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ABSTRACT A ZEONEX-based large side air hole polymer optical fiber (LSAHPOF) is proposed and
numerically analyzed for surface plasmon resonance (SPR)-based sensing applications. The fiber has been
successfully fabricated using a drawing tower facility and the fabrication process is designed such that the
fiber core is fully exposed to the side air hole, enabling direct metal deposition onto the core surface. Gold
has been considered as the plasmonic metal for the numerical analysis. The low optical loss of ZEONEX
in the visible wavelength region, combined with the surface plasmon resonance (SPR) frequency of gold
occurring in the same spectral range, makes ZEONEX an excellent material choice for SPR-based sensing
applications. On the other hand, the humidity insensitivity of ZEONEX makes it well-suited for sensing
applications in aqueous environments. The presence of a large side hole facilitates efficient metal coating
and easy introduction/removal of the analyte, without adversely affecting the sensor’s performance, even with
increased hole size. The sensor’s performance has been numerically evaluated for RI of analytes as well as
for detecting thickness of biolayer. The analysis reveals a maximum wavelength sensitivity of 3500 nm/RIU
and a high resolution of 2.8 x 107> RIU and an amplitude sensitivity of 696 RIU™!. On the other hand, the

sensitivity for thickness of biolayer has been found to be 1.54 with a maximum resolution of 64 pm.

INDEX TERMS Polymer optical fiber, side hole, sensor, surface plasmon resonance, ZEONEX.

I. INTRODUCTION

Surface plasmon resonance (SPR)-based sensors have been
extensively employed in various configurations for the detec-
tion of chemical and biological analytes, owing to their rapid
response, high sensitivity, and reliable performance [1], [2].
Among the different configurations, the Kretschmann config-
uration utilizing a prism as the coupling medium has been the
most commonly used for SPR based sensor applications [2].
Notably, fiber-optic SPR sensors offer significant advantages,
including immunity to electromagnetic interference, suitabil-
ity for remote sensing, miniaturization and high resistance
to corrosive environments. However, the conventional optical
fiber-based sensors require removal of the cladding in order
to increase the proximity of metal dielectric interface to the
core thereby enhancing the performance of the sensor [3],
[4]. Apart from conventional fibers, photonic crystal fibers
based on various geometrical configurations have also been
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reported for SPR based sensing applications [5], [6], [7], [8],
[9], [10], [11], [12]. Most of the PCF based configurations
especially those involve small holes of different diameters
are complex and difficult to fabricate [6], [7]. Additionally,
the metal coatings have been used either on polished PCF or
on the inner surface of the holes of PCF [8], [9], [10], [11],
[12]. However, physical polishing may lead to the formation
of very rough or non-uniform surface while the chemical
polishing may be time consuming. Furthermore, the removal
of analyte from small holes of PCF will be difficult owing
to the higher adhesive force between the wall of capillary
and the liquid in comparison to the cohesive force. Therefore,
a fiber with large air hole and a core directly exposed to the air
hole would be a more effective configuration for SPR-based
applications.

All the above-described sensors are mostly based on the
silica fibers which are fragile after the removal of coating.
While silica-based fiber sensors are capable of detecting
various chemical parameters using SPR technique, their rel-
atively high Young’s modulus (~70 GPa) poses limitations
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for applications that involve tight spaces with small bending
radii e.g detection in internal parts of the body [13]. How-
ever, polymer fibers due to their unique properties such as
larger elastic strain limit, low Young’s modulus, low brittle-
ness, enhanced bending tolerance and biocompatibility can
be used to address the fragileness of silica fibers [13]. Over
the few decades, progress has been achieved in the fabri-
cation of various types of polymer fibers such as PMMA,
TOPAS, and CYTOP [14], [15], [16]. However, the humidity
sensitivity and use of dopants in PMMA makes their applica-
tions limited [14]. On the other hand, the chemical inertness
and humidity insensitivity of cyclic olefin copolymers-based
fibers, such as Topas, CYTOP, and ZEONEX make them
an attractive choice for sensing applications [15], [16], [17].
Among these ZEONEX has edge over other polymers owing
to the availability of different grades of ZEONEX that can
be used for the fabrication of core and cladding without the
requirement of any dopant. This not only helps in avoiding
the possibility of dopant diffusion during the drawing of the
optical fiber but also makes the drawing process easier due
to the similar glass transition temperature of the core and
cladding materials [18].

