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coreless silica fiber sensor to overcome these limitations. To optimize the sensor’s
design, the trench depth was changed in the range of 0 pm to 50 um at a fixed trench
width of 50 um. The change in analyte refractive index ranging from 1.3000 RIU to
1.4000 RIU was performed to evaluate the simulated sensing performance which
showed that the increase in trench depth improved the sensor’s sensitivity with 50 um
being the trench depth at which the highest sensitivity was recorded. Later, the results
obtained was compared to the closest in term of design which is the standard coreless
fiber. Overall, the trenched coreless silica fiber design provided better sensitivity and is
highly capable as of has a new refractive index sensor with an estimated sensitivity of
Design; simulation; no core fiber sensor;  up to 6.62726x10-7, higher than the simulated standard coreless fiber sensor with that
refractive index of 2.22053x10-7.
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1. Introduction

A coreless silica fiber (CSF) or sometimes known as a no-core fiber, is a pure homogenous silica
fiber [1]. In other words, CSF is an optical fiber without a core and only a solid silica rod. However,
when the CSF acts as a sensor, the fiber itself becomes the core whose cladding is the air medium
surrounding it. Originally, CSF was introduced to overcome the limitations of the multimode fiber
(MMF), a conventional type of optical fiber sensor [2,3]. Instead of modifying the cladding layer of
the MMF, CSF can be used directly as a sensor.

Since 2020, a few researchers have started introducing CSF with unique modifications such as V-
shaped, S-shaped, wave-shaped, short-tapered shaped, and half-coated PDMS on D-shaped fiber,
thus offering a state of art on CSF design [4-8]. These new designs are robust and have successfully
overcome the fragility of the conventional CSF design such as adiabatic tapered-shaped and wet
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chemical etched-shaped fiber [9-12]. Moreover, unlike the coated CSF, the unique modification does
not require a sophisticated fabrication process [13-15]. Despite the good mechanical strength, the
unique design suffers a complex analysis, difficult to simulate and there is no optimization carried
out to study the influence of the design on the sensor sensitivity.

In this paper, we introduced a new unique simulated CSF design, namely a trenched coreless silica
fiber (TCSF) via wave optic module COMSOL Multiphysics® software. This study examines the effect
of trench depth at a fixed trench width on the sensitivity performance of the sensor. For further
understanding, we discussed the electric field distribution throughout the sensor and effective RI
changes at different analyte Rl mediums as well as the corresponding physics involved.

2. Methodology
The investigated TCSF structure is illustrated in Figure 1. It consists of a TCSF with an outer
diameter of 125 um. Figure 1(a) depicts the 3-dimensional (3D) simulated structure of the TCSF

sensor while Figure 1(b) shows the cross-section view of the TCSF with a sensing medium (analyte)
in the cut-off region.
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(a) (b)
Fig. 1. The structure of TCSF in (a) 3D and (b) cross-section geometry

The simulation was executed by using the commercialized COMSOL Multiphysics 5.5® software
(COMSOL). A two-dimensional (2D) space was chosen to simulate the sensing device instead of a 3D
space to reduce the difficulty in the meshing process, large computer memory usage, and long
simulation time. The wave optics module was selected to study the electrical field as the wavelength
is comparable to or much smaller than the studied device. The cross-section method CSM was used
to study the mode shape of the waveguide cross-section region by providing virtual information in
the form of mode field diameter (MFD) [16,17]. While the sensor interacts with the analyte medium,
the user can see the electric field distribution of the waveguide and analyze the penetration depth
of the evanescent wave.

The geometry settings for CSM are shown in Table 1. The TCSF outer diameter domain wa set to
125 um and the analyte domain diameter was set to 200 um. The trench region was created at a
fixed 50 um width and various depths ranging from 0 pm, 10 um, 30 um, and 50 um. Table 1
summarizes the geometry settings of the simulated model.
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Table 1

Geometry settings

Domain Dimension
Outer diameter 125 pm
Analyte diameter 200 um
Trench width 50 um
Trench depth 0 um (TCSFO),

10 um(TCSF10),
30 um(TCSF30),
50 pm (TCSF50)

The material settings are used to assign the Rl for each domain of the drawn geometry. A three-
term Sellmeier equation is used to express the TCSF’s Rl at the near-infrared wavelength region as
expressed in Eq. (1) [18]

0.696166312 0.407942672 0.897479412

2 —
n 1=
22-(0.0684043)2 = 12-(0.1162414)%2 = 212-(9.896161)2

(1)

Here, n and A is the TCSF Rl and the operating wavelength, respectively. All the Rl medium was
set to isotropic medium. The TCSF and the analyte is made up of glass and liquid, respectively, thus
possessing only one Rl in all directions. The operating wavelength is set to 1550 nm, the minimum
attenuation window in practical fiber. The parameters used are tabulated in Table 2.

