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Abstract

The development of highly-sensitive miniaturized sensors that allow real-time quantification of
analytes is highly desirable in medical diagnostics, veterinary testing, food safety, and
environmental monitoring. Photonic Crystal Fiber Surface Plasmon Resonance (PCF SPR) has
emerged as a highly-sensitive portable sensing technology for testing chemical and biological
analytes. PCF SPR sensing combines the advantages of PCF technology and plasmonics to
accurately control the evanescent field and light propagation properties in single or multimode
configurations. This review discusses fundamentals and fabrication of fiber optic technologies
incorporating plasmonic coatings to rationally design, optimize and construct PCF SPR sensors
as compared to conventional SPR sensing. PCF SPR sensors with selective metal coatings of
fibers, silver nanowires, slotted patterns, and D-shaped structures for internal and external
microfluidic flows are reviewed. This review also includes potential applications of PCF SPR
sensors, identifies perceived limitations, challenges to scaling up, and provides future directions

for their commercial realization.

Keywords: Surface Plasmon Resonance, Photonic Crystal Fibers, Optical Fiber Sensors,

Biosensors.
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1 Introduction

Surface plasmon resonance (SPR) sensors have attracted lots of interests due to their unique
capabilities such as high sensitivity and wide range of applications in environment monitoring
[1], food safety [2, 3], water testing [4], liquid detection [5, 6], gas detection [7, 8], biosensing
[9, 10], and medical diagnostics [11], including drug detection [12, 13], bioimaging [14],
biological analyte [15, 16], and chemical detection [16-19] (Figure 1). SPR effects are also
utilized in optoelectronic devices such as optical tunable filters [20, 21], modulators [22, 23],
SPR imaging [24, 25], and thin-film thickness monitoring [26, 27]. Besides the SPR techniques
some other optical sensing techniques are also available such as microring resonators,
waveguides, and resonant mirror [28, 29]. In 1950s, surface plasmons (SPs) were theoretically
introduced by Ritchie [30]. Based on SPs using the attenuated total reflection (ATR) method,
prism coupled SPR Otto configuration was studied by Otto [31], where the prism and plasmonic
metal layer were separated by a dielectric (sample) medium. The sensing technique in this study
was quite sophisticated as it was required to maintain a finite gap between the prism and metallic
layer. The Otto configuration was upgraded by Kretschmann setup, where the prism and metallic
layer were in direct contact [32]. To date, Kretschmann and Otto configurations have been
among top popular techniques for generating the surface plasmon waves (SPWSs). By matching
the frequency of incident photons and surface electrons, free electrons are resonating which
results in generation and propagation of SPW along the metal-dielectric interface. [33, 34]. The
fundamental principle of conventional SPR sensors are also described (Supporting Information,
Figure S1). In the 1980s, a SPR sensor was experimentally demonstrated for chemical and
biological detection [15]. SPR sensors require a metallic layer that enables transport of large

amount of the free electrons. These free electrons are contributing in negative permittivity, which
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is essential for plasmonic materials. Conventional prism based Kretschmann setup is widely used
for SPR sensors, where a prism coated with plasmonic materials is used [18]. As dielectric
refractive index (RI) is altered, the propagation constant of the surface plasmon mode is altered

which results in changing the coupling conditions or properties of light wave and SPW [16].

Although the performance of prism based SPR sensors (Kretschmann setup) is robust, they
are suffering from bulky configuration due to the required optical and mechanical components.
These requirements limit the optimization and practical application of these devices at point-of-
care settings [18]. The bulky optomechanical components required for the angular interrogation
in these devices are also at high costs. Commercial SPR systems such as Biacore, GE Healthcare
are also not competitive compared to other devices for industrial application. The conventional
SPR sensors are not suitable for field-based applications as a results of moving optical and
mechanical parts [18]. The limitations of conventional SPR sensors led to emerging the
conventional optical fiber based SPR sensor for chemical sensing applications in the 1990s [17].
There have been various configurations proposed for optical fiber based SPR sensors to provide
wider operating range and higher resolution [35-38]. However, optical fiber based SPR sensors
are required to direct the incident light at a narrow angle. A planar photonic crystal waveguide-
based SPR biosensor was reported where the low refractive index analyte was used for matching
the phases [39]. In late 20s, the microstructured optical fiber (MOF) based SPR was proposed
[40]. To date, numerous PCF SPR sensors have been demonstrated with different configuration

of PCF structures which altering the prism [41-60]. PCF based SPR sensing are capable to be



miniaturized. Harnessing its advantages such as small size, ease in light launching, single-mode
propagation and ability in controlling evanescent field penetration have made PCF as a
promising candidate for SPR sensing [46, 47]. However, the reported PCF based SPR sensor
structures are not practical from fabrication point of view. As a result, reported PCF SPR sensors
were mainly investigated either numerically or analytically. Finite Element Method (FEM) is
widely used to numerically investigate the sensing performance. Moreover, analytical
approaches such as wavelength and amplitude interrogation method are often used to analyze the
sensing performance of these sensors.

The purpose of this review is to (i) discuss conventional prism and fiber based SPR sensing,
and describe their drawbacks, (ii) demonstrate how SPR technology fits into the existing PCF
sensing, (iii) illustrate various proposed structures and development in layers engineering for
improving the sensing performance and also reducing fabrication complexity, and (iv) highlight
the current gaps in this field and provide potential solutions. The scope of this review consists of
state-of-the-art techniques for the PCF SPR sensors, and their potential applications in public
health and industrial setting. It also discusses optical properties of plasmonic materials (gold,
silver, copper, graphene and aluminum), metal coating techniques, and their limitations in high
sensing performance achievement. Moreover, the sensing performance (RI range, amplitude and

wavelength interrogation sensitivity, resolution) of the reported technologies are reviewed.

