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Advancements in fabrication of miniaturized optical scanners would benefit from micrometer sized optical fiber
tips. The change in the cross section of an optical fiber tip is often accompanied with the presence of a longer
tapered area. The reduction of the cross section of double clad optical fibers (DCFs) with a flat interface surface at
the region where a change in the cross section takes place (with an abrupt change in the cross section) is
considered in this paper. Various methods such as heating and pulling, wet etching using hydrofluoric acid (HF),
and etching in a vaporous state were explored. The optical etching rate and its dependence on the temperature of
the etchant solution were also determined. Optical fibers etch linearly with time, and the etching speed is
dependent on the temperature of the etchant solution which shows a parabolic trend. The flatness of the surface
at the cross section change is an interesting parameter in the fabrication of submillimeter sized scanners where
the light is transmitted through the core of the DCF, and reflected light is collected through the inner cladding of
the same fiber, or vice versa. The surface flatness at the interface was compared among different fiber samples
developed using the aforementioned techniques. This research illustrates that the wet chemical etching per-
formed by blocking the capillary rising of etchant solution along the fiber provided advantages over the heating
and pulling technique in terms of light intensity transmitted to the target sample and the reflected light collected

through the interface of etched cladding.

1. Introduction

Optical fibers are cylindrical-shaped dielectric waveguides, with a
central cylindrical core surrounded by an outer cylinder that has a
slightly lower index of refraction. The light is transmitted through the
fiber’s core due to total internal reflection. Optical fiber-based devices
are continuously emerging in a wide range of applications due to their
capability to work in harsh environments, immunity to electromagnetic
fields, feasibility to remotely monitor a process/work, and use in
fabricating light-weight and compact sized devices. The applications of
optical fibers include: networking systems [1]; sensing applications such
as measuring air humidity [2], temperature, pressure, strain, displace-
ment; sensing load and vibrations in an industrial plant [3]; design of
traffic monitoring devices [4], and biomedical sensors. In the biomedical
field, optical fibers represent a key element for endoscopic imaging used
for cardiovascular imaging, angioscopy, ophthalmology, oncology,
gastroenterology, neurology, dermatology, and dentistry applications
[5]. There are large number of optical fiber based biomedical sensors

developed for in-vivo measurements of physical parameters such as
body and tissue temperature. These biomedical sensors are mainly
useful in magnetic resonance imaging (MRI) and radiofrequency (RF)
hyperthermia therapy for cancer treatment, testing of pacemakers and
implantable devices [6,7], pressure measurements (cardiovascular,
intracranial, urological/rectal) [6,8], blood flow rate to monitor
changes in microcirculation [6,9], detecting breathing conditions by
monitoring the humidity in respiration [6], measuring biting force in
dentistry [6], and detecting radiation dose in radiotherapy [6]. There
are some other biomedical sensors developed for investigating chemical
properties of body fluids to detect different diseases. Some of these fiber-
optic catheter sensors are developed for detection of bile component in
reflux disease (Bilitec 2000) [10], pH level in blood, tissue or gastric
fluid [6], oxygen content in blood or respiration [6], carbon dioxide, etc.
[11]. The recent advances in these technologies enabled the integration
of optical fibers in textiles developed as wearable sensors to measure the
aforementioned biological signals like heart rate and breathing, oxygen
saturation, temperature etc. [12-15].
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The introduction of optical fibers as light waveguides enables the
miniaturization of a wide range of devices [16-18]. In the biomedical
imaging field, it permits the fabrication of miniaturized endoscopic
probes that can detect lesion/tumor tissue at early stages with micro-
meter sized resolution and assist as a guide for biopsy tools during
diagnostic procedures. Various small sized optical scanning probes have
been recently developed by vibrating the distal tip of a single mode
optical fiber at resonance using an actuator placed few millimeters away
from the free end [19-25]. The vibrating fiber shines light on the target
sample, and the reflected light signal is captured by a charged-couple
device (CCD)/complementary metal oxide semiconductor (CMOS)
camera using an optical lens system [25], or external optical fibers
placed at the periphery of the central vibrating fiber [19,26]. Analogous
to the latter method, it is possible to miniaturize an optical scanning
device by using a double clad fiber (DCF) where the central core of the
fiber is used to shine the light on the target sample and the backscattered
reflected light is collected through the inner cladding of the fiber, which
is then used to reconstruct the image of the scanned object [27,28]. The
scan area is dictated by the tip displacement of the distal end of the fiber,
and the natural frequency of a cantilevered fiber can be increased by
reducing the diameter of the vibrating portion to make it compatible
with the driving frequency offered by micro-actuators [29]. The length
of an etched surface or tip has an inverse relation with the natural fre-
quency. An etched tip having a length of 2 mm is considered in this
paper such that for an etched diameter of ~12 um, it allows a resonant
frequency of 2-3 kHz.

