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Abstract— We numerically demonstrate a surface plasmon
resonance biosensor-based on dual-polarized spiral photonic
crystal fiber (PCF). Chemically stable gold material is used
as the active plasmonic material, which is placed on the
outer layer of the PCF to facilitate practical fabrication.
Finite-element method-based numerical investigations show that
the proposed biosensor shows maximum wavelength sensitiv-
ity of 4600 and 4300 nm/RIU in x- and y-polarized modes
at an analyte refractive index of 1.37. Moreover, for analyte
refractive index ranging from 1.33 to 1.38, maximum amplitude
sensitivities of 371.5 RIU−1 and 420.4 RIU−1 are obtained in
x- and y-polarized modes, respectively. In addition, the effects
of changing pitch, different air hole diameter of the PCF and
thickness of the gold layer on the sensing performance are
also investigated. Owing to high sensitivity, improved sensing
resolution and appropriate linearity characteristics, the proposed
dual-polarized spiral PCF can be implemented for the detection
of biological analytes, organic chemicals, biomolecules, and other
unknown analytes.

Index Terms— Finite element method, photonic biosensor, sur-
face plasmon resonance, sensitivity, sensing resolution.

I. INTRODUCTION

THE study of surface plasmon resonance (SPR) has
achieved considerable attention due to several promis-

ing applications including bioimaging [1], biosensing [2],
chemical detection [3], food safely [4], and environmental
monitoring [5]. Extensive research on SPR technology has led
to successful implementation in optoelectronic devices such
as optical tunable filters [6] and thin-film thickness monitor-
ing [7]. The theoretical concept of surface plasmons (SPs)

Manuscript received August 10, 2017; revised October 27, 2017; accepted
October 31, 2017. Date of publication November 3, 2017; date of current
version December 7, 2017. The associate editor coordinating the review
of this paper and approving it for publication was Dr. Marco Petrovich.
(Corresponding author: Md. Rabiul Hasan.)

M. R. Hasan and S. Akter are with the Department of Electronics
and Telecommunication Engineering, Rajshahi University of Engineering
and Technology, Rajshahi, 6204, Bangladesh (e-mail: ruetrabu@gmail.com;
sanjida.ruet11@gmail.com).

A. A. Rifat is with the Nonlinear Physics Centre, Research School of
Physics and Engineering, Australian National University, Acton, ACT-2601,
Australia (e-mail: rifatahmmed.aoni@anu.edu.au).

S. Rana and H. Subbaraman are with the Department of Electrical and
Computer Engineering, Boise State University, Boise, ID 83725 USA (e-mail:
sohelrana@u.boisestate.edu; harishsubbaraman@boisestate.edu).

K. Ahmed is with the Department of Information and Communication Tech-
nology, Mawlana Bhashani Science and Technology University, Santosh 1902,
Bangladesh (e-mail: k.ahmed.bd@ieee.org).

R. Ahmed is with the School of Engineering, University of Birmingham,
Birmingham B15 2TT, U.K. (e-mail: rxa448@student.bham.ac.uk).

D. Abbott is with the School of Electrical and Electronic Engi-
neering, University of Adelaide, Adelaide, SA 5005, Australia (e-mail:
derek.abbott@adelaide.edu.au).

Digital Object Identifier 10.1109/JSEN.2017.2769720

was introduced by Ritchie [8]. Using a similar concept,
Otto [9] and Kretschmann [10] based sensing techniques
have been developed. Kretschmann SPR sensors have been
widely implemented due to their robust sensing performance.
Unfortunately, such sensors are generally bulky and consist
of moving mechanical components. Therefore, the option for
miniaturization and optimization of the sensor for stand off
sensing applications is limited. To effectively overcome the
limitations of the conventional prism coupled (Kretschmann
setup) sensors, optical fiber is substituted for the prism.