Table 2

Material settings

Parameter Value

TCSF RI 1.4440 RIU

Analyte RI 1.3000 RIU-1.4000 RIU
Medium RI Isotropic

The sensing ability is owed to the interaction of the evanescent wave between the sensor and
the analyte medium. The evanescent field ‘senses’ the changes in the Rl distribution caused by the
analyte medium, thus inducing the effective mode index, n.rs of the sensor. Penetration depth, d,,
which represents the exponential decay of the evanescent wave with the distance in the analyte
medium, can be expressed as in Eq. (2) [19]

A
2m ,ngffsinze—nﬁ

Here, 1 and n, is the operating wavelength and the analyte RI, respectively. From Eq. (2), the d,,
value changes with the change in n,. This allows for easy detection of unknown analyte RI medium.
The sensor sensitivity, S can be expressed as in Eq. (3), which can be obtained from the slope of the
graph

d, = (2)

_ Anesr
S = = (3)
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3. Results and Discussion

Figure 2 shows the supported mode profile of the TCSF models. It is worth noting that, CSF allows
multimode light propagation due to its large diameter size. However, the first six modes, including
the fundamental mode are more significant to be studied as it carries most of the energy and are
significantly excited for Gaussian beam excitation with relative power coupling efficiency >0.1%
[17,20]. In this study, we only focus on the fundamental mode (LPo1) for the easiness in evaluation.
In a selective study, the TCSF with different trench depths of 0 um to 50 um with respective electric
field distributions are illustrated through red and blue color, representing the maximum and
minimum electric field intensity, respectively. Generally, in the TCSF structure, the electric field is
focused on the center and equally dispersed showing that the light is constrained in the fiber.
Nevertheless, when increasing the trench depth, the electric field is shifted towards the bottom
region boundary due to the lower Rl contrast between the two mediums compared to that of trench
region. The significant electric field shift was observed as the trench depth is increased to 50 um. For
all cases, the color faded out from red to blue indicating that the electric field gradually decreases
when reaching the CSF/analyte due to the attenuation of the light energy as it reaches the boundary
with different Rl mediums.

00

TCSFO TCSF10

TCSF30 TCSF50
Fig. 2. Colored illustration of normalized electric field
intensity around the TCSF

The electric field distribution of the TCSF can be analysed by studying the MFD at 1.3300 RIU as
shown in Figure 3. A large variation of MFD can be seen when increasing the trench depth from 0 um
to 50 um as shown in Figure 3(a). We separately plot the MFD for each TCSF as shown in Figure 3(b)
to Figure 3(e) to show the penetration depth of the evanescent wave. From the graph, each design
has a similar penetration depth, but the evanescent wave area increases as we increase the trench
depth. For example, for TCSFO, the evanescent wave area is estimated to be 1.75x10° V2 while for
TCSF50, the estimated evanescent wave area is 4.00x10°V2.
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Fig. 3. MFD of the simulated design (a) in full plot and evanescent wave at the TCSF/analyte
boundary for (b) TCSFO, (c) TCSF10, (d) TCSF30, (e) TCSF50
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Figure 4 shows the MFD for TCSFO and TCSF50 which represents the sensor towards the different
analyte Rl at the minimum and the maximum trench depth. The penetration depth depends on the
RI difference between the TCSF and the analyte medium. By taking the TCSFO/cladding boundary as
an example, the small Rl difference between these two mediums causes a higher penetration depth
to probe further into the cladding medium. However, this condition may lead to a less sensitive
sensor due to the limited light interaction between the sensor and the analyte medium. In the case
of TCSF50 which has 50 um of trench depth, despite having the smallest penetration depth due to
the high RI difference at the TCSF/analyte boundary, the full interaction between the evanescent
wave and the analyte medium increases the sensor’s sensitivity.
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Fig. 4. The MFD at different analyte Rl samples for (a) TCSFO and (b) TCSF50. The
inset shows the penetration depth of the evanescent wave. The initial value on the
x-axis scale indicates the TCSF/analyte boundary
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The n,rr changes at different analyte Rl for each sensor design are plotted as shown in Figure 5.
As shown in Figure 5(a), as the analyte Rl increases from 1.3000 RIU to 1.4000 RIU, the n.sf changes
also increase. An extremely small n.rr change occurred at TCSFO and the n.sr changes are almost
constant at a given analyte RI. However, the more significant n.;r changes were observed when
increasing the trench depth to the maximum of 50 um. Figure 5(b) shows the sensitivity changes
towards the trench depth calculated at the highest analyte Rl of 1.4000 RIU. The TCSF50 shows the
highest estimated sensitivity of 6.62726x107, and the TCSFO shows the smallest sensitivity of
2.22053x1077, with total sensitivity changes of 4.40673x10”. This is expected since the evanescent
wave highly ‘senses’ the disturbance from the analyte medium when the cladding layer is removed,
causing more light interaction between the sensor and analyte medium. The simulation results agree
with the simulation and experimental study of a side polished MMF, the closest design to the TCSF
conducted by Chen et al., [16] in which the sensitivity of the side polished MMF increases when
increasing the polished region.
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Fig. 5. (a) n.sf at different analyte Rl and (b) the sensitivity for TCSF at different trench depths ranging
from O um to 50 um

4. Conclusions

This work demonstrated the new unique design and simulation of TCSF sensor at different analyte
Rl ranging from 1.3000 RIU to 1.4000 RIU. The conducted design optimization at different trench
depth is greatly helpful in determining the best TCSF sensor sensitivity. In the simulation evaluation,
the optimized TCSF sensor measuring the different analyte RI shows different electric field
distributions and evanescent fields without being overlapped. The highest estimated sensitivity
achieved by the TCSF sensor is 6.62726x1077 with 50 um of trench depth. This sensitivity is higher
than the simulated TCSF at 0 um trench depth (or CSF) with an estimated sensitivity of 2.22053x107.
The simulated design evinced TCSF design as a convincing one for a new OFS type.
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