2 Optical Fiber Based Surface Plasmon Resonance Sensors

2.1 Conventional Optical Fiber Based SPR Sensors

Conventional optical fibers are widely used instead of prism in SPR sensors. Transmission and

reflection based fiber optic probes have been reported for various sensing applications [55]. Fiber
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optics based sensors utilize the total internal reflection (TIR) to guide the light for sensing
through SPR method. For the transmission based probe, cladding consists of a metal layer and
immobilized ligands to detect the unknown concentration of an analyte. In the reflection based
method, the end of fiber probe has a mirror to reflect the signal back to the fiber. Transmission
method is widely used for fiber based SPR sensors, where the plasmonic metal layer or
nanoparticles is placed in an etched cladding region [35-38, 61-64]. Various types of fiber optic
based SPR sensors including tapered fibers [65, 66], D-type fibers [67], Single mode Fibers
(SMFs) [68], Multi-mode Fibers (MMFs) [69], Bragg-grating fibers [70], Wagol wheel fibers
[71], and H-shaped fibers [72] have been studied. However, the performance of the sensors can
be enhanced by modifying the structural parameters/properties of an optical fiber [55]. Recently,
Liu et al., utilize the fiber optic based SPR sensors combined with smartphone technologies for
imaging and health monitoring applications (Figure 2a(i)) [73] by using sodium chloride
solution with varying RIs ranging from 1.328 — 1.351 (Figure 2a(ii)). Abbe refractometer was
used to calibrate the sodium chloride solution along with a mini pump to characterize the
sensitivity and solution compounds. A low-cost portable smartphone-based fiber optic glycerol
SPR sensor was demonstrated by Bremer (Figure 2b) [74]. Glycerol solution was used to
examine the sensor performance resulting in a sensitivity of 5.96x10* refractive index unit
(RIU)/pixel in the range of 1.33 to 1.36. Fiber optic based label-free biosensors at low-costs were
reported for DNA—protein interactions and DNA hybridization measurement by Pollet (Figure

2¢) [75].

Fiber optic based localized SPRs (LSPR) were demonstrated for the purpose of analyzing the
antibody-antigen reaction of interferon-gamma (Figure 2d) [76]. Fiber end was concentrated with

the gold NPs and the sensor sensitivity was increased by controlling the density of nanoparticles.
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The performance comparisons of the conventional fiber optic and PCF based SPR sensors are

shown in table 1.

2.2 Advantages of PCF over Prism and Conventional Optical Fibers

PCFs consist of a core and cladding similar to a conventional optical fiber, but the cladding
region in PCFs have a periodic air-holes which managing the light propagation [87, 88]. Light
propagating through the PCFs follows the modified TIR or photonic band gap (PBG) effects [89,
90]. By modifying air holes geometries and altering the number of rings light propagation can be
controlled. Unique capabilities of PCFs have opened a window to overcome the conventional
prism and optical fiber based SPR sensors problems. PCF SPR sensors are also compact and can
be incorporated in microscales. Having the advantage of flexibility in design, PCFs geometry can
be optimized for achieving the optimum evanescent field. For instance, the core-guided leaky-
mode propagation can be controlled by using different types of PCF structures such as
hexagonal, square, octagonal, decagonal, hybrid, and their guiding properties can be improved
by changing its geometry [72, 91]. By optimizing the core-cladding diameter and position, the
propagation of light in single mode can be obtained. Single mode PCFs show narrow-band
resonance peak results in enhancing the sensitivity [92]. Sensing range and sensitivity can be

enhanced by optimizing the structural parameters of the device.

2.3 Sensing Mechanism of PCF SPR Sensor

PCF based SPR sensors working principle is based on evanescent field. By propagating beam
of photons through the core, electromagnetic field would partially penetrate into the cladding
region. In PCF SPR sensors, evanescent field penetrates into the cladding region and interacts

with the plasmonic metal surface, which excites the free electrons of the surface. When the



evanescent field and the free electrons of the surface frequencies are matched, the electrons start
resonating which results in surface plasmon wave generation. The generated wave is propagated
along the metal-dielectric surface interface. This phenomena is known as the resonance condition
results in creating a narrow-band loss peak, which is sensitive to the adjacent dielectric medium
of metal layer. Resonance occurs when the real effective refractive index (ner) of core-guided
mode and surface plasmon polaritons (SPP) mode values are overlapped. At resonance condition,
maximum energy transfers from the core-guided mode to the SPP mode. Due to the change of
refractive index of dielectric medium (sample), nesr of SPP changes results in the reducing
resonance peak and shift in resonance wavelength. This indicates that the phase matching
wavelength is altered depending on the refractive index of sample/analyte. Unknown
concentration of a sample can be detected by observing the variation of loss in peak due to the
change of analyte’s refractive index. Wavelength and amplitude interrogation methods are
considered as main parameter for analyzing sensing performance of the PCF SPR sensors. To
enhance the sensitivity of the sensor, the plasmonic metal layer is required to be coated for
improving the interaction of the evanescent field and surface free electrons. Easy interaction with
the free electrons of metal layer provides strong coupling between the core guided and SPP mode

which enhances the sensor performance.

2.4 Optical Properties and Metallic Films

Gold, silver, copper and aluminum are widely used as the main materials used in SPR sensing
[93]. Generally, metals are oxidized due to presence of aqueous environment, water, and
humidity. Gold and silver are comprehensively used as a plasmonic material. Gold exhibits

strong stability in aqueous environment as well as providing larger shift at resonance peak.