Optical fiber based SPR sensors offer a wider operating
region and high sensing resolution [11]. However, these sen-
sors are limited due to narrow acceptance angles. Recently,
photonic crystal fibers (PCFs) have been extensively employed
for SPR sensing. The PCF permits miniaturization of the
sensor by taking advantage of its small physical dimension.
Besides, guiding modes can be easily manipulated by varying
the PCF’s structural parameters (pitch, air-hole dimension,
number of rings etc.), which eventually allows improved
sensing performance [11]. The PCF SPR sensor operates based
on the guided evanescent field. By properly designing the
core-cladding geometry, it is possible to partially penetrate the
evanescent field towards the metallic surface. This field strikes
the metallic surface and stimulates the free electrons of the
plasmonic metal. When the frequency of the guided evanescent
fields is matched with the natural frequency of the surface
electrons, a surface plasmon wave (SPW) is generated. This
SPW propagates in the metal-dielectric interface [12]. This
condition results in a resonance, at which a sharp loss peak is
observed. An unknown sample (analyte) can be detected via
the shifting of the resonant wavelength or the variation of the
confinement loss peak.

Recently, most PCF based sensors have been explored using
gold, silver, copper and aluminium in order to create SPR
phenomenon [11]. From the optical point of view, silver
can be regarded as the best plasmonic material due to no
interband transition and low damping loss [13]. Unfortunately,
in the presence of an aqueous solution a brittle oxide layer
is formed, which effectively reduces the sensing performance.
Aluminium is another potentially attractive plasmonic material
having moderate damping loss and high electron density [13].
However, it is also affected by a similar oxidation issue. Many
of the PCF based SPR sensors use gold as the active plasmonic
material. Unlike other materials, gold is chemically inert and
does not oxidize easily [14]. Besides, it is biocompatible and is
easy to structure using existing fabrication technologies [14].
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Various PCF based SPR sensors have been explored in the
literature in order to improve the sensing performance by
increasing sensitivity and sensor resolution [15]–[20]. Internal
metal coating with selective liquid infiltration based sensors
has been reported in [15]–[17]. However, realizing uniform
metal coating thickness of several inner air holes is difficult in
practice. To overcome the limitations of such sensors, various
forms of D-shaped PCF sensors have been proposed [18]–[20].
Although D-shaped PCF sensors provide good results in terms
of sensitivity, they require additional surface polishing to
obtain flat surface. In practice, it is a challenging task to
accurately put out a predefined area of the PCF. In recent
years, several PCF SPR sensors have been proposed, where
both plasmonic material and the analyte are kept outside the
PCF surface [21]–[24].

These types of sensors provide additional facility in prac-
tical sensing applications due to their straightforward design.
Additionally, depositing the plasmonic material on the outer
surface is easier compared to covering the inner air holes.
To date, PCF structures have been investigated using this
design criterion. A copper-graphene based PCF SPR sensor
has been demonstrated in [21], where comparatively lower
wavelength sensitivity of 2000 nm/RIU and amplitude sen-
sitivity of 140 RIU−1 has been reported. The sensor pro-
posed in [22] showed improved performance in terms of
amplitude sensitivity and resolution. However, it contains air
holes with four different diameters, which potentially limit its
fabrication feasibility. Recently, another gold coating based
PCF SPR sensor has been proposed showing sensitivities
of 4000 nm/RIU and 320 RIU−1 in the narrow sensing range
between 1.33 and 1.36 [23] Very recently, a circular PCF based
SPR sensor has been demonstrated, where wavelength sensi-
tivity of 2200 nm/RIU and amplitude sensitivity of 266 RIU−1

has been reported in the sensing range between 1.33–1.36 [24].
Apart from external metal coated PCF sensors, other types

of sensors have been reported in the literature based on metal
nanowire [25], microfluidic slots [26], tapered fiber [27], and
multi-core flat fiber configurations [28]. However, practical
implementation using such sensors is challenging since they
are often required to selectively draw liquid into small air
holes. In addition, these PCFs generally exhibit higher prop-
agation loss since metal layers are selectively placed nearby
the core. The loss is increased because of the attraction of
core field by the plasmonic metal [11]. In practice, it is
desirable to have low propagation loss since input optical
power will be rapidly attenuated with high propagation loss.
As a result, it is difficult to obtain measurable signal to
detect an unknown sample. In microfluidic slotted PCF SPR
sensors, a metal layer coating is deposited on the outer surface.
To obtain such a slotted structure, it is required to split the
thin layer into several segments but this is difficult in practice.
Besides SPR technique, sensors based on other technologies
including interferometer [29], [30], Bragg or long periodic
grating [31], and resonant coupling [32] have been also
explored in the literature. A Mach-Zehnder PCF interferometer
based RI sensor demonstrated in [29] showed maximum
wavelength sensitivity and resolution of 326 nm/RIU and
5.20 × 10−5 RIU, respectively. Moreover, using the same

