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Abstract: A highly sensitive refractive index (RI) sensor based on a microfluidic chan-
nel (MFC) incorporated in a single-mode fiber (SMF), filled with Ag-graphene composite
nanowire is presented and analyzed here. The sensing performance and the coupling
properties of designed sensor are numerically analyzed by using a full vectorial finite
element method (FEM) incorporating amplitude and wavelength interrogation techniques
in the detection range varied from n, = 1.330-1.350. The maximum wavelength and
amplitude sensitivity are obtained of 13700 nm/RIU and 1026 RIU~", respectively. Here,
the Ag-graphene composite nanowire can not only solve the problem of oxidation but
also enhances the sensitivity of the sensor. In addition of high sensitivity, it also provides
better performance than other sensing devices based on similar technologies such as Ag
nanowire-filled sensors. Moreover, the influences of polishing depth (D), nanowire radius
(ra), graphene layer (L) and channel size (s) on the designed sensor, are also thoroughly
investigated here. The present work can provide a base for designing a real-time, highly
sensitivity, remote sensing, and distributed SPR based RI sensor.

Index Terms: Microfluidic channel, nanowire, refractive index sensor, surface plasmon
resonance.

1. Introduction

Surface plasmons are electromagnetic waves which arises due to the collective oscillation of the
conduction electrons at the metal-dielectric interface, which is highly sensitive toward the changes
in RI of analytes (n,). In 1992, Jorgenson et al., proposed that an optical fiber can be used as
a carrier to realize the surface plasmon resonance (SPR) phenomenon based on Kretschmann
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Fig. 1. Cross sectional view of designed sensor.

configuration [1], [2]. Based on this idea, various optical fiber SPR sensors are being fabricated
and used widely in the investigation of Rl measurement, biomolecular interaction analysis, health
care, food safety, environmental monitoring, and homeland security [3]-[6].

In the optical fiber SPR sensors, gold (Au) and silver (Ag) have been widely used in various
sensing areas due to the strong absorption property of these metals [7]. Compared to Au, Ag,
one of the ideal metals shows the highest loss and sharper resonance peak for SPR with high
detection accuracy, but Ag can be easily oxidized in the air [8]. In order to avoid the oxidation and
improvement of the sensitivity, some additional materials e.g., graphene, are generally used on the
surface of Ag [9]. Graphene is a 2D sheet of single-layer sp2-bonded carbon atoms with a structure
similar to the honeycomb lattice [10]. The SPR based optical fiber sensors using the graphene
layer have been widely reported in past decades due to its high electron mobility, high surface
volume ratio and strong absorption [11]. A fiber optic SPR sensor coated with TiO, and graphene is
reported by Patnaik et al. showing that the additional layer of graphene can enhance the sensitivity
of the sensor distinctly and achieved a maximum sensitivity of 5700 nm/RIU [12]. Later Fu et al.
improve the sensitivity by replacing the thin film coating by silver nanocolumn covered with the
graphene layer and obtained an enhanced sensitivity of 8860 nm/RIU [13]. Therefore, a use of
nanowire instead of the thin film can enhance the sensitivity but still a large amount of measurand
for the detection is required. Optofluidic is a technique that integrates microfluidic with the optical
system which can be used as the base of the Rl sensor. The advantages of microfluidic system
such as its configuration, size, sensing response and flexibility make it a potential candidate in
various applications such as chemical detection, medical diagnostic, environmental monitoring,
etc. [14]-{16]. The optical fiber-based optofluidic sensing configurations are simple and support
low-cost fabrication support and also easy way for light to be coupled in and out of the chip and
interacted with the liquid sample. Hence in this work, we have fully utilized the advantages of
microfluidic technique along with the optical fiber to develop a refractive index sensor with improved
sensitivity and for its possible fabrication realization.

In this paper, we report a highly sensitive optical fiber Rl sensor using Ag-graphene composite
nanowire. The sensor is analyzed by using the FEM technique. In order to achieve high sensitivity,
we have performed a broad investigation on all the structural parameters such as separation
of MFC from the core, nanowire radius, graphene layer and size of the MFC. Furthermore, we
have also studied the fabrication tolerance of the designed sensor which may appear during the
experimental realization. The sensitivity response of the sensor is calculated by wavelength and
amplitude interrogation methods. The designed sensor with this high sensitivity can be useful in
various chemical and biological sensing.