However, it shows the broaden resonance peak which may give the false positive analyte
detection which diminishes the performance of the sensor [48]. On the other hand, silver shows a
narrow-band resonance peak. It is utmost conductive and its optical losses are less among other
metals. However, the oxidation of silver in agqueous environment reduces sensing performance
[94]. The oxidation process can be inhibited by depositing a thin bimetallic layer on top of the
silver surface but it would reduce the sensing performance [95, 96]. Recently, it was shown by
various studies that graphene can be coated on top of silver to protect silver layer. Graphene is
mechanically strong, chemically inert and having hexagonal lattice structure which prevents
oxidation [97-102]. Furthermore, due to n-7 stacking, graphene coating with metal surface can
enhance the sensing performance. It increases the absorption of analytes owing to the high
surface to volume ratio results in improvement of the sensing performance [103-105]. Copper
damping rate is the same as gold, and its interband transition is close to gold [106]. Recently,
copper-graphene coated plasmonic property has shown long-term durability and stable plasmonic
performance (over a year) [97]. In contrast, aluminum as the plasmonic material, has not
received much attention for sensing applications as its damping rate and optical losses are high
[106]. Furthermore, Al interband transition losses are high in visible range, where the Cu
interband transition losses are less and comparable with gold for the wavelengths in the range of
600-750 nm [97]. Moreover, Al shows a broaden resonance peak compared to gold and silver
[107]. On the contrary, a sharp and narrow LSPR peak can be achieved by Oxide-free copper
[108]. Besides, the novel plasmonic materials, metal oxides contacts such as indium tin oxide
(ITO) recently have gained attention in SPR sensing [47]. Its bulk plasma frequency is less than
3 eV, which is smaller compared to gold and silver. ITO layer damping rate is almost as same as

gold and silver [109, 110].



3 Overview of PCF SPR Sensors

One of the SPR sensors limitations is the requirement of having a metallic layer. In PCF SPR
sensors, this would cause complexity in fabrication. To simplify the process of depositing
metallic layer inside or outside the fiber structure, various designs of PCF SPR sensors have been

reported. PCF SPR sensors are classified as internally and externally metal film coated sensors.

3.1 Internally Metal Film Coated PCF SPR Sensors

In 2006, MOF based SPR sensors have been reported by Hassani et al. [40]. A two ring,
hexagonal PCF structure was proposed where gold layers and liquid were infiltrated selectively
in the 2" ring (Figure 3a). A small central air-hole was considered for phase matching purpose.
Due to different guided modes, three resonance peaks were observed in this design. The 1%
resonance peak showed the highest resonance depth with a sensor resolution of 3x10®° RIU
(detection of 1% transmitted intensity is assumed). To date, several PCF SPR sensors have been
reported where the plasmonic metal layer were coated selectively inside the micron scale air-hole
surface [43, 44, 46, 47, 59, 111-115]. In order to enhance the phase matching between the core-
mode and plasmonic mode and also to improve the detection resolution. Selectively silver coated
and liquid-analyte filled modelled PCF SPR sensor has been demonstrated (Figure 3b(i)) [46].
This study shows that the selectively silver layer coating inside the air-holes enhances the
performance as compared to the case where internal layer is entirely coated. Due to use of silver
layer, sharper peak was achieved which improved the signal-to-noise (SNR) ratio and increased
the detection accuracy. Figure 3b(ii), shows the electric field distribution for analyte Rl 1.46. A
sharp resonance peak can be observed at 1040 nm wavelength with propagation loss of 108

dB/cm where the core mode and SPP mode affecting the nes of core guided mode and SPP mode



also altered dramatically as shown in Figure 3b(iii). By measuring the shift in resonance peak,
the analyte can be detected.

The sensor’s sensitivity is obtained by measuring this shift. Propagation loss also is an important
parameter for the practical implementation of the sensor. However, for experimental
implementation of PCF SPR sensors, only a centimetre or millimetre length fiber is required to
generate the measureable signal. To show a positive and negative refractive index sensor, a
liquid-core based PCF SPR sensors have been studied [44, 112]. Six selective liquid-analyte
filled core has been shown with a metallic channel to simultaneously exhibit the positive and
negative RI sensitivity [44]. A maximum positive RI sensitivity of 3,600 nm/RIU in the
operating range of 1.45-1.46, and a negative RI sensitivity of -5,500 nm/RIU have been achieved
in the operating range of 1.50 to 1.53. These sensors have great potential in high refractive index
analyte detection. Selectively gold layer coating with liquid-core feature also has potential
applications in positive and negative refractive index sensing (Figure 3c). This configuration
diminishes the electromagnetic interference between the cores. The minimum loss value of 80
dB/cm at analyte Rl 1.485 was achieved for this sensor. A theoretical study shows that the
polymer based PCF SPR biosensors incorporating indium tin oxide (ITO) allows the utilization
of SPR [47]. ITO enables sensing operation to be extended into telecommunication applications,
where light launching is feasible and the confinement loss is less compared to the visible range.
Moreover, plasmonic resonance can be tuned by modifying the thickness or intrinsic properties
of ITO which has a broad transparency range. In addition, to operate the sensing operation in
near-infrared (IR) region, high refractive index of titanium dioxide (TiO) based PCF SPR sensor
have been studied (Figure 3d) [111]. Gold-TiO; and liquid are infiltrated inside the air-holes to

improve SPR sensing performance. Gold-TiO2 and liquid are infiltrated inside the air-holes to
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improve SPR sensing performance. The numerical analysis showed that the loss spectrum could
be tuned by changing the gold and TiO: thickness. It exhibited the minimum loss value of 58
dB/cm while analyte RI 1.335.

However, selective coating of thin metal film inside the micro air-holes is sophisticated
process from fabrication point of view. This limits the practical implementation of PCF SPR
sensors. To eliminate the thin film coating, nanowire based PCF SPR sensors have been reported
[56, 116-118]. A silver nanowire based PCF SPR sensor has been reported for the RI detection,
where the nanowires and liquid were selectively filled 1% ring of the PCF [116]. It showed the
maximum loss of 2,200 dB/m at analyte R1 1.33 and achieved the maximum sensor resolution of
5x10° RIU. Placing the silver nanowires in the 2" ring reduces the transmission loss which
allows fiber length of 2-3 cm to observe the SPR sensing. Recently, by using the silver
nanowires in the 1% ring of PCFs, a sensor for temperature measurement is demonstrated (Figure
3e) [117]. Blue shift occurred due to the increase in temperature with a sensitivity of 2.7 nm/°C.
Hollow-core PCF has been experimentally developed for the RI detection, where the core is
filled with liquid and silver nanowires (Figure 3f) [118], resulting in wavelength sensitivity of
14,240 nm/RIU. Furthermore, hollow-core photonic band gap fiber (HC-PBGF) based SPR
sensor was numerically investigated where the core was filled with liquid and silver nanowires
(Figure 3g) [119]. The sensor was able to detect RI lower than 1.26 and the maximum sensitivity
was achieved at 2,151 nm/RIU. Nanowire-based sensing fiber could be realized by incorporating
the Tylor wire procedure with the Stack-and-Draw fiber drawing method [67]. Nevertheless,
self-calibration with a known analyte as well as change of the analyte sample inside the air-holes
are considered as experimental challenges. Moreover, selective liquid infiltration and insertion of