sensing technique, a high sensitivity of 300 RIU−1 and a high
resolution of 3 × 10−6 RIU have been reported [30]. Very
recently, Bragg gratings in surface-core fiber based RI sensor
has been proposed with sensitivity of 40 nm/RIU and resolu-
tion of 2.5 × 10−4 RIU [31]. Based on the selectively resonant
coupling microstructured-core PCF sensor has been introduced
showing wavelength sensitivity and resolution of 8500 nm/RIU
and 2.02 × 10−6 RIU, respectively [32].

In this paper, we propose a simple spiral PCF structure
based SPR sensor to obtain high sensitivity and low-loss
characteristics. The aim of this work is to numerically inves-
tigate the performance parameters. We mainly focus on the
sensitivity analysis by varying several structural parameters of
the sensor. The numerical investigation is performed in both
x- and y-polarized modes in the wider refractive index (RI)
sensing range from 1.33 to 1.38. The plasmonic material is
deposited on the outermost layer of the PCF, which reduces the
major fabrication challenges. Moreover, the detection process
is more practical since an unknown liquid sample can be
identified by flowing it over the outer surface. The effect
of changing fiber design parameters such as pitch, air hole
diameter and gold layer thickness is investigated to obtain the
optimal sensing performance. Moreover, possible fabrication
techniques to realize the proposed PCF and thin outer gold
layer are also discussed thoroughly.

II. DESIGN AND THEORETICAL MODELING OF THE

PROPOSED SPIRAL PCF SPR BIOSENSOR

The 2D cross section view of the proposed spiral PCF
SPR sensor is shown in Fig. 1(a). The spiral PCF consists
of six arms and three rings. The dashed lines connecting the
holes are to illustrate how they form spiral trajectories. This
is essentially an equiangular spiral PCF since a constant angle
of 60 degree is retained between two air holes of a same ring.
The successive angular displacement (θ) between air holes in
the same spiral arm is 30 degrees. It should be mentioned
that two air holes along the horizontal axis in the first ring are
missing to create an asymmetry for birefringence. The birefrin-
gence leads to increased coupling between x- or y-polarized
modes and the surface plasmon polariton (SPP) mode; thereby,
enhancing the sensing performance. The center-to-center dis-
tance between the central and air hole of the first ring is
denoted as the pitch, �. The distance from the central air
hole to air holes of the second and third ring is 1.4 × � and
1.8 × �, respectively. The diameter of the central air hole
is dc = 0.2×�. If we set dc larger than this value it potentially
reduces the effective mode index and eventually it will increase
the confinement loss [23].

On the other hand, using a smaller value than 0.2×� would
be difficult to fabricate. The two smaller air holes along the
horizontal axis of the third ring is d1 = 0.3 × �. The target
property is to increase the interaction of evanescent field with
the sensing layer. With this in mind, two air holes are scaled
down so that the guiding mode can easily reach to the metallic
surface [24]. The diameter of remaining air holes of the PCF
is d = 0.65 × �. The background material is fused silica,
whose RI is obtained from [28].
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Fig. 1. (a) Design of the proposed spiral PCF sensor in 2D computational
model. (b) Analyte flow through the sensing layer. (c) Basic setup for practical
sensing with typical sensing response curve.

On the top of the PCF surface a thin gold layer coating is
placed, which is denoted as tg. The dielectric function of gold
material can be obtained using the Drude-Lorentz model [33],

εAu = ε∞ − ω2
D

ω(ω + jγD)
− �ε.�2

L

(ω2 − �2
L) + j	Lω

(1)

where ε∞ is the permittivity at high frequency having the
value of 5.9673. Here, ωD and γD are the plasma fre-
quency and the damping frequency, respectively. Note that,
other parameters in the model are ωD/2π = 2113.6 THz,
γD/2π = 15.92 THz and �ε = 1.09. Also, the spectral
width is 	L/2π = 104.86 THz and the oscillator strength
is �L/2π = 650.07 THz, respectively.

