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Abstract

In this article, a cost-effective hollow core fiber (HCF) based refractive index (RI) sensor using surface plasmon
resonance (SPR) is designed and demonstrated. The sensor consists of a metal nanowire inside an HCF along with
the sensing medium of various refractive indices. SPR effect between polaritons and the guided core mode of
designed HCF is exploited to enhance the sensing performance. A full vectorial finite element method (FEM) is
used for the design and analyses of the sensing probes which exhibit very high sensitivities of 12400 nm/RIU,
10560 nm/RI1U, and 6400 nm/RI1U for Copper (Cu), Gold (Au), and Silver (Ag), respectively with a resolution of
1.61x10° RIU. Additionally, the influence of metal wire dimension is also investigated in this paper. The reported
simple and low-cost sensor exhibits high sensitivity for liquid with refractive indices slightly higher than that of
the dielectric tube, such as olive oil, turpentine, kerosene, chloroform, carbon tetrachloride, glycerol, Toluene etc.
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Introduction

Since 1970, the optical fiber based RI sensors have been investigated and realized by researchers in the context
of label-free detection of biochemical materials in liquids due to their small size, real-time detection, remote
sensing capability and immunity to electromagnetic interference. Such sensors have numerous applications in
environmental monitoring, chemical and biomedical and beyond. Various RI sensors have been designed and
demonstrated relying e.g. photonic crystal fiber (PCF) [1], long period gratings, fiber Bragg grating [2], and
tapered fiber [3], [4]. Most of researchers remove cladding partially or completely and the stripped section can
also be coated with metal to enhance their sensitivity [5]. The stripping of cladding may enhance their sensitivity
but make them more fragile for their practical use which may affect continuous monitoring. On the other hand, a
PCF overcomes these limitations due to its flexible design, high confinement, and controllable birefringence.
Moreover, the presence of air holes in PCF provides the opportunity to fill these holes with liquid and functional
material which can effectively tune the effective refractive index (net) of the core mode.

Several kind of RI sensor based on PCF using SPR technique have been reported [6]-[8]. In 2016, Wang et al.
proposed PCF-SPR biosensor using silver-graphene layer [9] containing two types of air holes of different sizes
while the central channel is filled with analyte which was coated with Ag and graphene layer. Wang realized an
average sensitivity of 4350 nm/RIU for analytes (n,) range between 1.39-1.42 and selectively coated sensor
enhanced the sensitivity due to large surface to volume ratio. Later in 2018 Liu et al. also proposed a liquid
infiltrated Au coated SPR based RI sensor in which the air holes are arranged in a square lattice [10] and the
maximum sensitivity of 6300 nm/RIU was reported. These sensors, although have provided a higher sensitivity,
but still they suffered complexity in realization like designing and metal coating. To overcome these limitations
researchers attracted towards the metal nanowire instead of coating which is easy to place and also cost-effective.
In this regard, Liu et al. demonstrated a SPR based RI sensor with selectively filled liquid inside the PCF air holes
and realized the maximum sensitivity of 2350 nm/RIU for low refractive index ranges between 1.27 to 1.36 [11].
The designed sensor consists a large microfluidic channel which may help to avoid channel interference with each
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other. Recently, Swillam et al. demonstrated a highly sensitive SPR based biosensor using nanorod and achieve a
high sensitivity of 7900 nm/RIU [12]. In these cases, the plasmonic modes are formed on nanowire and thus excite
localized surface plasmon resonance (LSPR) due to phase matching of SPP and core guided modes [13], [14].
The present work is inspired by previously reported article by Luan and Yao in which they developed a hollow
fiber RI sensor for a high RI analyte using silver nanowire to achieve high sensitivity [15]. Our work considers
the similar sensor design to analyze its performance but with different metallic nanowires to study their sensing
performances for lower RI medium.

In this paper, we have considered a SPR based hollow core fiber refractive index (HCFRI) sensor selectively filled
with analytes and metal nanowire. The investigation is carried out for three different metallic nanowires, Au, Ag
and Cu to evaluate their sensing performances. Numerically simulated results illustrate that sensor containing Cu
nanowire exhibits a higher sensitivity in comparison to Ag and Au nanowires. The proposed sensor is designed
and optimized by using COMSOL Multiphysics [16] based on vectorial finite element method (FEM) and consider
the confinement losses, sensitivity and coupling length. The designed sensor is examined for a wide range of RI
varying between 1.46-1.48 and a high sensitivity of 12560 nm/RIU is obtained with sensor filled with Cu nanowire
which is higher than previously reported articles [12], [17], [18].