silver nanowires of micro air-holes would also be complicated task. Placing the metal
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layer/nanowires in vicinity of the core, results in attraction of the fields towards the
metal/nanowire surface causing large loss. This loss inhibits the practical realization of PCF SPR
sensor. The input light will be disappeared immediately after it has been lunched. It is not
possible to generate a measurable signal at the output for detection of the sample. High fiber loss
limits the fiber length. In general, shorter fiber length is desirable as by increasing its length the
loss is increased. Due to small length of sample PCF, it is required to align or splice it with the
normal single mode fiber (SMF) to implement it experimentally.

Table 2 shows the performance comparisons of the internally coated (metal and nanowire)

PCF SPR sensors.

3.2 Externally Coated Metallic Film PCF SPR Sensors

To overcome the metal coating and liquid-analyte infiltration inside the air-holes, externally
coated PCF SPR sensing approaches have been proposed. Metal layer and sensing medium were
placed on the outer side of the fiber structure which makes the sensing mechanism more
convenient. Based on the sensor structures and applications, external sensor approaches can be
classified in the following three categories: D-shaped PCF SPR sensors, slotted PCF SPR

sensors, and improved external approach of PCF SPR sensors.

3.2.1 D-Shaped Modeled PCF SPR Sensors

D-shaped PCF have attained attention for SPR sensing where top of the fiber cladding is
polished to be flat. PCFs with polished part of cladding resemble D-shape where the metal layer
and sample are placed on top of the flat part. In D-type PCF, metallic layer can be placed near to
the core which facilitate the strong interaction with sample, leading to enhancement of the

sensing performance. To date, several D-shaped PCF SPR sensors have been reported [45, 50,
12



57, 121-125]. Examples of D-shaped PCF SPR sensor are shown in Figure 4a [45]. The solid
core was used with scaled down air holes in the 1% ring, and thin gold layer was deposited on top
of the flat part. By modification of D-shape PCF SPR sensors geometry, their output can be
altered. For instance, by increasing the polishing depth, resonant wavelength would be tuned
from red shift to blue shift. Due to increasing the polishing depth, metal surface approaches
towards the core and therefore a strong coupling occurs between the core mode and analyte. The
achieved sensor sensitivity was 7,300 nm/RIU and the figure of merits of 216. Numerical
simulation of hollow-core D-shaped PCF SPR sensor was also reported [121]. A high refractive
index liquid (R1=1.39) mixer was used in the hollow core, having the sensitivity of 6,430
nm/RIU in the operating range of 1.33-1.34. It shows the maximum imaginary nesr = 2.5x10°
which indicates the approximate loss of 19.9 dB/cm at the wavelength of 684.6 nm. Recently, a
D-shaped PCF SPR sensor has been reported for the biosensing application, where a graphene-
silver combination was used (Figure 4b) [122].

In order to enhance the sensing performance, two large air holes were milled along the central
hole to introduce birefringence. Rest of the air-holes in the 1 ring were scaled down to create a
large gap for improving the coupling between core and SPP modes. The phase matching
parameters such as nefs of core and spp mode are matched at 480 nm wavelength and a sharp loss
peak was observed (Figure 4c). Solid-core D-shaped PCF with resolution of 9.8x10° RIU were
demonstrated by Santos et al. [123]. The primary ring in air-holes was omitted in the upper side
for enhancing the excitation in metal surface. As a result of excluding the air-holes, the
maximum loss of 70 dB/mm at 650 nm wavelength with analyte Rl 1.36 was exhibited.
Conventional D-type optical fiber based SPR sensors performance were compared to

microstructured D-shape fiber. The sensor shown the sensitivity of 2.8x10° to 10x10° nm/RIU
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and a resolution from 3.6x10°° to 9.8x10°° RIU. D-shaped hollow-core MOF based SPR sensor
has been demonstrated by Luan et al. [124]. In this design, the sensor core is scaled down in
order to establish and tune the phase matching between the core and SPP mode (Figure 4d).
Increasing the core diameter enhances the resonance peak shift and produces higher propagation
loss to increase the sensitivity with respect to wavelength and amplitude interrogation methods.
On the other hand, increasing the core diameter would decrease the phase difference of two
modes resulting in lower phase sensitivity. By excluding the upper side air-holes in the 1% ring,
large confinement loss of 1700 dB/cm at 675 nm wavelength was achieved. It was shown that
the maximum phase shift of 503 deg/cm at 676 nm wavelength and maximum phase sensitivity
of 503,00 deg/RIU/cm can be achieved (Figure 4e). Recently, rectangular lattice based D-shaped
PCF SPR sensor is demonstrated in Figure 4f [50]. In vicinity of the solid-core, two large air
holes are positioned close to the solid-core in order to enhance the sensing performance of the
figure of merit 478.3 RIU, which is the highest sensitivity FOM among the reported PCF
sensors to date.