Most of the proposed fibers based on ZEONEX have been
investigated for applications in terahertz regime [19], [20],
[21], [22], [23]. For example, air hole based single mode
ZEONEX fiber have been fabricated and characterized for
terahertz regime [19]. Additionally, a number of microstruc-
tured PCF and porous fibers based on ZEONEX have been
proposed and numerically analyzed [20], [21], [22], [23].
For example, a hexagonal shaped PCF have been proposed
for the detection of tuberculosis [20]. A diamond shaped
Kagome lattice and a sloted core PCF have been proposed
for terahertz waveguiding [21], [23]. A dual channel SPR
based sensor have been proposed for gaseous analytes in
terahertz regime using porous fiber [24]. However, during
the drawing of polymer fiber the small air holes usually
collapse and it will be challenging to fabricate most of the
above reported fibers for practical applications. In addition
to the application in terahertz regime, ZEONEX based fibers
have also been fabricated and demonstrated for strain sensing
applications in visible and near IR region [25], [26]. As dis-
cussed above, a very few investigations have been conducted
for ZEONEX based fibers for surface plasmon based sensor
applications [24].

In this paper we present a numerical analysis of a fabricated
ZEONEX based large single air hole assisted optical fiber
for SPR sensing applications in visible wavelength region
where the transmission loss for ZEONEX is less. The fiber
can be easily fabricated using pull through technique and
the large air hole assist in easier removal of analyte from
the fiber. The inner surface of the large air hole has been
coated with gold and the core has been exposed to the air
hole. The thickness of the gold layer has been optimized. The
sensitivity of the proposed fiber sensor has been analyzed
with respect to variations in both the refractive index (RI) and
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FIGURE 1. (a) shows a teflon covered stainless steel rod and a teflon wire
passing through a glass cylinder filled with ZEONEX 480R granules.

(b) shows a glass cylinder filled with ZEONEX E48R.(c) shows the preform
for cladding of LSAHPOF.(d) refers to the cane drawn out of melted
granules shown in (b). (e) corresponds to the final preform fabricated by
inserting the cane shown on (d) into the cladding preform shown in (c).

FIGURE 2. (a) shows the cross-section of the fabricated LSAHPOF
illuminated with white light and (b) shows the corresponding schematic
of the fiber considered for numerical analysis.

the biolayer thickness. A maximum wavelength sensitivity of
3500 nm/RIU and a maximum amplitude sensitivity of 696
RIU~! have been achieved. The effect of diameter of the
air hole on the performance of the senor has been analyzed.
Additionally, the sensor demonstrates a biolayer thickness
sensitivity of 1.54, with a corresponding resolution of 64 pm.

Il. FABRICATION OF LSAHPOF

The LSAHPOF was fabricated from a preform comprising
a cladding and a core. The cladding preform was prepared
using a glass tube sealed at one end with a Teflon cap. This
cap featured a large side hole and a small hole positioned
close (approximately 200-300 wm) to it as illustrated in
Figure. 1(a). A teflon-coated stainless steel rod was inserted
through the side hole, while a teflon wire was inserted through
the small hole. The glass tube was then filled with ZEONEX
480R polymer granules and sealed at the opposite end with
a second Teflon cap of identical geometry, as depicted in
Figure 1(a). Separately, a second glass tube intended for the
core preform was sealed at one end and filled with ZEONEX
E48R granules, as shown in Figure 1(b). It is to be noted
that both kinds of ZEONEX granules have different refrac-
tive indices with ZEONEX E48R having higher RI than
ZEONEX 480R. The glass tubes meant for cladding and
core preform were heated at 250 °C for 20 hours to melt
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the polymer granules and facilitate the removal of trapped
oxygen and air. This was followed by a controlled cooling
process lasting 10 hours. Following the heat treatment, the
stainless-steel rod and teflon wire were carefully removed
from the cladding preform, resulting in the formation a side
hole and a smaller adjacent hole as illustrated in Figure 1(c).
The resulting core preform was subsequently drawn into a
cane with a diameter of 0.9 mm also shown in Figure 1(d).
This cane was then inserted into the central hole of the
cladding preform as illustrated in Figurel(e). The assembled
structure was finally drawn into an optical fiber using pull
through technique as depicted in Figure 2 [27]. It is to be
noted that in contrast to the previous work, in this case
the core touches the air hole. This can be accomplished by
keeping the air hole close to the core during the fabrication
of preform and carefully tuning the air pressure during the
drawing process. The elliptical structure of core and cladding
can be attributed to the asymmetric position of the air hole that
affects the shape of the fiber during the drawing process. The
reported structure is reproducible, with only slight variations
in the fiber diameter across different sections, which in turn
leads to minor variations in the air-hole and core diameters.