An analyte layer is used on the top of the gold layer,
which acts as the sensing medium. The thickness of the
analyte layer is 1.8 μm. The analyte layer thickness is chosen
after performing the convergence test, which confirms better
accuracy of the simulation results. We changed analyte layer
thickness from 0.25 μm to 15 μm. We found that increasing
analyte layer thickness results extremely small change of
imaginary part of the effective index, Im (neff ), after 1.5 μm.
Such insignificant change does not affect the convergence test
result. Although larger thickness of the analyte layer could
be used, it would unexpectedly lengthen the simulation time.
Therefore, optimal analyte layer thickness of 1.8 μm was used
in order to maintain a balance between simulation speed and
accuracy of the simulation results. The outermost layer is the
perfectly match layer (PML) having the thickness of 2 μm.

In the simulation, we used finer meshing elements. Besides,
finer meshing elements are adequate to precisely investigate
the mode profile.

The design and simulation of the spiral PCF SPR sensor
has been performed using the commercially available state-
of-the-art COMSOL 5.2 software. The computational domain
took 41,176 triangular elements, 2140 edge elements, and
181.4 μm2 mesh area to represent the proposed model.
Throughout the simulation, we have used � = 2 μm, dc =
0.4 μm, d1 = 0.6 μm, d = 1.3 μm and tg = 30 nm unless
otherwise stated. The diameter of the PCF is about 8 μm.

Although this is basically a simulation based analysis,
the generalized sensing setup using the proposed sensor is
shown in Fig. 1 (c). A broadband/monochromatic light source
can be used to lunch the optical power into a conventional
single mode fiber (SMF). A splicing technique can be used
to connect the SMF with the proposed PCF sensor. On the
top the gold surface a sample analyte channel can be assumed
as illustrated in Fig. 1(b), where IN and OUT of the sample
can be preserved through a pump. The effective refractive
index (neff) of the SPP mode will be changed because of
the interaction of sample analyte with the ligand; thereby
either blue or red shift will occur. The optical spectrum
analyser (OSA) or photodetector can be used to measure the
transmitted light. The output the OSA or photodetector can be
used for further observation on a computer display.

III. SIMULATION RESULTS AND DISCUSSIONS OF THE

PROPOSED SPIRAL PCF SPR BIOSENSOR

The function of a biosensor is to detect biological and bio-
chemical analytes by sensing their refractive index. In general,
biological and biochemical interactions occur between refrac-
tive index ranges from 1.33 to 1.36 [11], [34]. The refractive
index of the outer medium in the simulation model implicitly
defines an analyte to be detected. The evanescent field originat-
ing from the propagating core-guided mode plays a prominent
contribution in PCF SPR sensors. The guided evanescent field
hits the metal surface and excites free electrons resulting
in surface plasmon waves. Fundamental mode field distrib-
ution of the x-polarized core mode, y-polarized core mode,
x-polarized SPP mode and y-polarized SPP mode are depicted
in Fig. 2(a), (b), (c), and (d) with analyte RI of 1.36 and
operating wavelength of 0.7 μm. The dispersion relationship
is analyzed considering all materials involved in the design
including silica, gold and outer analyte medium, which is
shown in Fig. 2(e). It is clearly visible that the neff of the
fundamental mode and refractive index of SPP mode coincides
at wavelength of 0.70 μm.

This is known as the resonance wavelength, at which
maximum energy will be transferred from the guided mode
to the SPP mode. The coupling strength depends on which
mode has closer interaction with the plasmon. Depend-
ing on the geometry of the PCF evanescent field of the
x-polarized and y-polarized mode varies. Due to birefringence,
the fundamental x-polarized and y-polarized mode displays
different Im(neff). In the proposed design, x-polarized mode
is tightly bound by the core resulting lower penetration of
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Fig. 2. Fundamental mode field profile of (a) x-polarized core mode,
(b) y-polarized core mode, (c) x-polarized SPP mode, (d) y-polarized
SPP mode at analyte RI of 1.36 and λ = 0.70 μm, and (e) dispersion relation
of plasmonic mode, fundamental core mode and loss spectra for tg = 40 nm
and na = 1.36.

evanescent field. On the other hand, the y-polarized mode is
loosely bound by the core yielding a comparatively higher
evanescent field. As a result, the y-polarized mode shows
higher coupling strength than that of the x-polarized mode,
which is illustrated in Fig. 2(e). In our analysis, we have
considered the effect of both x- and y- polarized modes.

