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Abstract

Tapered optical fiber sensor technology has offered highly sensitive monitoring solutions to a wide
range of applications, from environmental to biomedical fields. Until today, many experts have been
working on tapering optical fibers to produce an optical-based viable monitoring system based on
light-matter interaction. Refractive index (R1) sensing is one of the most basic sensing mechanisms
in photonics. Herein, a simple, fast, and controllable tapering process was acquired by means of
a carbon dioxide (CO2) laser tapering system. The use of CO: laser allowed constant heating
temperature with which clean and symmetrical multi-tapers could be produced. The interaction of
CO: laser beam and silica-based optical fiber was discussed to explain the formation of tapered fiber
along with the RI sensing mechanism based on evanescence wave and analyte interaction. Sensors
with 2, 3, and 4 tapers showed extremely linear responses to the refractive index change, indicated
by degree of linearity values close to unity. The sensitivity increased from around 8a.u/RIU (2 and 3
tapers) to 9a.u./RI1U (4 tapers). In addition, all sensors had excellent reversibility. Since MTOFs were
reversible and sensitive in the wide range of refractive index, then they could be further proposed as
RI1-based environmental and biomedical sensors.
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Introduction

sensors have been

Up to now, refractive index (RI) detection has RI

been crucial because diverse chemical and
biological substances can be identified via RI
measurement (Bui et al., 2018; Hidayat et al.,
2023a). Provided the fact that environmental and
biomedical analyte RI values are typically between
1.3 and 1.5 (Butt et al., 2022; Razani et al., 2022),

recently applied in
environmental and biomedical fields. For example,
RI sensing can function for glucose sensing
(Azargoshash et al., 2020), gas sensing (Alkhabet
et al., 2022), water pollution monitoring (Halkare
et al., 2019), cancer early detection (Razani et al.,
2022), single-cell growth investigation (Cetin et al.,
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2021), and COVID-19 spike antigen quantification
(Dai et al., 2022). Amongst many types of RI
sensors, optical fiber-based RI sensors have been
recently preferable since they perform many
benefits, such as low weight, high stability, compact
size, protection against electromagnetic
interference, and many more (Taha et al., 2021).

Tapered optical fibers (TOFs) have become
highly effective systems for RI sensors due to
evanescent waves that penetrate the tapered region
and interact with the analyte. Various approaches
have been made to taper optical fibers, for instance
using flame brush technique (Ahmad et al., 2021),
chemical etching approach (Son et al., 2022), arc-
discharge route (Karimi-Alavijeh et al., 2022), and
CO; laser heating method (Bianco et al., 2022).
Thus, many scientists have extensively attempted to
produce high-quality TOFs.

From those various tapering approaches,
a review paper has explored their advantages and
disadvantages (Wang et al., 2022). According to
Wang et al. (2022), flame heating technology is the
most classical and low-cost tapering approach, but
it requires long preheating treatment to acquire
silica-based fiber softening temperature, and it is
problematic to keep the constant heat temperature.
The chemical etching method can be applied to any
type of optical fiber; therefore, its superiority is in
its simple procedure and low fabrication cost.
Unfortunately, the acid concentration steadily
decreases, which influences the corrosion rate.
Besides the waist diameter being difficult to control,
some residues may be attached to the corroded
tapered surface region. The arc-discharge technique
produces taper through a controlled electrode and
accurately sets the discharge time to prepare tapered
structures. However, continuous discharge may lead
to electrode power loss and reduce the quality of the
final tapered fiber. In contrast, CO; laser may reach
exceptionally high heating control accuracy to
prepare cleaner and more symmetrical TOFs with
a fast-tapering process. Taking all these
considerations into account, the CO. laser was
chosen as the heating source to create tapered fibers
in this present study.

While all the above-proposed fiber structures
had only one taper, multi-tapered fibers are also
important to study since, according to the theory,
more evanescence waves can be generated by
increasing the number of tapers (Wu et al., 2021).
Therefore, a comparative RI sensing of three
different multi-tapered optical fibers fabricated by
the CO- laser tapering approach is discussed herein.
In order to meet the criteria for future environmental
and biomedical applications, which require RI
sensing range of 1.3-1.5 (Butt et al., 2022; Razani

et al., 2022), the multi-tapered fibers were subjected
to test on water (n = 1.33) and ethylene glycol
solutions (1.35 <n < 1.43).