Although D-shaped PCF SPR sensor overcame uniform coating issues but there are reported D-
shaped structures in which showing large confinement loss due to the sealed upper air holes
[123, 124]. However, to control the propagation loss, D-type fiber structure is suitable as its core
is surrounded with several rings and only the upper side is required to be etched/ polished to
make D-shape. However, these required accurate polishing of the sensor surface to specifically

eliminate a prearranged structure of the PCF.
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3.2.2 Slotted based Modeled PCF SPR Sensors

For the detection of multiple analytes, slotted PCF SPR sensors have been developed by
various studies [54, 58, 97, 126-128]. By tailoring the air hole diameter in the first ring,
birefringent effects could be realized. Birefringent behavior led to the stronger light propagation
in X and y polarization for the detection of multiplexed analytes. Slotted PCF SPR sensors were
demonstrated for the detection of biolayer configuration by Hassani (Figure 5a) [126]. Gold layer
and biolayer were placed outside the fiber structure. Three small air holes were placed near to the
gold surface. Changing the diameter of these holes enables tuning the plasmonic behavior. This
sensor also has potential application in monitoring the concentration of nanoparticles in
photodynamic cancer therapy [129]. It exhibits the propagation loss of 97 dB/cm while analyte
RI = 1.33 and biolayer Rl = 1.42. It shows the changes of biolayer thickness up to 10 nm results
in shifting peak wavelength by 23 nm (Figure 5b). Two microfluidic slots with a single ring
based PCF SPR sensor was proposed, where the air-holes were scaled down selectively to
control the light propagation track (Figure 5c¢) [130]. Miniature air holes create the gap which
helps the penetration of the evanescent field into the metal surface. It was shown that the
maximum wavelength interrogation sensitivity of 4,000 nm/RIU can be achieved. The minimum
loss of 140 dB/cm at 635 nm wavelength while analyte Rl = 1.33 was illustrated. A theoretical
study for configuration of four metalized microfluidic slots based on a PCF SPR sensor has been
reported [127]. In this sensor, scaled down circular air-holes were used in vicinity of central hole

to penetrate the light along these side layers for efficient excitation of surface plasmon.

Elliptical orientations of air-holes were placed in other sides to control the direction of light

propagation. Since the elliptical surface is broader compared to the circular one, the propagation
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in certain directions are enhanced. According to the wavelength interrogation method, the sensor

resolution was reported to be 4x10° RIU and 8x10° RIU for HElxland HElyl, respectively.
Different analytes can flow through the four different microfluidic slots for multiplexed analyte
detection. Recently, a birefringent PCF with two microfluidic slot based SPR biosensors has
been studied (Figure 5d) [128]. Birefringent behavior was introduced by placing the air holes in
the vicinity of the central air hole. This makes stronger coupling between the x- or y-polarization
of core mode and spp mode results in improving the sensor performance. The resolution of
5x107° RIU and 6x107° RIU for x and y polarization, respectively was achieved. The numerical
study of entirely elliptical air hole based PCF SPR biosensor has been presented, where the four
microfluidic channels were coated with gold layer (Figure 5e) [54]. Tantalum pent-oxide (Ta20s)
metallic layer which has broad range of transparent spectrum was deposited on the gold surface.
As a result of having the metallic layer, the concentration of nanoparticles can be studied. A
small central circular air hole was considered to tune the phase matching phenomena. This
sensor showed the wavelength sensitivity of 4,600 nm/RIU. Also the capability of detecting
multi-analyte was investigated. It compromised of two different channels with different
refractive index na1 and na2 and the mode coupling between core mode and spp mode among the
channels was observed (Figure 5f). Nevertheless, elliptical air-hole based PCF fabrication is still
in progress. Fabrication of the microfluidic channels are also challenging process. However,
placing the metallic and sensing layer outside the fiber structure provide can cause less
complexity in fabrication. Single ring PCFs exhibit high confinement loss but the loss can be

reduced by increasing the number of rings.
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3.2.3 Improved External Approach of PCF SPR Sensors

The PCF SPR sensors are improved by placing a metal layer and sensing medium outside the
fiber structure [33, 40, 41, 48, 131-135]. Hassani el al. reported two large semi-circular gold and
sample layers placed outside the fiber structure [40]. Due to requirement of thin semi-circular
structure, practical realization of this design is difficult. To simplify the fabrication process,
Popescu et al. [134] used single circular gold and sample layers outside the fiber structure which
facilitates simplified fabrication process as well as simple sensing process. The influence of air-
hole sizes in the 1% ring of the microstructured fiber on the plasmonic phenomena has also been
investigated. The maximum amplitude sensitivity and the sensor resolution were found to be
3941.5 RIU? and 1x10° RIU, respectively [135]. A simple configuration for PCF SPR
biosensors have been reported, where the air holes in the vicinity of central hole were sealed and
in the same row, air holes were scaled down to create a gap for the penetration of evanescent
fields to excite the surface plasmons (Figure 6a) [49]. The maximum wavelength and amplitude
sensitivity were 4000 nm/RIU and 320 RIU?, respectively. Moreover, the confinement loss
value of 17 dB/cm at 1.33 analyte Rl was achieved. Due to surrounding the core by air holes,
lower loss value was observed found for this arrangement. A novel microstructure fiber based
SPR sensor has been reported which exhibits two types of core-guided mode based on analyte RI
variation [136]. At analyte R1 1.36 SPR sensor showed the better response for type Il core with
the sensitivity of 405.6 RIU™ which is comparable with ref. [49]. It has been shown that the
response of the proposed SPR sensor has a maximum wavelength and amplitude sensitivity of
7000 nm/RIU and 886.9 RIU™, respectively for analyte RI 1.39. Birefringent effects with
graphene-silver combination were also studied to enhance the sensitivity due to the large surface

to volume ratio (Figure 6b) [48]. In this sensor, light propagation in a specific direction is
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controlled by selectively placing the small air holes in the 2" rings. The maximum amplitude
sensitivity was 860 RIU™? with a sensor resolution of 4x10° RIU (assuming minimum 1%
transmitted intensity could be detected). It exhibits the minimum confinement loss of 190 dB/cm
at 510 nm wavelength while analyte Rl = 1.33. It was also found that the silver with graphene
has 18% higher amplitude sensitivity as compared to god coated silver (Figure 6¢). Another
external approach involved placing two cores near the metal layer which enhance the coupling of
core-guided mode and SPP mode [133]. Only one core could be able to detect the sample. The
second core is used in order to increase the detection area. The sensor sensitivity of 1000
nm/RIU and resolution of 1x10* RIU were achieved. It was observed that the minimum loss
value was 85 dB/cm at 690 nm wavelength. An exposed-core grapefruit fiber SPR biosensor was
reported by Yang et al. (Figure 6d) [131]. Grapefruit fibers are easy to fabricate and it is widely
available in commercial aspects. In this configuration, the exposed section was coated with a

silver layer to realize the generated SPR.