Design and theoretical modeling

The schematic cross-section view of the designed HCFRI sensor is shown in Fig.1. The diameter of the fiber, its
hollow core, and Cu nanowire are defined as D, ds and dn, respectively. As shown here liquid and Cu nanowire
are infiltrated in the hollow section of fiber. The Cu nanowire sinks to the bottom of liquid filled hollow core due
to gravity effect and rests at the bottom [19]. The background material of fiber can be made of silica glass of
RI1=1.45. The refractive index of Cu is calculated by using Lorentz-Drude model [20]. The designed sensor is
characterized by COMSOL Multiphysics software which is based on full-vectorial finite element method [21].
Here, a very fine mesh has been used in which the whole sensor cross-section is divided in many triangular
subdomains. All the modal analyses are performed in the XY plane and light is considered to propagate in the Z-
direction.

Silica Glass

Silica Glass

Sensing Liquid

Fig.1. Schematic diagram of the designed HCFRI sensor.

The experimental realization of proposed sensor is also possible. The setup will contain a broadband source (BBS),
optical spectrum analyzer (OSA) and designed sensor. Initially, the liquid and nanowire are filled in HCF, then
both end of designed HCF sensor are spliced to single mode fibers (SMFs) using fusion splicer. In the experimental
work the transmission spectrum at various R1 and their shifting can be used to determine the wavelength sensitivity
of designed sensor.
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Result and discussions

The designed HCFRI sensor is based on simple SPR technique between surface plasmon polaritons (SPP) and
core-guided mode. It is mainly occurring due to the enhanced evanescent waves and their direct interaction with
analytes (ny) of varying RI. The evanescent waves easily excite the free electron available on the surface of a Cu
nanowire at a particular wavelength, which is known as plasmon resonance wavelength (Ag). At this Ar the free
electron of nanowire generates the surface plasmon waves.

The modal loss of the designed sensor is calculated from the imaginary part of effective index by following
relation [22]

a(dB/m) = 8.686. ko. IM (Nerr) 1)

where the wavenumber ko = 27/A.

Here, variations of real effective index (Re(nes)) of both core and SPP modes and the modal loss with the
wavelength for the diameters, D = 40 pm, ds = 20 pum, d, = 0.55 pm and n, = 1.46 are shown in Fig.2. The effective
index of core mode is nearly constant with the operating wavelength, shown here by a black line with black circles.
On the other hand, the effective index of highly dispersive plasmonic mode along the metal wire reduces rapidly
with the wavelength as shown by a blue line with blue circles. The dielectric core mode is not lossy but the
plasmonic mode is highly lossy. When these two effective indices intersect (actually anticrossing points) then due
to interaction between core mode and highly lossy plasmonic mode, modal loss of this core dielectric core mode
increases rapidly, which is shown by black line with red circles. A sharp peak at phase-matching wavelength, Ar
= 1.615 pum with maximum loss of 13.66 dB/mm can be observed. This demonstrates that at this Azg maximum
power get transferred from low loss core mode to a very lossy SPP mode.
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Fig.2. Dispersion relation between core mode and SPP mode.

Figure 3 shows the Hy field contour and their corresponding Hyx field variation along the y-axis for the core mode
and SPP mode at Ag =1.5 pum with n, = 1.46. The Hx contour profile for the plasmonic mode is shown on the left
of Fig. 3(b). It can be observed that this mode is localized around the metal nanowire. Its variation along the y-
axis is shown on the right, which clearly shows plasmonic peak at the metal-dielectric interfaces and the decay
exponentially. While Fig. 3(a) illustrates the mode coupling of core guided mode with the SPP mode. The
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moderate Hy field value in the core is clearly shown, but a more localized Hy field around the nanowire is also
visible. Its variation along the y-axis is shown on the right which is clearly shows the coupled supermode profile
along the y-axis.
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Fig.3. Hy profiles for core mode and SPP mode at A=1.5 pm.