2. Structure and Theoretical Modeling

The schematic cross-sectional view of the designed sensor is shown in Fig. 1. The core/cladding
diameter of the SMF is taken as 9/125 um, the radius of Ag nanowire is r, = 0.25 um and the
polishing depth (D) = 0.3 um is used here. As shown in Fig. 1, the analytes (n,) and graphene-Ag
nanowire are placed inside the designed MFC of channel size (s) = 6 um. Due to the gravity,
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Fig. 2. Dispersion relation between the core-guided mode and the SPP mode at n, = 1.33.

the composite nanowire sinks to the bottom of MFC and rests near the fiber core [17]. The bilayer
coating of graphene is used here to avoid the oxidation of Ag nanowire and sensitivity enhancement
[9]. Graphene’s high electron density of hexagonal rings does not allow atoms as small as helium
to penetrate it and it has a high surface to volume ratio which makes it a suitable candidate to
be used as a functional coating material for currently available plasmonic instruments [18]. Every
single layer of graphene has a thickness of 0.34 nm. The total thickness of the graphene layer (L;)
is 0.34 nm x L, where L is the number of graphene layers. The RI of graphene can be calculated
by following relation [19].

ng= 3+ (jCir)/3 (1)

where, where C~5.446 ym—1 and X represent the vacuum wavelength. The core and cladding of
fiber are made of fused and Ge doped silica whose RI can be calculated by the Sellmeier equation
[20] while the refractive index of Ag is calculated by using Lorentz-Drude model whose dielectric
function can be defined as [21]

92 f: 2
? it @)

k
—_— ,
o (w —ilo) ,.; (@? = @? + jol)

em= 1-—

where, ¢, and w, represent the dielectric constant and the plasma frequency whereas k is the
number of oscillators with frequency w, and strength f;, while @, = ,/fow, shows the plasma
frequency related with the intraband transition.

The designed sensor is analyzed by using full vectorial FEM. The modal analyses are performed
in the XY plane while the light propagation is in the Z direction.

3. Results and Discussions

The dispersion relation between the dielectric core mode and surface plasmon polariton (SPP)
mode is shown in Fig. 2. This plot illustrates that the real effective index (Re(nes)) of core and
SPP modes at different wavelengths along with the confinement loss spectra of the designed SPR
sensor. From Fig. 1 we can clearly observe that the Re(ne) of SPP mode, shown by the red circle,
decreases linearly while Re(nes) of core mode, shown by the black circle remains nearly constant
with the wavelength variation. The blue star exhibits the modal loss spectra at n, = 1.33. The
sensing performance measuring structural parameters of a designed sensor is estimated by using
the confinement loss obtained for various analytes. Therefore, the confinement loss is a key factor
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Fig. 3. (@) SPP mode electric field of the sensor. (b) Electric field around Ag-graphene composite
nanowire. Insets are vertical field plot (y-axis).
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Fig. 4. (a) Variation of separation, D, from the core atr, =2 um, Ly =1 and s = 6 um. (b) Variation of
Ag nanowire diameter, at D = 0.3 um, Ly = 1,and s = 6 um.

for the sensitivity measurement, and it can be calculated by following relation [17]

(dB/m) = 8.686kq - Im (efr) (3)

where the wavenumber (kp) is defined as kg = 27 /1 and Im(nes) is known as the imaginary part of
the effective index.

The SPP modes are very lossy in comparison to the dielectric core mode. So, when the core
mode gets mixed with plasmonic mode close to the resonance wavelength (ir), its loss value
increased sharply, as shown by the blue dotted line. From the Fig. 2 we can clearly see that, as
the wavelength increases, the energy transfer from dielectric core mode to plasmonic modes takes
place and at Ag = 1.285 um the neff of these two modes becomes similar, which is known as
resonance or phase-matching condition and form supermodes by coupling individual dielectric and
plasmonic modes. At this position, the energy from the core mode is completely transferred to the
plasmonic mode with a maximum loss of 43.98 dB/mm. Fig. 3(a) illustrates the mode profiles for
SPP mode with the electrical field on y-axis as an inset. Fig. 3(b) illustrates the electric field around
the Ag-graphene composite nanowire.