This sensor showed the increased sensitivity for high analyte RI values and had a maximum
wavelength interrogation sensitivity of 13,500 nm/RIU. Multi core flat fiber (MCFF) which is
mainly based on photonic crystal has also been modeled for SPR sensing (Figure 6e) [33]. The
main advantage of the MCFF is having high sensitivity compare to other types of SPRs. Also its
sensing area can be scalable due to its flat large surface. Additionally, the functionality and
flexibility of the proposed structure with having high RI fluids open up many opportunities for
designing versatile SPR sensors based on this hybrid format of waveguide. The structure of
MCFF combines the advantages of conventional optical fiber with the multi-functionality of

planar waveguides. Due to its flat surface, smoother surfaces can be achieved after the deposition
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of metal. The MCFF SPR sensor showed a maximum wavelength and amplitude interrogation
sensitivity of 23,000 nm/RIU and 820 RIU™, respectively. Outer metal layer enables the
detection of an unknown analyte by analyzing the medium passing through the metallic surface.

A schematic of the experimental setup for PCF SPR sensor has been illustrated in Figure 6f.
Beam of light from a laser source is coupled to the circular PCF structure. A circular sample
holder was used to embrace the PCF structure. Analyte sample flow was controlled by using a
pump and a flow-meter. Finally, the transmitted light is coupled to an optical spectrum analyzer
(OSA) to analyses the output light. The wavelength interrogation method is widely used for PCF
SPR sensor. In this method the laser source is irradiated at one end of the fiber and the output
(altered peak) will be observed in the OSA which is connected to the other end of fiber. Finally
by varying the sample RI, the blue shift or red shift is achieved which is used for detection of
analyte.

Table 3 shows the performance comparison of the reported PCF SPR sensors.

Overall, PCFs can be fabricated by following various established methods such as capillary stack
and drawing procedure [137], drilling [138], slurry casting [139], sol-gel casting [140], and
extrusion method [141]. Among the PCF drawing methods standard stack and drawing procedure
is widely used as it enables fabricating the PCF with some impurities in silica capillaries and
provide the minimum transmission loss of 0.18 dB/km at 1.55 um wavelength [142]. However,
complexity in PCF structures is one of the common difficulties observed in most of the SPR
sensors. To control the light propagation for optimizing the SPR performance, air holes

19



geometries can be optimized. The fabrication of asymmetrical PCF structures where the different
diameters of air holes are needed is challenging process. Thus, simpler and scalable structures
will allow ubiquitous remote SPR sensing. However, requiring metal coating on circular surface
of PCFs is of the major issues which prevents the practical realization of PCF SPR sensor.
Normal metal coating methods such as RF sputtering, thermal evaporation methods, electroless
plating and wet-chemistry deposition creates the massive surface roughness in coating the
circular surface. Chemical vapor deposition (CVD) method also reported as a possible coating
method in a circular surface, although it involves complex organometallic chemistry [143, 144].
Furthermore, Tollens reaction is an alternative approach for metal coatings in circular surfaces
such as external layer of optical fiber or inner air holes surfaces [145, 146]. The chemical process
is more cost effective and practical compared to other stated methods. In order to characterize
and utilizing the sensor the self-calibration procedure is required. Sample liquid can be
exchanged by using the water or pumping the nitrogen through the fiber [145]. Furthermore, the
problem of large confinement loss in PCFs also can be controlled by optimizing the air holes

geometry and increasing the number of rings.

4 Potential Future Directions

PCF SPR sensing is a promising and competitive sensing technology. However, at the device
development front, PCF SPR sensors are still at the early stage. Most of the studies reported in
the literature involve proof of concept demonstrations, theoretical and computational models.
The application of established theoretical models to sensor implementation is limited because of
fabrication challenges. Although some experimental devices reported in the literature, their

applications are found in limited research domain [117, 118]. Therefore, the empirical
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performances of the modelled sensors are still not fully investigated. Potential future work
should focus on (i) proof of concept demonstration to real PCF SPR sensor development and (ii)
detection of analytes for wider range of chemical and biological samples. One possible
development direction for the PCF SPR sensors is portable and rapid lab-on-a-chip assays for
point-of-care diagnostics. The objective could be to replace current adopted fluorescence
detection with label-free PCF SPR sensing, which may improve the ability to sense different
types of analytes, decrease test costs, and save time by reducing sample preparation process. In
contrast to fluorescent sensors, the PCF SPR may be configured to be reusable for incessant
monitoring applications. Therefore, PCF SPR sensor structures should be fabricated by using
simple and cost effective method. To date, different structures comprising of inner or outer metal
coatings have proposed. Most of the reported structures are complex, which limits the device
implementation. The D-shaped and the external sensing approach of PCF SPR sensor might be
an alternative way to reduce the fabrication complexity [45, 48, 49, 54, 122, 124]. However, for
these approaches, the air-holes in the PCF are no longer useful as microfluidic channels are used
for the sensing applications. Another main limitation of PCF SPR sensor implantation is the thin
selective metal coating. Recently, there are few designs of PCF SPR sensors which have been
fabricated for the purpose of temperature measurement and chemical sensing [117, 118].
However, their applications are again limited by fabricating uniform and selective metal coating.
A uniform metal nanolayer in the capillaries is vital. Uniform metal layer reduces surface
roughness, which will ensure laminar analyte flow for improved sensing performance. Uniform
nanolayer coating can be achieved by CVD. Metal nanoparticles may also be implemented by
controlling their size during fabrication to form a thin and uniform coating in the PCF. Quite few

studies been done on metal nanoparticle-modified PCF in Surface-Enhanced Raman Scattering
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(SERS) [147-150]. Moreover, SPR-like sensing using surface waves is not exclusive for the
visible-near-IR spectral ranges. Similar sensors can be built at lower frequencies (mid-IR and
THz) by replacing metals with polaritonic materials and polaritons instead of plasmons [151].
Although silica based PCFs are not able to perform in THz region but, polymers such as low-
density polyethylene (LDPE), polyamide-6 (PAG), polytetrafluoroethylene (PTFE or Teflon®)
and cyclic olefin/ ethylene copolymer (TOPAS®) can be used as a background material for this
region [152, 153]. However, among these polymers TOPAS is widely used due to its negligible
absorption and broad range of constant refractive index value.

