other values of ry;. Thus, we
set the values of these parameters to r, = r;=0.65 pm and
Ry = 4 pm throughout the manuscript.

Now, we plot the loss spectra of the proposed PCF-SPR
sensor for various analyte RIs by using optimized values of
structural parameters. Loss spectra are presented in Fig. 7
for a wide range of analyte RIs.

The loss peaks have red shifts, and we can conclude that
the proposed sensor depicts good sensitivity at higher Rls.
To gain better insight, we show corresponding amplitude
sensitivity values in Fig. 8. We see that the proposed sensor
shows amplitude sensitivity for a wide range of analyte Rls.

It is evident from the figure that the amplitude sensitiv-
ity increases gradually with an increase in analyte RI and
reaches the maximum value for an analyte RI of 1.43 which
is 7367 RIU™".

To quantitatively show these behaviors, we summarize
the corresponding sensing parameters in Table 1.

Finally, to show the performance of the proposed sensor,
FOM is plotted versus the analyte RI variations in Fig. 9.

As the RI of the analyte increases, the loss curve becomes
sharper. This type of change indicates a decrease in FWHM,
which results in an increase in FOM. We obtain the maxi-
mum FOM as 547 RIU™ for the case of RI=1.43.

We comprehensively compare the sensing characteristics
of our proposed structure with some recently reported simi-
lar PCF-based devices in Table 2. As seen from this table,
except for [18], our proposed structure has considerably
higher sensitivity than the values in these works. It must be
noted that although the case of [18] has higher wavelength
sensitivity, it has lower amplitude sensitivity than our work.
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Fig.7 Confinement loss spectra for analyte RI varying from 1.34 to
1.44

We hope that our proposed PCF sensor has taken a step
forward for increased sensitivity by using four open rings
instead of covering the entire fiber surface with gold and
TiO, layers.

@ Springer

5 Conclusions

In this paper, we investigate a novel PCF-SPR sensor
design with four open-ring channels for an analyte RI
range between 1.34 and 1.44. The sensing performance of
the proposed sensor is analyzed numerically by the FDTD
method. The sensor characteristics of the proposed struc-
ture are investigated versus the geometrical parameters of
the fiber and plasmonic material. The simulation results
show maximum wavelength and amplitude sensitivity of
25,600 (nm/RIU) and 7367 RIU™!, respectively, with a
low propagation loss. Also, the highest figure of merit
(FOM) as 547 RIU™! is achieved for the analyte RI of
1.43. The presence of a TiO, layer under the plasmonic
layer leads to enhanced sensing characteristics. Our
results demonstrate better performance characteristics
than several reported similar works. Because of the low
loss and high wavelength and amplitude sensitivity, the
proposed sensor is a promising candidate for application
in medical diagnosis, detecting various bio-samples in
the lab-on-fiber platform and environmental monitoring.
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Table 1 Performance of the proposed sensor for an analyte RI detec-
tion range of 1.34 to 1.44 500 | "
1
A n,(RIU) Sy (nm/RIU) Sy(RIU7Y) FOM (RIU™") Y /!
1.34-1.35 1000 68.74 20.70 S /!
1.35-1.36 1000 100.2 21.39 € 300+ !
1.36-1.37 2000 131.6 41.24 3 I
1.37-1.38 2000 181 39.34 L ool PR
1.38-1.39 3000 254 59.38 o’
1.39-1.40 4000 393.1 73.07 -7
1.40-1.41 7000 636.2 106.83 100 1 o~ " °©
1.41-1.42 11,000 1001 152.77 __.0=-=-0- -0~
1.42-1.43 18,000 2636 230.32 el . . ‘ ‘ . . ‘
1.43-1.44 25,600 7367 547 134 135 136 137 138 139 14 141 142 143
RI
Fig.9 FOM values of the proposed sensor for different analyte
refractive indices
Table 2 (_Iomparison of sensing Structure RIrange Max wavelength sen- Max amplitude FOM References
character.lstlc.s 9f the proposed sitivity (nm/RIU) sensitivity (RIU™Y
sensor with similar recent works -1
(RIU™Y
Ex-centric PCF 1.33-1.40 14,200 7428 141 [28]
PCF sensor 1.33-1.41 18,000 2843 400 [29]
D-shaped open channel 1.33-144 x-pol 17,000 603.7 320 [30]
y-pol 16,000 432.19 283.33
Dual-core open channel 1.33-1.45 38,000 1286 760 [18]
PCF sensor with four 1.34-1.44 25,600 7367 547 Our work

open surface rings
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