At first, we investigate the sensing performance of different nanowires like Ag, Au, and Cu to select the best metal
to design highly sensitive RI sensor. Figure 4 exhibits the modal loss spectra for Cu nanowire at diameter 0.55
pm. Variation of modal loss with the wavelength for n,=1.46 is shown by solid black line. It can be observed that
the loss value reaches to 13.66 dB/mm at A=1.615 um. However, when the RI changes from n,=1.46 to n,=1.47
the modal loss peak shifted from A =1.615 um to A=1.46 pm, shown by solid red line. From Fig. 4 we can clearly
see a large wavelength shift of AA=0.15 um, while n, changes from 1.46 to 1.47.
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Fig.4. Confinement loss spectra at n,=1.46 as a function of wavelength for Cu nanowire (d, =0.55 pm).
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Figures 5 and 6 exhibit the modal loss spectra variations with respect to wavelength for Au and Ag nanowire,
respectively. In Figs. 5 and 6 we can clearly identify the modal loss of 11.78 dB/mm and 9.36 dB/mm at A=1.545
and A=1.195 for Au and Ag, respectively at n,=1.46, which is comparatively less than that of the Cu nanowire.
While we have changed n, from 1.46 to 1.47 the modal loss of Au and Ag shifted to A=1.415 and A=1.115,
respectively. These analyses are carried out with their optimized diameter. Moreover, these figures also illustrate
a smaller wavelength shift of AL =0.13 and AL =0.08, for Au and Ag, respectively which is comparatively less
than, Cu nanowire. Hence throughout the analysis, we clearly observe that Cu nanowire gives a large wavelength
shift and the larger wavelength shift is expected to show high wavelength sensitivity, which is the basic reason
that we have carried out further analysis with Cu nanowire.
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Fig. 5. Confinement loss spectra at n,=1.46 as a function of wavelength for Au nanowire (d, =0.45 pum).
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Fig. 6. Confinement loss spectra at n,=1.46 as a function of wavelength for Ag nanowire (d, =0.25 pm).
The diameter of nanowire (d,) also shows a considerable influence on sensing performance [23]. So, we must

optimize the diameter of nanowire before they can be used in sensing applications. Variations of modal loss
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spectra with the wavelength for different d, are shown in Fig. 7. Here, we have taken three different metal
nanowire diameters, d, of 0.5 um, 0.55 um and 0.6 um in which the nature of loss spectra is clearly observed. The
maximum loss of 13.66 dB/mm is obtained for d, = 0.55 um while 12.80 dB/mm and 12.82 dB/mm is obtained
for dn=0.50 um and 0.6 pum, respectively. Next, effect of nanowire diameter on peak loss value is studied. Figure
8 clearly shows that initially the maximum confinement loss starts increasing up to the diameter d, = 0.55 um and
then start decreasing gradually, due to a strong coupling between loss core mode and the SPP mode at d,=0.55
pm. The increase in d, results the redshift of peak wavelength due to the increase in nes; of SPP mode. Hence, we
have obtained a maximum loss for d, = 0.55 um which can be used as the optimized diameter.
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Fig.7. The confinement loss spectra of designed sensor when d, changes from 0.5 pm to 0.6 pm.
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Fig. 8. Influence of diameter (d,) variation on the sensitivity.
Next, we have investigated the sensor response for various RI value of n, is varying between 1.46 to 1.48. Since

the ners Of the SPP mode strongly depends on the RI of surrounding media, hence the small change in RI leads the
change in ner of SPP mode and hence in resonance shift Az. The confinement loss for each Rl is calculated by Eq.
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(1). Figure 9 shows the nature of dispersion relation between core mode and SPP mode at different n,. We may
clearly observe the blue shifting in dispersion curves for different n, varying from 1.46-1.48. At n, =1.46, the core
guided mode shown by black dotted line intersect with SPP mode shown by red dotted line which illustrate the
phase matching point with Ag= 1.615 pm. As the core index n, increases, the effective index increases shown by
two horizontal lines. So, their phase matching points are shifted towards the lower wavelength with Ag = 1.45 and
Ar = 1.34, for analyte index, 1.47 and 1.48, respectively.
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Fig.9. Dispersion relation between core mode and plasmonic mode for different RI.