Materials and Methods

Initially, multi-tapered optical fibers (MTOFs) were
prepared using CO; lasing approach. Large core
multimode fiber with core, cladding, and jacket
diameters (in micrometers) respectively of 200, 225,
and 500 was selected as the material of interest
because it could promote more evanescent waves
than those of single mode fibers (Wu et al., 2019).
The process of tapering the large core fiber is shown
in Figure 1.
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Optical
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Motor
Stepper|

Experimental set-up for tapering process
using CO: laser

Figure 1.

CO: laser with a wavelength of 10.6um in the
infrared region was employed as the fiber heating
source. Since the CO; laser beam cannot be detected
by human eyes, the HeNe laser operating at
a wavelength of 632.8nm, which is in the red part of
the visible light spectrum, was introduced as the
laser guide. Optical mirrors appropriate for CO;
laser and HeNe laser were used to direct the laser
beams to the targeted large core optical fiber. The
optical fiber was placed on a translational motorized
stage. At this stage, the fiber could be pulled
automatically by an Arduino-based microcontroller
with the desired pulling time and speed. Thus, with
this CO2 laser tapering system, controllable
preparation of tapered fibers could be achieved by
controlling the heating and pulling parameters. The
fiber was tapered by heating its small section with
a CO- laser with a power of 36W. After 2 seconds
of lasing, the fiber was pulled at a speed of 1000 rpm
to reach a distance of 3mm. The process was
repeated to create multi-tapered regions.
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Figure 2. Optical spectral measurement set-up

Table 1. EG solutions with different refractive indices

EG:DIW RI
(volume ratio) (rounded value)
0:100 1.33
20:80 1.35
40:60 1.37
60:40 1.39
80:20 141
100:0 1.43

Next, the profiles of MTOFs were evaluated
using an AmScope microscope. The MTOFs were
tested as RI sensors using the experimental setup
shown in Figure 2. The tapered region was placed
on a glass-based sample holder. One end of the fiber
was connected to a Tungsten Halogen light source,
while the other end was plugged into a CCS 200
Thorlabs spectrometer. The optical spectra from the
spectrometer were recorded by a computer. MTOFs
sensing sensitivity, limit of detection, and
reversibility were evaluated. The sensor sensitivity
was tested from the optical spectra recorded under
different Rl media. In this case, ethylene glycol
(EG) solutions with different refractive indices were
prepared by modifying deionized water (DIW) and
EG ratio (see Table 1). The Rl values of the prepared
solutions were measured using a digital Kriss
refractometer K-05268. The sensor sensitivity was
calculated from the slope of transmitted intensity vs.
RI graph. Meanwhile, the limit of detection (LOD)
was calculated from the ratio of the standard
deviation and sensitivity (Al-Hayali et al., 2021). In
addition, the MTOFs sensing reversibility was
evaluated by comparing the optical spectra in
ascending and descending Rl measurements.

Results and Discussion

Schematic diagram of the tapered fiber profile is
given in Figure 3(a). The core and cladding
diameters of an optical fiber are reduced through
heating and pulling mechanism. The reduced fiber

diameter is defined as waist diameter and the length
of the tapered region is expressed as tapered length.
The transition region lies in between the tapered and
untapered region. Figure 3(b) displays the typical
taper profile of the prepared MTOFs. It is seen that
the taper profile produced by CO; heating was
symmetrical, in the sense that it had uniform waist
diameter and equal transition regions. The original
fiber had core and cladding diameters of 200um and
225um, respectively. The resulting tapered fiber
featured a waist diameter of 43um and a tapered
length of 794pm.