Ill. THEORETICAL MODELLING

The cross section of the LSAHPOF is shown in Figure 2(a).
The schematic of the fabricated structure that has been con-
sidered for numerical simulation is illustrated in Figure 2(b).
The diameter of the fiber is 196 um. The core is slightly
elliptical and the length of its major and minor axis are 7.5 and
8.5 um respectively. The diameter of the large air hole is
63 micrometer. It is to be noted here that the shape of outer
portion of the cladding does not affect the performance of
the SPR sensor. ZEONEX exhibits a low propagation loss
of approximately 3—4 dB/m within the 400-700 nm wave-
length range, with the loss increasing exponentially beyond
850 nm [26]. However, the sensor can still be operated
beyond 850 nm since the probe length is typically only a
few centimeters and the loss beyond this wavelength would
not significantly affect the overall sensor performance [18].
In this work, gold has been selected as the plasmonic material
due to its ability to support surface plasmon resonance within
the visible spectrum. Therefore, a coating of a uniform layer
of gold is considered along the inner surface of the circular
air hole. Among the coated region, only a localized segment
measuring 6.4 um in length serves as the active interaction
zone due to its proximity to the core. The coating of gold
layer can be accomplished using physical vapor deposition
technique. The refractive index of ZEONEX has been con-
sidered from the ellipsometry data with a fitting curve [17].
The dielectric constant of gold has been determined following
the Drude—Lorentz model [28].

A2
Ay (e +iA)
Where A. and A, refer to the collision and plasma wave-
length of gold respectively and A, =8.9342 um and

em(A)=1 6))
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A, =0.16826 pm. The modal propagation characteristics
of the proposed LSAHPOF were investigated using a finite
element method (FEM)-based computational analysis tool
(COMSOL). The entire cross section of the fiber is divided
into a large number of finite triangular elements with the num-
ber of domain elements being 56909. The propagation of light
is considered along z direction while the cross section lies in
XY plane. The sensor’s performance is assessed by evaluating
the confinement loss of the fundamental core mode, resulting
from resonant coupling between the guided mode and surface
plasmon polaritons at the metal—dielectric interface. The loss
could be defined as [29]

2 4
Loss= 8.686x T Im (neﬁ) x107dB/cm 2)

Furthermore, the sensitivity of the proposed sensor can be
investigated through two distinct interrogation mechanisms,
namely amplitude interrogation and wavelength interroga-
tion, each offering unique advantages in detecting refractive
index variations. In amplitude interrogation, the intensity of
the output beam is monitored at a fixed wavelength, elim-
inating the need for spectral scanning. Consequently, this
approach requires only a power meter, making it more cost-
effective. However, this interrogation method has a narrower
operational range compared to wavelength-based interroga-
tion. Additionally, the sensor performance is susceptible to
fluctuations in the source power, which can affect mea-
surement accuracy. In contrast, wavelength interrogation is
insensitive to transmission losses and offers a broader oper-
ational range, providing higher measurement accuracy and
robustness. The wavelength sensitivity of the sensor can be
defined as [29]

Sy (mm/RIU) = % 3)
Ang
where the numerator and the denominator on the right side
refers to the change in resonance wavelength and change in
RI of analyte respectively. On the other hand, the amplitude
sensitivity can be defined as [29]