In Fig.10 we can clearly see that with increase in RI of surrounding media, the Ag is shifted towards the lower
wavelength i.e. the blue shift in loss spectra appears with gradually decreasing peak loss. When the n, of
surrounding changes from 1.46, 1.465, 1.47, 1.475 and 1.48 the loss spectra shifted with maximum confinement
loss of 13.66 dB/mm, 6.42 dB/mm, 4.32 dB/mm, 3.21 dB/mm and 2.52 dB/mm, respectively. With increase in RI
of analytes, the ness of SPP mode reach closer to ness of core guided mode and hence the energy transfer gets
increases from core mode to SPP mode and leads the maximum confinement loss.
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Fig.10. Confinement loss spectra with various RI.
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The coupling length may define as the length at which the complete power transfer from one mode to another
mode takes place and it can be calculated by following equation [24]

L= (n/AB) )

where L. represent the coupling length and AP shows the difference of propagation constants between these two
modes. Figure 11 shows the coupling length corresponding to n,= 1.46, 1.47 and 1.48 denoted shown by blue,
red and black dotted lines, respectively. It can be also noted that for a larger n, value, the higher intersecting angle
reduces the separation at the anticrossing point so peak L. increases.
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The performance of designed HCFRI sensor is investigated in term of their sensitivity, linearity, and resolution.
The relationship between resonance wavelength and corresponding Rl is illustrated in Fig. 12. From this figure,
we can clearly observe a good linear response between resonance wavelength and n, with R?= 0.97 for the varying
range of 1.46 to 1.48.
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Fig.12. Sensitivity plot for designed sensor.
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The sensitivity of designed sensor is calculated by using the following relation, [25]-
Sx = A?\,peak/Ana (nm/R I U) (3)

where, Akpeak represent the change in resonance wavelength peak and An, represent the change in surrounding
analytes. The proposed sensor clearly exhibits a very high sensitivity of 12400 nm/RIU for RI varying between
1.46 to 1.48 with d, = 0.55 um. We have also calculated the sensitivity for other metal nanowires such as, Au and
Ag to study the influence of metal on the sensitivity. Figure 13 illustrates the relationship between resonance
wavelength and RI for various nanowires.
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Fig.13. Relationship between resonance wavelength and RI for different d,.

Table I shows the sensitivity values obtained for Au, Ag and Cu nanowires.

TABLE |
Sensitivity comparison of different metal nanowires

Sensitivity(nm/RIU)

Nanowire
Cu 12400
Au 10560
Ag 6400

The resolution of designed HCFRI sensor can be calculated by following equation-
R:AnaX(A}Mm|n/A}\«peak) RIU (4)

where, Akmin represent the minimum change in spectral resolution and Alpeak represent the change in peak
wavelength. If we consider 0.02 nm as the minimum spectral resolution [26] then the resolution of our designed
sensor is 1.61x10° RIU. The resolution of our sensor express that our sensor is capable to measure small variation
in analytes in the order10-6. Thus, we can state that our designed sensor is can be used effectively in small range
too. From the obtained results we can also state that Ag nanowire designed here can provide high sensitivity
compared to the previous results [15]. However, our result states that Cu gives highest sensitivity for low RI range
varying from 1.46-1.48. Result shown in Table | also provide the evidence that we may avoid use of Cu and Ag
in case of oxidation [27] and can choose Au for higher sensitivity and greater stability than other metals.
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Conclusion

In conclusion, we have designed and demonstrated an HCFRI sensor based on SPR technique and analyzed by
using COMSOL Multiphysics. The sensor assisted with Cu nanowire not only just reduces its cost but also provide
a high sensitivity of 12400 nm/RIU in comparison to other more expensive metal like Ag and Au. A wide range
of Rl is analyzed in present work varying between n, = 1.46-1.48. The sensing responses are analyzed in term of
their sensitivity, resolution, and linearity. From the obtained results we can say that our designed HCFRI sensor
will be promising in development of highly sensitive and cost-effective RI sensor. However, for a given range of
sensing media, the diameter of metal wire needs to be optimized to obtain its peak sensitivity in the available
range of a wavelength source. These values are intricately related and sensor parameters need to be optimized for
a given application. It will be useful in measuring the RI of many household materials like olive oil, kerosene and
coconut oil and some chemicals like chloroform, ethylene glycol, polylactic acid, glycerol, etc.
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