Another experimental challenge in utilizing the PCF SPR sensors is controlling the directions
of light propagation and flow of the sample. To fill the microfluidic channels of the PCF with a
sample during sensing, the solution will be required to be passed through the PCF in the same
direction as the light propagation. The filling of fluid will require the displacement of MOFs
from the setup. Moreover, the re-alignment of the PCF may affect the coupling condition. When
the accuracy of measurements is crucial, altering the coupling condition may cause inaccurate
results. This problem could be solved by constructing an external microfluidic channel. Most of
the PCF SPR sensors are based on inner microfluidic channels for the flow of analytes. The
fabrication of an external microfluidic channel will also reduce fabrication complexity. For
example, an external fluidic jig could be introduced to a D-shaped or outside the PCF structure to
create a sealed microfluidic system, so that the exchange of solution can occur on the surface of
the metal coating. This ensured device simplicity and reasonable performance can be achieved.

These devices could be multiplexed to quantify different analytes simultaneously.
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5 Conclusions

Proof of concepts are mainly demonstrated by theoretical and computational modelling by using
finite element analysis. Numerical and analytical investigations of PCF SPR sensors have shown
their capability in providing high sensitivity with respect to small RI changes in external stimuli.
The summary of above discussed reported PCF SPR sensors along with their advantages and

disadvantages are shown in table 4.

Regular PCF structures for SPR sensing could be fabricated by standard stack-and-draw fiber
drawing method combined with external coatings to reduce the complexity in fabrication. One of
the main issues of PCF SPR sensor is surface roughness of the coated metal inside or outside the
circular surface structures. PCF SPR sensors offer high-sensitivity and compactness for the
quantifications of analyte concentrations in real time measurements. The availability of the holes
in the PCF allows configuration of microfluidic channels for sensing applications. As compared
to the conventional prism-based SPR sensors, the experimental setup for a PCF SPR sensor is
relatively simple, and does not require highly-skilled personnel for performing the
measurements. Moreover, the PCF SPR sensors show a promising ability in the detection of
various types of chemical and biological analytes. The performance of the PCF SPR biosensor
technology will evolve with advances in PCF fabrication and metal nanoparticle syntheses. In
future by advances in fabrication techniques, the PCF SPR sensors can be utilized in various
applications ranging from medical diagnostics, biochemical, environmental monitoring, and food

safety to security.
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(de=0.45A, d1=0.6A, d2=0.8 A, A=2pum and gold layer thickness=40nm). (b) (i) Selectively silver
deposited core (dc=0.8A, di=0.6A, d>=0.8 A, A=2um and silver layer thickness=40nm), (ii) field
distribution with phase matching phenomena, and (iii) phase matching phenomena shifted with
varying analyte RI. (c) Selectively gold-coated with liquid-filled core (dc=0.8A, di=0.5A,
d>=0.8 A, A=2um and gold layer thickness, t=40nm). (d) Multiple holes coated with gold-TiO>
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(e) Liquid and silver nanowire filled temperature sensor. (f) Hollow-core filled with liquid and
silver nanowires and (g) Silver-wire filled HC-PBGF.
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Figure 4. Modeled D-shaped PCF SPR sensors. (a) Solid core with scaled down air-holes in the
1% ring (d1=0.6A, d2=0.8A, d3=40nm, ds=2.66pum and A=2pm). (b) Graphene-silver coated
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(c) Field distribution and phase matching phenomena. (d) Scaled down hollow-core (dc=0.2A,
d=0.8um, A=2um, h=0.45A and gold film thickness=40nm). (¢) Maximum phase difference and
phase sensitivity with varying pitch while n,=1.33 and (f) Solid-core with rectangular lattice
(d=1.2A2, d2=0.75um, A1=2um, A>=1.5um and gold layer thickness=40nm).
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Figure 5. PCF SPR sensors for multiplexed analyte detection. (a) Two microfluidic slots with
gold biolayer. (b) Loss spectrum with varying biolayer thinkness. (c) Two micro fluidic slots
with a single ring (do1=0.15A, di1=0.2A, d2=0.35A, ds=1.5pm, A=1.5um and gold layer
thickness=40nm). (d) Two microfluidic slots with irregular air-holes (gold layer
thickness=40nm). (e) Four micro-fluidic slots with gold-Ta2Os layer, and (f) Loss spectrum for

multi-analyte detection.
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Figure 6. PCF SPR sensor featuring external sensing approach. (a) Two sealed air holes beside
the central air hole (d=0.5A, dc=0.15A, d1=0.25A, and A=2um and gold layer thickness=40nm).
(b) Selectively placed air holes in the 2" ring (d=0.3A, d1=0.6A, d2=0.2A, dv=0.4A, A=2pum,
graphene layer=0.34nm and silver layer=30nm). (c) Amplitude sensitivity comparison of silver
and gold coated with graphene. (d) Exposed-core grapefruit fiber (d=80um, c=2um and silver
layer thickness=40nm), Reprinted with permission from Ref.[131] Copyright 2015,
Multidisciplinary Digital Publishing Institute. (e) Photonic crystal flat fiber (d=0.5A, dc=0.15A
and A=2pm, TiO> thickness=70nm, and gold layer thickness=40nm), and (f) Schematic diagram

of the experimental setup.
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Table 1: Performance comparisons between conventional optical fiber and PCF SPR sensors.