Confinement loss is a key parameter in PCF based SPR
biosensor. This loss can be calculated from the following
expression [22]–[24],

α(dB/cm) = 8.686 × k0Im(neff) × 104 (2)

where k0 = 2π/λ is the propagation constant in free space,
λ is the wavelength in microns, and Im(neff) is the imaginary
part of the neff .

The SPP mode is extremely sensitive to the RI of the sensing
medium, which is a dielectric surface. In general, the neff of
the SPP mode is strongly influenced by the small change
of the liquid sample RI. As a result, the loss peak shifts
correspondingly. The variation of loss depth with changing
analyte RI from 1.33 to 1.38 is shown in Fig. 3 for x- and
y-polarized modes, respectively. With analyte RI of 1.33,
the phase matching point occurs at a wavelength of 0.58 μm
for both x- and y-polarized modes. The corresponding loss
depths are 0.5034 dB/cm and 4.04 dB/cm.

In practice, length of the sensor is restricted by the high
propagation loss. Due to low propagation loss of the proposed
fiber, a longer fiber can be utilized in practical sensing

Fig. 3. Loss spectrum with the variation of analyte RI from 1.33 to 1.38
for (a) x-polarized mode and (b) y-polarized mode. The fiber design parame-
ters are set to: � = 2 μm, dc = 0.4 μm, d1 = 0.6 μm, d = 1.3 μm and
tg = 30 nm.

applications [32]. Moreover, splicing and alignment issues can
be avoided, which effectively enhances the sensing perfor-
mance [11]. It can be noticed that incrementing the analyte RI
from 1.33 to 1.38 (with step size of 0.01) causes a monotonic
increase of the peak loss depth. This is due to the fact
that as analyte RI increases, the index difference between
core and SPP mode becomes smaller, resulting significant
change of confinement loss. Besides, indication of a red
shift is observed i.e. incrementing the analyte RI changes the
phase matching point towards higher wavelengths. For x- and
y-polarized modes, the maximum loss depth is 2.58 dB/cm
and 22.63 dB/cm with an analyte RI of 1.38 at a wavelength
of 0.724 um. Higher loss depth leads to improved confinement
of the guided mode, which enhances the field penetration
through the cladding region. As a result, interaction with
analyte increases and higher exchange of energy occurs from
fundamental mode to the SPP mode.

In wavelength interrogation method, the sensitivity of a
sensor depends on the maximum resonance wavelength shift.
Using the wavelength interrogation method, the sensitivity can
be expressed as [21],

Sλ(nm/RIU) = �λpeak/�na (3)

where �λpeak is the peak wavelength shift due to any change
of analyte RI and �na is the change of the two successive
analyte RI. The proposed sensor shows resonance wavelength
shift of 20, 20, 25, 30 and 43 nm in x-polarized mode with
analyte RI varied from 1.33 to 1.34, 1.34 to 1.35, 1.35 to 1.36,
1.36 to 1.37 and 1.37 to 1.38, respectively. Therefore, accord-
ing to Eq. 3 the theoretical wavelength sensitivities are 2000,
2000, 2500, 3000, and 4300 nm/RIU, respectively. On the
other hand, for the same RI variations the wavelength shift
are 20, 20, 25, 33 and 46 nm in y-polarized mode, which
show wavelength sensitivities of 2000, 2000, 2500, 3300, and
4600 nm/RIU, respectively.