Sa (A) (RIU™) = 0 (X na) foma) e (Moma) 4y

The wavelength sensitivity for change in thickness of bio-
layer (Typ) is defined as

§ = dlpeak/dTb 5

IV. PROPOSED EXPERIMENTAL SET UP

The proposed structure is suitable for sensing applications
using a reflection-based experimental setup, as illustrated
in Figure.3. Light from a broadband white light source can
be coupled into one input arm of a 2 x 1 optical coupler,
while the other input/output arm can be connected to a spec-
trometer for monitoring the reflected signal. The common
output port of the coupler can be butt-coupled to a short
segment of LSAHPOF. The Fresnel reflection at the interface
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FIGURE 3. Schematic of the proposed experimental set up for the
detection of RI of analyte and thickness of biolayer.

between the silica-based single-mode fiber and the poly-
mer fiber can be minimized using a drop of index-matching
glue. During the butt-coupling process, the reflected optical
power could be continuously monitored via the spectrom-
eter. Once the reflected power is maximized—indicating
optimal alignment—the interface between the single-mode
or multimode fiber and the LSAHPOF can be fixed using
optical-grade adhesive, and mechanically protected with a
suitable sleeve. For refractive index (RI) sensing, the tip
of the LSAHPOF segment can be immersed in the target
solution, allowing the reflected signal to vary with the RI of
surrounding medium.
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FIGURE 4. Variation in real part of effective index of core mode (black

solid line) and plasmonic mode (blue doted line) and imaginary part of
effective index of core mode (red solid line) with wavelength.

V. RESULTS AND DISCUSSIONS

Both X- and Y-polarized modes can propagate through the
core of LSAHPOF, the X-polarized mode is specifically ana-
lyzed. The larger side hole is aligned along the X-axis, and
its inner wall is coated with gold. Consequently, the inter-
action of the X-polarized mode is dominant, since along the
Y-axis there is no metal coating and hence no dielectric—metal
interface to support surface plasmon excitation. It should
also be noted that, in the simulation, the line connecting
the fiber core center and the side hole is defined along the
X-axis. The interaction of the X polarized mode with the
gold analyte interface leads to the excitation of the surface
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plasmon mode which in turn will lead to the propagation loss
of the core mode. The confinement loss of the core mode is
directly related to the imaginary part of its complex effective
refractive index and can be expressed as equation (2). The dis-
persion curve for core mode and plasmonic mode is depicted
in Figure.4. The intersection of the dispersion curves for the
core mode and the surface plasmon polariton (SPP) mode
signifies phase-matching between the two modes, thereby
enabling efficient power transfer. This coupling mechanism
manifests into a pronounced peak in the imaginary compo-
nent of the effective index of the core mode which directly
corresponds to the point of maximum confinement loss as
defined in equation (4). The insets in Figure.4 shows the mode
profile of core mode, coupled mode and the plasmonic mode.

The confinement loss depends on the geometry and the
thickness of the metal layer. However, the simpler geome-
try of the proposed structure leads to the requirement for
optimization of only thickness of gold. In this case, the
thickness of gold has been varied from 30 to 50 nm and
the corresponding confinement loss is shown in Figure.5.
As can be seen from the figure, the loss gradually decreases
with thickness and the peak wavelength corresponding to
maximum loss shows red shift. The lower thickness of gold
will lead to better interaction of surface plasmon wave with
the analyte. Furthermore, higher thickness leads to the shift
of resonance wavelength to higher wavelength region where
the propagation loss of ZEONEX will be more. Therefore,
further analysis of the performance of the proposed structured
is carried out considering the thickness of gold as 30 nm.
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b 250 -
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FIGURE 5. Variation in confinement loss of core mode with thickness of
gold.