Fig. 4(a) illustrates the modal loss spectra of the fundamental mode corresponding to the various
separation of MFC from the core. From this Fig. we can see that the maximum modal loss of
30.21 dB/mm, 35.95 dB/mm and 20.96 dB/mm are obtained for D = 0.2 um, 0.3 um, and 0.4
um, respectively. The maximum modal loss will lead the high response to the designed sensor
hence D = 0.3 um is chosen as an optimized separation of MFC from the core. In the numerical
simulation, the separation (D) of the MFC from the core plays a significant role in achieving the
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Fig. 5. (a) Variation in graphene layer, L, over Ag nanowire, at D = 0.3 um, r, = 0.25 um, ands = 6
um. (b) Variation of microfluidic channel size, s, at D = 0.3 um, r, =0.25 umand Ly = 2.

maximum coupling between SPP and core modes. Hence before initiating the optimization of D, all
other structural parameters such as r,, Lg and s are fixed while D is varied from 0.2 um to 0.4 um.

Fig. 4(b) illustrates the modal loss spectra of the fundamental mode with the variation of Ag
nanowire radius (r,). The influence of r, over the sensing performance can be clearly observed
from Fig. 4(b). Before the optimization of r,,, all other structural parameters such as seperation (D),
graphene layer (L,) and channel size (s) are kept constant while nanowire radius (r,) is varied as
0.20 um, 0.25 um, and 0.30 um. The maximum modal loss of 40.65 dB/mm, 41.07 dB/mm, and
40.58 dB/mm are obtained for nanowire radius of 0.20 um, 0.25 um, and 0.30 um, respectively
with good redshift in loss spectra.

Fig. 5(a) shows the loss spectra of the sensor when the graphene layers (L;) on Ag nanowire
is varied from L, = 1 to 4 in the step of 1 layer. With increase in L, the blue shifts significantly
occurs in resonance wavelength, also the peak loss value decreases considerably as the dielectric
core mode becomes isolated from the SPP occurs due to the limited penetration of the core mode,
then the coupling between the SPP and core mode will weaken, leads the low coupling and hence
lower peak loss. From this Fig. we can clearly observe a maximum loss of 43.98 dB/mm for bilayer
coating of graphene over Ag-nanowire.

Next, the role played by the size of MFC is also considered for analyzing the sensing performance
of the designed sensor. Fig. 5(b) exhibits the variation in loss spectra with the channel size. It can
be seen from Fig. 5(b), the maximum modal loss of 43.98 dB/mm is obtained for s = 6 um, while
for modal loss for MFC of size 5 um and 7 um are 42.65 dB/mm and 39.98 dB/mm, respectively.
This maximum loss for s = 6 um may takes place due to the fact that far from the core of the fiber,
the interaction region of the electric field of core guided mode with the metal-dielectric interface is
more due to the expansion of the electric field. As the channel size increases or decreass from its
optimized values the interaction get smaller and also the loss. Moreover, when the metal-dielectric
interface is far from the core, the field strength becomes weaken and result in the least modal loss.
A smaller size is convenient as a sensor, i.e., due to its small size, it requires only a small amount
of analyte for the measurement.

Considering all the above numerical analyses, we have kept the structural parameters e.g., D
=03 um, r, =0.25 um, L, = 2 and s = 6 um, respectively for the characterization of this Rl
sensor. Fig. 6(a) illustrates the modal loss variation with respect to various n,. Here, we can clearly
observe that when the n, is varied from 1.330 to 1.350 at a step of 0.005, the strong blue shift
occurs in resonance wavelength varied from 1.285 um to 1.560 um. This blue shift occurs due
to the change in Re(n.g) of SPP mode. Fig. 6(b) shows the amplitude sensitivity of the designed
sensor. For some specific wavelength, the sensitivity of the sensor can be measured by using the
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Fig. 6. (a) Variation in Loss spectrum and (b) amplitude sensitivity of the designed sensor with variation
of n,, At optimized parameters D = 0.3 um, rn = 0.25 um,Lg=2and s = 6 um.

TABLE 1

Sensitivity Comparison of Present Work With Previously Reported Work

References Wavelength sensitivity (nm/RIU) Amplitude sensitivity (RIU?)
[22] 4600 420
[23] 5000 167
[24] 10000 249
[25] 10700 -
[26] 12000 1086
Our work 13700 1026

amplitude interrogation technique and can be defined as [22].

Sa(RIUT") = —

1

da (X, ny)

a (A, ng)

an,

(4)

where, «(1, np) is defined as the modal loss value for any analytes (n,;) and d«a (X, ngp) is the modal
loss difference for n,. According to the Fig. 6(b), we can observe that the amplitude sensitivity
goes higher as we increase n,. Higher n, value depicts the stronger interaction between the
SPP and core guided mode, which results in the dramatic increase in amplitude sensitivity. The
maximum sensitivities are obtained of 215, 457, 742 and 1/1026 RIU, respectively, with respect to
the n, of 1.335, 1.340, 1.345, 1.350, respectively. Moreover, a maximum S, of 1026 RIU~" for the
measurement of analytes of n, = 1.350 can be achieved.