Resolution is another significant parameter that indicates
the performance of a sensor. Using wavelength interrogation
method, the resolution can be expressed by [28],

R(RIU) = �na × �λmin/�λpeak (4)

where �λmin is the minimum spectral resolution and �λpeak is
the resonant wavelength shift. Assuming that �λmin = 0.1 nm,
�na = 0.01, and �λpeak = 46 nm, the calculated max-
imum sensor resolution is 2.17 × 10−5 RIU. Moreover,
the proposed sensor shows average wavelength sensitivities
of 2760 and 2880 nm/RIU over the entire analyte RI range in
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TABLE I

PERFORMANCE ANALYSIS BY VARYING ANALYTE REFRACTIVE INDEX FROM 1.33 TO 1.38

Fig. 4. Amplitude sensitivity with the variation of analyte RI from
1.33 to 1.37 for (a) x-polarized mode and (b) y-polarized mode. The fiber
design parameters are set to: � = 2 μm, dc = 0.4 μm, d1 = 0.6 μm,
d = 1.3 μm and tg = 30 nm.

x- and y-polarized mode, respectively. In this case, the cal-
culated wavelength resolutions are 3.62 × 10−5 RIU and
3.47 × 10−5 RIU, respectively. Note that during the calcu-
lation of sensor resolution, the influence of noise has been
not considered. Table 1 shows the complete performance
comparison of the proposed biosensor showing the variation of
analyte RI from 1.33 to 1.38 in both x- and y-polarized modes.
In this case, the gold layer thickness of 30 nm is considered.

Since the wavelength interrogation method provides sen-
sitivity at a specific wavelength only, its implementation is
costly. On other hand, amplitude sensitivity is simple and cost
effective because it does not require wavelength interpolation.
The amplitude sensitivity of the proposed sensor can be
obtained from [22],

SA(RIU−1) = − 1

α(λ, na)

∂α(λ, na)

∂na
(5)

where α(λ, na) is the confinement loss at refractive index of
na and ∂α(λ, na) is the confinement loss difference due to two
adjacent analyte RIs.

Amplitude sensitivity of the proposed sensor for x- and
y-polarized modes are shown in Fig. 4(a) and (b),
while analyte RI is changed from 1.33 to 1.37. It can be evi-
dent from the figure that amplitude sensitivity increases dras-
tically with the increment of analyte RI. According to Fig. 4,
maximum amplitude sensitivity of 371.5 and 420.4 RIU−1 can
be achieved with analyte RI of 1.37 in x- and y-polarized

modes, respectively. These sensitivities have been obtained at
the wavelength of 0.718 and 0.724 μm, respectively.

The proposed sensor shows amplitude sensitivity of 72, 95,
140, 220 and 371.5 RIU−1 in x-polarized mode. Additionally,
amplitude sensitivities of 76, 108, 157, 243 and 420.4 RIU−1

are obtained in y-polarized mode with the same analyte RI.
Using the amplitude interrogation method, the maximum

sensor resolution has been obtained at analyte RI of 1.37,
which is 2.69 × 10−5 and 2.37 × 10−5 RIU in x- and
y-polarized mode, respectively. It should be noted that while
calculated sensor resolution, it is assumed that minimum 1%
transmitted intensity can be detected by the sensor. Using
the same assumption, in x-polarized mode, sensor resolutions
about 1.38×10−4, 1.05×10−4, 7.14×10−5, 4.54×10−5 RIU
are obtained at analyte RIs of 1.33, 1.34, 1.35 and 1.36,
respectively. For y-polarized mode, the sensor resolutions are
1.31×10−4, 9.25×10−5, 6.36×10−5, 4.11×10−5 RIU while
the analyte RI are 1.33, 1.34, 1.35 and 1.36. The maximum
sensor resolution is 2.37 × 10−5 RIU; therefore, the proposed
sensor can be implemented for detecting smallest RI change
order of 10−5. The calculated sensor resolution is better than
previously reported results [14], [15], [17], [19], [23], [24].

The variation of gold layer thickness has noticeable impact
on the loss depth and amplitude sensitivity. The loss spectrum
in x- and y-polarized mode with the variation of gold layer
thickness at analyte RI of 1.36 is shown in Fig. 5. According
to this figure, there is a noticeable reduction of loss depth
with increasing the gold layer thickness. An identical scenario
has been observed in both x- and y-polarized modes. The
minimum loss depth has been found about 0.769 dB/cm and
7.14 dB/cm in x- and y-polarized modes at 0.77 and 0.775 μm,
respectively. Due to the damping effect of gold layer, loss
depth is decreased with increasing of gold layer thickness [23].
Another important fact can be noticed that increasing gold
layer thickness results red shift. This is true for both x- and
y-polarized modes.