In other words, the performance of small sized optical scanners can
be improved by extending only the core section as a cantilever. How-
ever, the fabrication of a small sized cantilever requires that the distal
end of the inner cladding surface be perpendicular to the illumination
path to capture the maximum amount of the incoming light. The pres-
ence of two light transporting mediums with different refractive indices
in an DCF enable the characterization of the interface surface by
transmitting the light through one medium and collecting the reflected
light through the other medium. In the case of the application described
above, it is possible to obtain fluorescence imaging where an infrared or
visible light is transmitted through the core shines on the target, and the
reflected fluorescent signal with the longer wavelength is collected
through the inner cladding acting as a multimode light guide. The
fabrication of such a stepped fiber is presented in this paper.

Optical fibers are often tapered down to get micrometer or nano-
meter sized fiber tips, enhancing the sensitivity of the sensor in some
applications and allowing its use in scanning near-field microscopy, or in
biomedical fields to monitor tissue surfaces at the cellular level [30,31].
Typically, the tapering of an optical fiber consists of smoothly reducing
the diameter of the fiber. Submicron sized glass structures can be
fabricated using various methods, including sandblasting [32], chemical
etching [16,33-35], heating and pulling [36], focused ion beam etching
[37], dry reactive ion etching [38], and laser micromachining [39].
Among these methods, chemical etching and heating and pulling are the
most cost effective and feasible solutions for fiber section reduction.

In the heating and pulling method, a large amount of heat, generated
by a flame, electric arc, or a high-power laser, is applied to the fiber to
locally increase the temperature until it reaches its glass transition
temperature. At the same time, the fiber is pulled axially to reduce the
section. The tapered fiber generated with this method conserves its
geometrical aspect, as the core and cladding are both reduced in
dimension at the same rate [36].

Another available technique to reduce the cross section of an optical
fiber is chemical etching, which predominantly uses hydrofluoric acid
(HF) as an etchant. This technique is normally used to etch optical fibers
to obtain nanometer sized fiber tips for use in optical sensors [33-35]. It
is possible to reduce the section of optical fibers using the etchant so-
lution in a liquid or vaporous state.

The tapered fibers with a stepped interface surface fabricated using
these methods are characterized by transmitting light through the core
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of the DCF towards a mirror and collecting the reflected light through
the inner cladding of the fiber. A double clad fiber coupler (DCFC) is
used to separate the light transmitted through the core of the fiber and
the reflected signal passing through the cladding.

Both the heating and pulling, and chemical etching techniques lead
to the formation of a longer tapered region at the interface surface where
the reduction in diameter takes place. In this study, both of these
methods were used to reduce the diameter of a glass DCF (SM-9/105/
125-20A, Nufern) tip resulting in an abrupt change in the cross section
(stepped fiber tip).

An optical fiber having a few millimeters long tip with a very small
diameter may even find use in a variety of other optical devices and
scanners such as temperature sensors [40], humidity sensors [41], or
interferometers [42] depending on the type of the fiber used.