The variation in resonance wavelength (A .a) corresponding to analytes (n,) varied from 1.330
to 1.350 can be used to calculate for the sensitivity of the sensor;

. AL peak

S, (nm/RIU) (5)
Na
where S, and A are the sensitivity and resonance wavelength shift, respectively. An, is the
change in Rl of analytes.
A maximum wavelength sensitivity of 13700 nm/RIU is obtained for the n, ranges from 1.33 to
1.35 with a strong linear relation of 0.98. Table 1 shows the sensitivity comparison of the previously

reported work with this work.

4. Fabrication and Tolerance Investigation

In general, a small variation of 1% can occur in the optimized structural parameters during the
fabrication. To validate the reported performance of the designed sensor, we have investigated
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Fig. 7. Loss spectra due to +2 variation (a) in MFC separation, D, (c) in nanowire radius, r,,, and (e)
in channel size, s. Amplitude sensitivity due to +2 variation (b) in MFC separation, D, (d) in nanowire
radius, r,, and (f) in channel size, s.

the proposed structural parameter with the fabrication tolerance of +2%. Fig. 7(a) illustrates the
influence of MFC separation (D) on loss spectra with the variation of 2% from its optimum value.
It is clearly seen that the loss decreases to 41.64 dB/mm and 42.24 dB/mm from its optimum value
of 43.98 dB/mm, due to +2% and —2% variation in D, respectively, at the n, = 1.330. For n, =
1.335, the tolerance variation of 2% D, the measured loss is obtained of 41.25 dB/mm and 41.17
dB/mm whereas, the optimum loss value was observed of 41.26 dB/mm. The amplitude sensitivity
corresponding to this variation is plotted in Fig. 7(b) which can be seen that the maximum amplitude
sensitivity is increased by 2.52 RIU~" and decreased by 1.53 RIU~" due to 2% variation of D.

Additionally, the loss spectra due to +2% variation of nanowire radius r,, is presented in Fig. 7(c).
The spectral loss is decreased by 0.878 dB/mm and 0.46 dB/mm due to +2% and -2% variation
of r, from their optimum value at 43.98 dB/mm at n, = 1.330 and for n, = 1.335 the loss value
decreased by 2.41 dB/mm and 3.53 dB/mm due to £2% variation of r,,. The maximum amplitude
sensitivity is increased by 5.58 RIU~" and 0.38 RIU~" for +2% and -2%, respectively from its
optimum value 220 RIU~" as shown in Fig. 7(d). Although, this variation leads to the change in its
sensitivity, but the changes are very small hence it could be a realistic approach for the proposed
Sensor.

Furthermore, the influence of variation of channel size (s) on loss spectra is shown in Fig. 7(e).
It can be seen that, for n, = 1.330, the modal loss spectra decrease to 42.23 dB/mm and 43.63
dB/mm from its optimum value 43.98 dB/mm. In case of n, = 1.335, the loss spectra decrease
to 41.89 dB/mm and 40.59 dB/mm from its optimum value of 43.98 dB/mm. It can be noticed
that almost resonance wavelengths almost remain the same throughout the variation of £2% of
s, respectively, for both n,. Therefore, just like D and r,, the £2% variation of s leads to a small
variation in amplitude. According to Fig. 7(f), the +2% increment of s, the amplitude sensitivity
is increased by 11.52 RIU~" and is decreased by 2.28 RIU~" due to -2% decrement. Hence, we
can say that the £2 variation in its structural parameter will not affect its sensitivity, during the
experimental realization.
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5. Conclusion

Ag-graphene composite nanowire filled in MFC incorporated in SMF is presented and analyzed
in this paper for a highly sensitive SPR based Rl sensor. The advantage of the graphene layer is
to prevent Ag nanowire from oxidation and sensitivity enhancement. Moreover, the graphene layer
also enables the designed sensor for biomolecules. The sensor is analyzed and characterized
using the FEM technique. The performance of the designed sensor is analyzed in terms of
wavelength and amplitude sensitivity with a maximum sensitivity of 13700 nm/RIU and 1026 RIU~,
respectively. The small size and high sensitivity make the sensor a promising candidate for low and
high refractive indices chemical and the additional layer of graphene makes it eligible for biosensing
too
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