AS depicted in Figure 3, the proposed structure can be
immersed in the analyte thereby filling the air hole with
the analyte medium. Any real-time change in the analyte’s
refractive index (RI) leads to a corresponding shift in the res-
onance peak wavelength due to modification of the effective
refractive index of the surrounding medium. In this study,
the RI of the analyte was varied from 1.40 to 1.44, and the
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FIGURE 6. Variation in confinement loss with change in RI of analyte.
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FIGURE 7. Shift in resonance peak wavelength with change in RI of
analyte.

resulting shifts in the resonance spectrum are illustrated in
Figure 6. As observed, the resonance peak exhibits a redshift
from 537.5 nm to 559 nm as the RI increases from 140 to
141 thereby resulting in a sensitivity of 2100 nm/RIU The
sensitivity continues to increase with increase in RI of ana-
lyte, reaching 3500 nm/RIU for a change from 1.43 to 1.44.
This shift arises from the alteration in phase-matching condi-
tions between the core-guided mode and the surface plasmon
resonance mode induced by the RI change. The linear rela-
tionship between the resonance wavelength shift and the
analyte RI is depicted in Figure. 7. Furthermore, considering
a spectrometer resolution of 0.1 nm, the refractive index (RI)
resolution of the proposed sensor is calculated to be 5 x 1073
RIU. This resolution improves to 2.8 x 10~ RIU for analytes
with higher refractive indices, specifically for a change in
RI from 1.43 to 1.44. Table-1 presents the results obtained
from the proposed probe along with a comparison to recently
reported polymer fiber—based SPR sensors [24], [30], [31],
[32], [33], [34]. The proposed polymer fiber is generally
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TABLE 1. Sensitivities of polymer fiber based SPR sensors.

Polymer fiber | Wavelength | Sensitivity Reference
Regime
ZEONEX IR- 1,10000 [24]
Microwave | nm/RIU
PMMA Visible 2258 [30]
nm/RIU
PMMA Visible 4284.8 [31]
nm/RIU
Tapered Visible 1700nm/RIU | [32]
PMMA fiber
PMMA Visible 12.5 dB/RIU | [33]
PMMA Visible 1570nm/RIU | [34]
Our work Visible 3500
nm/RIU

sensitive to temperature variations and the typical tempera-
ture sensitivity is around 10 pm/°C [13], [26]. An FBG can be
inscribed in the core to enable simultaneous measurement of
the analyte’s refractive index and temperature, thereby com-
pensating for errors arising from temperature fluctuations.

In the above discussion the diameter of the air hole was
considered to be 63 um. In order to verify the performance
of the proposed structure for large air hole, the diameter
of air hole is increased to 100 um. However, during the
drawing process, when the diameter of air hole is increased,
the corresponding total diameter and the core diameter is
increased accordingly. Therefore, the new total diameter of
fiber becomes 312 um and the length of semimajor and
semi minor axis of the core becomes 13.5 yum and 12 um
respectively. The performance of this fiber is analyzed by
considering two analytes with refractive index of 1.4 and
1.41 and the corresponding shift in resonance spectrum is
shown in Figure 8. As can be seen from the figure, the
peak shifts from 539 nm to 560.5 nm resulting in a total
shift of 21.5 nm. On the other hand, for the same change
in refractive index, the shift for the LSAHPOF with air hole
diameter of 63 um was also 21.5 nm. It is to be noted that
the sensitivity generally depends on the effective indices of
the core mode and the plasmonic mode, as well as on the
metal thickness. When the air-hole diameter is increased
from 63 to 100 um (with a corresponding increase in the
core diameter), the effective indices of both the core mode
and the plasmonic mode exhibit only negligible variation.
As a result, the resonance wavelength exhibits only a slight
shift, from 537.5 nm (for diameter = 63 um) to 539 nm
(for diameter = 100 um) when the analyte refractive index
is 1.40. Upon changing the analyte refractive index to 1.41,
the resonance peak shifts accordingly, while the net wave-
length shift remains essentially unchanged. This confirms
the performance of sensor remains same even if the diam-
eter of fiber is increased thereby making it more suitable
for light coupling as well as deposition of metal and other
biomolecules.
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FIGURE 8. Shift in resonance peak wavelength corresponding to the
confinement loss in core mode for LSAHPOF with an air hole of diameter
100.m.