Characteristics Wavelength RI Range Sensitivity Resolution Ref.
(nm) (nm/RIU) (RIV)

Fiber optic SPR sensor for the ~ 1000-1200 1.2-1.21 1310 - [62]
IR region using ITO
Tapered fiber optic based SPR 450-670 1.3328-1.3623 2000 - [65]
sensor in visible range
Wagon wheel fiber based SPR 550-730 1.33-1.36 1535 6.5x106 [71]
sensor
Fiber optic based SPR sensor 500-650 1.30-1.35 1929 - [77]
coated with ITO-Au biolayers
Metal/graphene/MoS; coated 550-800 1.330-1.332 6200 - [78]
fiber optic based SPR sensor
Fiber optic based SPR sensor 450-700 1.30-1.37 3161 - [79]
using ZnO thin film
Tapered fiber optic based SPR 450-800 1.333-1.342 8545 - [80]
sensor
Indium Nitride (InN) coated  400-1600 1.30-1.40 4493 - [81]
fiber optic based SPR sensor
Experimentally demonstrated 500-670 1.3326-1.3497 414 - [82]
Graphene based fiber optic
based SPR biosensor
Gold wire based PCF SPR  1600-2000 1.30-1.79 3233 3.09x10° [83]
sensor
D-shaped PCF based SPR  1005-1550 1.43-1.46 9000 1.30x10° [84]
sensor
External PCF SPR sensing 550-820 1.33-1.37 4000 - [85]
approach
Highly birefringence 540-660 1.33-1.34 3100 - [86]

microstructured fiber based
SPR sensor
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Table 2. Internally coated reported PCF SPR sensors.

Characteristics Wavelength Rl Range Interrogation Sensitivity Resoluti  Ref.
(nm) on (RIV)
Solid-core honeycomb  940-1040 1.320-1.322 Wavelength 13,750 nm/RIU 7x1076 [41]
fiber
Amplitude 400 RIU™ 2.5%x10°5
Small solid-core based 780-920 1.325-1.326 Wavelength 12,000 nm/RIU ~ 8.3x10°  [42]
Bragg fiber
Amplitude 269 RIU? 3.7x10°
Selectively liquid-filled 900-1200 1.45-1.53 Wavelength -5,000 nm/RIU ~ 2.7x10°®  [44]
core
Silver-graphene 970-1200 1.46-1.49 Wavelength 3,000nm/RIU  3.3x10°°  [46]
deposited core
Amplitude 418 RIU™! 2.4x10°°
Selectively ITO coated  1275-1690 1.33-1.35 Wavelength 2,000 nm/RIU 5x10°° [47]
polymer PCF
Selectively filled silver 400-1400 1.330-1.335 Wavelength N/A 45x10°  [52]
nanowires
Amplitude 203 RIU? 4.9x10°
Multi-hole fiber based  1340-1460 1.33-1.35 Wavelength 2,000 nm/RIU 5x10°° [111]
SPR sensor
Amplitude 370 RIU? 2.7x10°
Selectively gold coated 850-1400 1.460-1.485 Wavelength -4,354.3; 2,280 N/A [112]
with liquid-filled core nm/RIU
Selectively gold coated 500-850 1.37-1.41 Wavelength 5,500 nm/RIU N/A [114]
fiber
Hollow-core filled with 560-610 1.1-16 Wavelength 14,240 nm/RIU N/A [118]
silver-nanowires
Multi-core holey fiber 400-1800 1.43-1.53 Wavelength  9,231.2 nm/RIU N/A [120]
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Table 3. Performance analyses of the externally coated PCF SPR sensors.

Characteristics Wavelength RI Interrogation Sensitivity Resolution  Ref.
(nm) Range (RIV)
Solid core D-shaped fiber 550-800 1.33-1.38  Wavelength 7,300 nm/RIU N/A [45]
Graphene-silver  coated 475-675 1.33-1.37 Amplitude 860 RIU™ 4x107° [48]
outside fiber structure
Gold coated external 500-750 1.33-1.37  Wavelength 4,000 nm/RIU 2.5x10° [49]
sensing approach
Amplitude 320 RIU? 3.1x10°
Multichannel PCF 550-950 1.33-1.39  Wavelength 4,600 nm/RIU 2x10°° [54]
Hollow core D-shaped 650-850 1.32-1.36  Wavelength 6,430 nm/RIU N/A [121]
PCF
Graphene based D-shaped 480-650 1.33-1.37  Wavelength 3,700 nm/RIU 2 7%x10° [122]
fiber
Amplitude 216 RIU? 4.6%10°
Scaled down hollow-core 550-750 1.33-1.34  Wavelength 2,900 nm/RIU N/A [124]
D-shaped fiber
Amplitude 120 RIU? N/A
Phase 50,300 N/A
deg/RIU/cm
Four microfluidic slots 500-800 1.33-1.34  Wavelength N/A 8x10°° [127]
Amplitude N/A 6x10°°
Two microfluidic slots 500-800 1.33-1.34  Wavelength N/A 6x10°° [128]
Amplitude N/A 4x10°°
Exposed-core grapefruit ~ 460-1120 1.33-1.42  Wavelength 13,500nm/RIU N/A [131]
fiber
Solid core 770-850 1.36-1.39  Wavelength 7000 nm/RIU 4x10°° [136]
microstructured  optical
fiber based SPR sensor Amplitude 886.9 RIU* 1.7x10°°
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Table 4. Advantages and disadvantages of different types of PCF SPR sensors.

Classification of Advantage Disadvantage Structural Ref.
PCF SPR diagram
Sensors

Selectively Air-holes act as a cell Selectively metal coating

metal coating and sample can flow is challenging as the air- [47]
through the air-holes. holes size in micron scale.

Internal Small nanowire portion Selectively nanowires

nanowires filling is required and sample with liquid filling is [118]
can flow through the challenging.
air-holes.

D-shaped Sample can  flow Accurate polishing or
through  the  outer etching effort is required. [124]
surface which make the
sensor structure
simpler.

Micro fluidic Able to detect multiple Creating the microfluidic ¥ -

slots analyte at the time slotsis challenging. G ‘a@s'aﬂ' 128
instant. (O Qs [128]

P\x:
External sensing Sample can be detected Irregular air-holes size are
approach in the external surface required. However, [133]

of fiber structure.

thicker or thinner wall
capillary can solve this
problem.
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