Amplitude sensitivity of the proposed biosensor for the
variation of the gold layer thickness in both x- and y-polarized
mode is depicted in Fig. 6 (a) and (b). As illustrated in the
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Fig. 5. Loss spectrum with the variation of gold layer thickness in x- and
y-polarized modes. The fiber design parameters are set to: � = 2 μm,
dc = 0.4 μm, d1 = 0.6 μm, d = 1.3 μm and na = 1.36.

Fig. 6. Amplitude sensitivity with the variation of gold layer thickness in
(a) x-polarized and (b) y-polarized mode. The fiber design parameters are set
to: � = 2 μm, dc = 0.4 μm, d1 = 0.6 μm, d = 1.3 μm and na = 1.37.

Fig. 7. Loss spectrum with the variation pitch from 1.8 to 2.2 μm in x- and
y-polarized modes. The fiber design parameters are set to: dc = 0.4 μm,
d1 = 0.6 μm, d = 1.3 μm, tg = 30 nm and na = 1.36.

figure, in both x- and y-polarized modes, amplitude sensitivity
reduces with increasing of gold layer thickness. In Fig. 5,
it has demonstrated that incrementing gold thickness leads to
decrease of the loss depth. Due to such reduction of loss depth,
the evanescent field weakly interacts with the analyte, resulting
in reduction of the amplitude sensitivity. The designed sensor
exhibits maximum amplitude sensitivities of 371.5, 349 and
251 RIU−1 in x-polarized mode with gold layer thickness
of 30, 40 and 50 nm, respectively. Additionally, with the same
gold layer thickness maximum amplitude sensitivities of 420.4,
407, 307 RIU−1 have been obtained in y-polarized mode.

Fig. 7 shows the loss spectrum of the proposed biosen-
sor considering the variation of pitch from 1.8 to 2.2 μm.
As observed in the figure, scaling up the pitch value causes sig-
nificant reduction of the loss depth in both x- and y-polarized
modes. When pitch is increased, the difference of neff between
core and cladding increases; therefore, loss depth is noticeably
reduced. The maximum loss depth has been found about
1.84 and 15.85 dB/cm in x- and y-polarized mode, while
pitch value is 1.8 μm with analyte RI of 1.36. According
to the figure, in both x- and y-polarized modes, a small
blue shift has been observed. The resonance wavelength shifts

Fig. 8. Loss spectrum with the variation of central air hole diameter from
0.15� to 0.25� in x- and y-polarized modes. The fiber design parameters are
set to: � = 2 μm, d1 = 0.6 μm, d = 1.3 μm, tg = 30 nm and na = 1.36.

Fig. 9. Loss spectrum with the variation of d1 from 0.25� to 0.35� in x- and
y-polarized modes. The fiber design parameters are set to: � = 2 μm,
dc = 0.4 μm, d = 1.3 μm, tg = 30 nm and na = 1.36.

from 0.65 to 0.645 μm and 0.645 to 0.64 μm when pitch is
changed from 1.8 to 2 μm and 2 to 2.2 μm. An identical
scenario has been obtained in both x- and y-polarized mode.

The effect of changing central air hole diameter (dc) on the
loss spectrum is illustrated in Fig. 8. It is evident from the
figure that higher loss depth can be obtained by scaling up
the value of dc. With larger dc, the neff difference between
core and cladding gets smaller. As a result, loss of the pro-
posed sensor increases. The maximum loss depth of 1.65 and
13.83 dB/cm has been found in x- and y-polarized modes
with dc = 0.25�. A close observation in the same figure
indicates that there is small red shift when dc is enlarged.
The resonant wavelength shifts from 0.64 to 0.645 μm and
0.645 to 0.648 μm when dc is changed from 0.15� to 0.2�
and 0.20� to 0.25� μm, respectively. The exactly same
scenario has been obtained in both x- and y-polarized mode.