The interrogation scheme is also extended to detection of
change in amplitude at a particular wavelength. When the
refractive index (RI) of the analyte is varied from 1.40 to
1.41, the amplitude sensitivity of the proposed sensor reaches
696 RIU~! at a wavelength of 560 nm, as illustrated in
Figure 9. Assuming the detector can resolve a 1% change in
intensity, the corresponding sensor resolution is calculated to
be 1.4 x 1075 RIU.
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FIGURE 9. Variation in amplitude sensitivity with wavelength.

The preceding analysis demonstrates the sensor’s effective-
ness in detecting the refractive index (RI) of the analyte, and
this sensing principle can be extended to monitor variations
in biolayer thickness. For typical biosensing applications, the
metal surface is usually coated with a thin biolayer, which
typically has a RI in the range of 1.4 to 1.42. This biolayer,
composed of biomolecules such as antibodies, activates the
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FIGURE 10. The shift in peak resonance wavelength with biolayer
thickness for a biolayer refractive index of 1.410. The inset shows the
corresponding change in confinement loss of the fundamental core mode
with wavelength. The dotted curve in the inset corresponds to biolayer of
non-uniform thickness.

FIGURE 11. The shift in peak resonance wavelength with biolayer
thickness for a biolayer refractive index of 1.410. The inset shows the
corresponding change in confinement loss of the fundamental core mode
with wavelength.

metal surface to enable specific detection of target protein
molecules through a lock-and-key binding mechanism. The
thickness of the deposited biolayer can be quantified by mon-
itoring the shift in the surface. Once the biolayer thickness
is characterized, the subsequent binding of specific proteins
to the immobilized antibodies can also be tracked through
additional resonance shifts. In our analysis, we considered a
biolayer with a refractive index of 1.410, while the external
medium above the biolayer was assumed to be aqueous, with
an RI of 1.33. The biolayer thickness was varied from O to
20 nm, and the corresponding shifts in the resonance wave-
length are illustrated in Figure 10, which demonstrates a
sensitivity of 1.54. The inset of the figure shows the resonance
spectrum shift. In the above simulations, we have considered
a biolayer with uniform thickness. Such uniformity causes
a consistent resonance shift across the interface. However,
in the case of a non-uniform biolayer, the effective index
varies across different regions of the metal-dielectric inter-
face, leading to slightly different resonance wavelengths in
each region. In order to simulate the performance of the
sensor for a non-uniform biolayer, the thickness was varied
across the metal surface, with a minimum of 5 nm and a
maximum of 20 nm, as shown in Figure 11. The resulting
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shift in the resonance peak was found to be 21 nm. Consid-
ering the slope of 1.54 calculated above, a resonance shift of
21 nm corresponds to an effective average biolayer thickness
of 13.6 nm. Hence, for a biolayer with non-uniform thick-
ness, the average thickness value can be estimated using this
approach. Considering a spectrometer resolution of 0.1 nm,
a detection resolution of approximately 64 picometers (pm)
is achievable.

VI. CONCLUSION

A ZEONEX-based polymer optical fiber (POF) incorporated
with a large side air hole has been proposed and numerically
analyzed for refractive index (RI) sensing and thickness of
biolayer detection using surface plasmon resonance (SPR).
ZEONEX granules were utilized to fabricate the preform,
and the fiber was subsequently drawn using the pull-through
technique. During the fiber drawing process, the internal
pressure was carefully optimized to allow the fiber core to
come into contact with an adjacent side air hole. The sen-
sors performance has been analysed over a refractive index
range of 1.40 to 1.44, which corresponds to the typical
refractive indices of many biomolecules. Numerical anal-
ysis showed that the sensor has wavelength sensitivity of
3500 nm/RIU and an amplitude sensitivity of 696 RIU~!. For
wavelength-based interrogation, the maximum achievable
resolution is estimated to be 2.8 x 10~° RIU. Furthermore,
the sensor demonstrates a sensitivity of 1.54 to changes in
biolayer thickness, with a minimum detection resolution of
64 picometers. For a biolayer of non-uniform thickness, the
sensor predicted average value of thickness. Therefore, due
to its compact architecture, the proposed fiber structure is
well-suited for miniaturized biosensing applications, where a
small fiber tip is sufficient to detect refractive index changes
using a reflection-based experimental setup.
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