Tapering silica-based fiber is possible by
pulling the fiber while heated by CO, laser. The CO;
laser power is the direct heating parameter to control
the heat temperature on the fiber. The light energy
from the CO- laser working at a wavelength of
10.6um is absorbed by the silica optical fiber
providing localized heating (Harvey et al., 2021)
and can reach its softening temperature, which is
around 1600°C for silica (Amouzad Mahdiraji et al.,
2014). Therefore, the final tapered waist diameter
can be controlled via CO; laser power. The light-
matter interaction between CO, laser radiation and
an optical fiber is covered by Mie Theory which
includes absorption and scattering (Chryssou,
1999). Taking into account the bell-shaped of the
CO: laser beam and an approach of light absorption
and scattering from a thin rod, the power density
intercepted by silica fiber can be expressed as
(Chryssou, 1999):
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‘Waist diameter

Untapered fiber

Figure 3. (a) Schematic diagram of tapered fiber
profile and (b) microscope image of the
produced tapered fiber using CO2 laser
heating

_ Ptot _a _Z
I(z) = Tw? erf (\/fw) exp( wz) @

where P, @, d, and z respectively represent
the total power of the CO; laser, the CO, beam
radius, the fiber diameter, and the position where the
fiber is perpendicularly irradiated by CO, laser
beam. Since the CO; laser beam profile is Gaussian,
then the beam power decreases to e? along the
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perpendicular (z) axis. During the interaction, Qabs
representing the fiber absorption efficiency factor
plays an essential role because it directly affects the
energy absorbed by the fiber. Qaps Strongly depends
on the fiber diameter, r. Furthermore, the energy
from the CO; laser absorbed by the silica optical
fiber per unit time and per unit volume, q(z), is then
defined as (Chryssou, 1999):
d 222

erf () exv (—37)

2QapsPtot
nZw2r

q(z) =

Figure4. MTOFs produced by CO: laser tapering
approach. The white light spreading at the
tapered regions showed the existence of
evanescent waves

Figure 4 shows the MTOFs with different
numbers of taper. The presence of evanescent wave
in the tapered regions was proven by the while light
leaking in the fibers. Evanescent wave is generated
in the optically lower refractive index, the fiber
cladding, which attenuates after around the
wavelength order of the transmitting light (Chao and
Wang, 2022). When the propagating light passes
through the first taper, some of the transmitted light
in the core is coupled into the cladding that
generates evanescent wave, while the other part
remains transmitted in the core (Wu et al., 2021).
The remaining evanescent wave in the cladding is
recoupled into the fiber core when entering the
second taper for further transmission. The same
mechanism occurs in the third and fourth tapers.
Thus, muti-tapered regions in the optical fiber may
act as couplers. The light interference in the MTOFs
can be expressed as
I'= I + I + 2/l Lycos (et ®)

where 11 and I, respectively represents the
transmitted light intensity in the core and cladding,
Neo and ng respectively denotes the effective RI of

the core and cladding, L is the effective length of
taper, and A is the incoming light wavelength.
During the light propagation in the tapered region,
the evanescence wave penetrates the cladding. The
penetration depth, dp, for a particular light mode
enters at the core-cladding interface at an angle & is
expressed in Equation (4).

d. = A
(2 21/ (ncosind )2 —(ngp?

(4)

Figures 5-7 depict the graphs of relative
transmitted light intensity against wavelength for
MTOFs with 2, 3, and 4 tapers at different refractive
indices. In this experiment, it is revealed that the RI
sensing mechanism is based on the amplitude
modality. From the optical spectra, there are no
wavelength shifts detected for all Rl measurements.
The transmitted light intensity decreased as the EG
concentration increased, or optically speaking, due
to the RI increase. The optical spectra for all
positions of the peaks were identical for all sensors.
This suggested that adding number of tapers did not
degrade the optical properties.
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Figure 5. Optical spectral dependence of MTOF
(2 tapers) due to RI changes
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Figure 6. Optical spectral dependence of MTOF
(3 tapers) due to RI changes
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Figure 7. Optical spectral dependence of MTOF
(4 tapers) due to RI changes

The relative (highest) intensity at a certain
wavelength was plotted for every value of RI, as
depicted in Figures 8-10, for further linear
regression. Selecting the intensity at 750nm for
sensitivity calculation was appropriate because this
wavelength corresponded to the maximum intensity
observed in the recorded spectra. This approach is
widely adopted for intensity-based optical fiber
sensing; see, for example, studies reported in (Zhu
et al., 2024) and (Hidayat et al., 2023). This peak
indicated a strong and consistent optical response to
changes in the refractive index (RI), making it
a reliable and sensitive indicator for RI sensitivity
analysis through linear regression.