Fig. 9 shows the loss spectrum of the proposed sensor
when d1 is varied from 0.25� to 0.35� in x- and y-polarized
modes, respectively. It can be noticed that there is a noticeable
impact on the loss spectrum with the variation of d1. When
d1 is increased from 0.25� to 0.35�, the loss depth decreases
to 1.73 to 0.75 dB/cm and 17.46 to 5.54 dB/cm in x- and
y-polarized modes, respectively. Additionally, small blue shift
has been found with the increasing of d1. The resonant wave-
length shifts from 0.65 to 0.645 μm and 0.645 to 0.642 μm
when d1 is changed from 0.25� to 0.3� and 0.3� to 0.35�.
Both x- and y-polarized modes show the identical resonant
wavelength shifting characteristics.

A linear fitting characteristic is important for optimization of
the sensor in a defined dynamic range. High sensor linearity
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TABLE II

PERFORMANCE COMPARISON OF THE PROPOSED SENSOR WITH EXISTING SENSORS IN THE LITERATURE

Fig. 10. Linear fitting with the variation of gold layer thickness in the
y-polarized mode.

is a prerequisite for calibration sensors, especially for high
RI analytes [14]. Moreover, the slope of the linear fitting
curve represents the average sensitivity of a sensor. Nonlin-
earity of the response is not desired, as it causes significant
variation of the average sensitivity and resolution that makes
detection process complex. Linear fitting of the resonant
wavelength with gold layer thickness of 30, 40 and 50 nm is
depicted in Fig. 10. Here, the markers represent the resonant
wavelengths and the solid lines represent the linear fitting. In a
fitted regression line, R2 value represents the degree of linear
relationship between resonance wavelength and analyte RI.
The R2 value close to unity indicates near-ideal linearity.
In the range of 1.33 ≤ na ≤ 1.38, the proposed sensor
shows adjusted R2 value of 0.9647, 0.9720 and 0.9622 with
gold layer thickness of 30, 40 and 50 nm, respectively. The
corresponding regression equations are also given inside the
figure. It should be mentioned only y-polarized mode is shown
since x-polarized mode shows same results as obtained.

Due to high adjusted R2 value, the proposed spiral PCF
sensor can be potentially employed in practical sensing
application.

Table II shows the comparison of the properties of the
proposed sensor with existing designs in the literature. As seen
from the table, the proposed sensor shows better performance
in terms of sensitivity and sensor resolution. Moreover, detec-
tion range is also comparable with other SPR based sensors.
Spiral PCF shows excellent modal properties that enable to
control the sensitivity. The air holes of the spiral PCF are
positioned in such a way that direct the evanescent field
towards surface of the PCF. Therefore, the proposed spiral
PCF sensor shows higher sensitivity than other configurations.

Fabrication of the proposed sensor is a key issue when
it comes to realize it in practical form. It has been already
demonstrated that equiangular spiral PCF can be practically
realized by employing the stack and draw technique [33]. The
target design can be obtained by exploiting a stacking method
based on hexagonal close packing.

The complete fabrication recipe to realize the spiral PCF
is discussed in [36]. In practice, to maintain a uniform coat-
ing of the thin gold layer is challenging. Chemical vapour
deposition (CVD) [37] is an effective process that provides
very smooth surface of the thin nanolayer. Besides, the newly
reported gold atomic layer deposition (ALD) method can
potentially be used [39], which can deposit a uniform gold
coating on the curved fiber surface.

IV. CONCLUSION

In summary, we propose a dual-polarized spiral PCF based
SPR sensor. Plasmonic gold metal is used to obtain sharp
resonance peak and is placed on the outer surface of the
PCF to facilitate ease of fabrication. Thorough analysis of
the designed sensor shows that in the RI sensing range from
1.33 to 1.38, it is possible to obtain wavelength sensitivity
of 4600 nm/RIU and amplitude sensitivity of 420.4 RIU−1 in
the y-polarized mode. In the x-polarized mode, the maximum
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wavelength sensitivity is 4300 nm/RIU and amplitude sensi-
tivity is 371.5 RIU−1. Moreover, the proposed sensor shows
minimum loss of 0.403 and 4.048 dB/cm in x- and y-polarized
modes, which indicates small length requirement of the PCF.
Due to small size and promising sensing properties, the pro-
posed sensor can be potentially implemented as an integrated
SPR sensor in a lab-on-a-fiber chip.
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