The dotted lines in the graphs represent the
linear fitting curves where the slope indicates the
MTOF sensitivity. The degree of linearity, R?, for all
sensors, was close to 1, implying that the linear
relationship nearly perfectly fit the observed data.
Thus, the transmitted light intensity in the MTOFs
was linearly dependent on the refractive index of the
medium. This result implied the MTOFs had high
linearity. The sensitivity values for MTOFs with 2,
3, and 4 tapers were respectively 8.092a.u./RIU,
7.718a.u./RIU, and 9.117a.u./RIU. Here, RIU
means refractive index unit. It was found that the
MTOF with 4 tapers performed the highest
sensitivity.

The lower sensitivity of the 3-tapered structure
compared to the 2-tapered and 4-tapered structures
was likely due to a combination of increased optical
losses (Karimi-Alavijeh et al., 2022), suboptimal
evanescent field interaction (Azargoshasb et al.,
2020), and less favorable interference effects
(Biazoli et al., 2012). In a 3-tapered design, light
transmission might be more disrupted due to
scattering and absorption. The interaction of the
evanescent field with the surrounding medium in
this structure might also be less efficient, and the
interference patterns in a 3-tapered structure might

not align as optimally as in other tapered fibers.
These factors together resulted in the lowest
sensitivity for the 3-tapered configuration.
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Figure 8. Linear fitting of MTOF (2 tapers) for RI
sensitivity determination
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Figure 9. Linear fitting of MTOF (3 tapers) for RI
sensitivity determination
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Figure 12. Reversibility of MTOF (3 tapers) measured
by ascending and descending RI values

Furthermore, the reversibility performances of
the MTOFs are given in Figures 11-13. It is noticed
that all the data points lie at the same value,
indicating that the MTOF sensors were able to
recover to the original condition after exposure to
EG solutions. Sensor tests for both ascending and
descending order of RI values produced similar
results. Reversibility is crucial to ensure that the
sensor can further detect RI with consistent results.
In principle, a sensor with good reversibility
represents its ability for practical operation (Al-
Hayali and Al-Janabi, 2020). As depicted in Figures
11-13, the transmission light intensity decreased as
the number of tapers increased, implying that more
evanescence waves were promoted in the fiber
sensors with a higher number of tapers. Similar
results were reported by other researchers (Wu
et al., 2021). The mechanism of light interference,
as expressed in Equation 3, applied in the tapered
fibers.

by ascending and descending RI values

In addition, the limit of detection that describes
the minimum analyte that can be sensed by the
sensor is also plotted in Figure 14. The limit of
detection increased as the number of tapers
increased. Although the sensitivity of the 3 tapers
structure was lower than those of the 2 and 4 tapers,
it could still be used as an RI sensor because the
sensitivity value was not too far from the other two
tapered fibers. Another study (Wu et al., 2021)
reported that their optical fiber sensors with 2 tapers
and 3 tapers showed very low extinction ratios of
transmission spectra as compared to 4-taper fiber.
Therefore, they only picked up the 4-taper fiber as it
was suitable for sensing (Wu et al., 2021). In our
work, all the sensors with 2, 3, and 4 tapers could be
applied as RI sensing, within the range of 1.33 -
1.43, with high sensitivities.
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Figure 14. Limit of detection of MTOFs
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Conclusions

MTOFs have been successfully prepared by direct
CO: laser heating. It was demonstrated that 2, 3, and
4 tapers exhibited excellent linearity (0.99) and high
reversibility. The sensitivity of the MTOFs tended
to increase as more tapers formed. The light-matter
interaction in the silica fiber with CO, laser
electromagnetic wave was explained by Mie Theory
which includes absorption and scattering. More
evanescence waves or deeper penetration depth
promoted in the higher number of tapers was shown
by the decreasing transmission light intensity as the
number of tapers increased. The highest RI
sensitivity in the range of 1.33-1.43 was achieved by
4 tapers optical fiber, i.e.,, and 9.117a.u./RIU.
Recalling that the sensitivity range lies in the
biomedical analyte RI values, MTOFs are,
therefore, promising to be applied in biomedical
fields.
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