This paper is organized as follows. The fabrication process of the
stepped fiber tip using heating and pulling, and the wet chemical etching
method is presented in Section 2. The simulation work of the chemical
etching process is reported in Section 3. The testing of the surface flat-
ness at the stepped interface is described in Section 4. The results of the
experimental work are discussed in Section 5. The conclusions for our
work are provided in Section 6.

2. Experimental work

2.1. Fabrication of a cantilevered section using the heating and pulling
method

In the heating and pulling method, the reduction in the cross section
of an optical fiber is performed by heating the fiber and pulling it apart
at the same time. The schematic diagram showing an overall fabrication
process for the cantilevered tip of the fiber is illustrated in Fig. 1. First,
the plastic protective jackets on the fibers were stripped away. A 125 pm
Multi-Mode Fiber (MMF) with 105 pm core (MM-S105/125-22A,
Nufern) was tapered down to a 12 pm outer diameter to obtain a core
diameter of about 10 pm (assuming the ratio between the outer diameter
and the core diameter remains same after tapering process), which
closely matches the core size of a DCF fiber (outer diameter of 125 um,
and core of 9 pm). The schematic of this step is shown in Fig. 1a. Fiber
tapering was achieved by heating the fiber to its glass transition tem-
perature (~2000 °C), then pulling one end at a velocity of ~ 1.00 mm/s,
performed automatically by a Vytran glass processing station (GPX-
3000, ThorLabs). The filament power (36.0 W), delay (2.00 s), and
pulling velocity (1.00 mm/s) provided a precise tension profile, gener-
ating the desired diameter for the tapered section.

The tapered fiber was then cleaved off with a precision diamond
blade scribe providing a quasi-flat and perpendicular glass end face, as

a. Taper multi-mode fiber (MMF)
A

b. Cleave the tapered MMF

MMF
—m

c. Align and connect the tapered MMF to core of double-clad fiber (DCF) using 2-step splicing
process

125pum Tapered MMF

Profiler

d. Cleave the MMF at desired offset (2mm)
2000pm

Fig. 1. Schematic of fabrication process of the cantilever fiber using the heating
and pulling method.
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in Fig. 1b. The tapered fiber was then aligned with the DCF core by
connecting the proximal end of the DCF to a laser and monitoring the
maximum relative power transmitted through the aligned fiber cores, as
schematized in Fig. 1c. Usually, the maximum transmitted light varied
from 60% to 90% of the incoming light, depending on fabrication im-
perfections. The fibers were then spliced using a two-step splicing
method aligning their cores. In the first step, the fiber tips were slightly
melted and connected with a hot push of 8.0 ym and 47.0 W of filament
power for 2.00 s. Secondly, more power was applied to strengthen the
connection optically and mechanically by applying a filament power of
50.0 W with no hot push. The spliced MMF was then cleaved off at the
desired length (2.00 mm in our case) from the spliced region (Fig. 1d).
The two-step splicing process allowed a firm connection minimizing
distortion at the splice joint.

2.2. Fabrication of a cantilevered section using the chemical etching
method

In the chemical etching method, the fiber was submerged in an
etchant solution until it reaches the desired dimensions. The geometrical
aspect of the fiber was changed by dissolving only the outer cladding
surface. The reaction between HF and the fiber surface is characterized
by one of the following reactions (1) or (2).

SiO, + 4HF2SiF, + 2H,0 (@]

Si0, + 6HF 2H,SiF + 2H,0 2)

The first reaction is dominant in diluted HF solutions, while the
second one prevails in concentrated etchant solutions [43]. The surface
etching reactions described above are a simplification of the actual re-
actions occurring in the solution. The chemistry behind the actual
etching process is more broadly described in literature [44-48]. One of
the key points of the glass dissolution chemistry is that the HF solution is
dissociated into various species; among which HF and HF5 mainly
control the surface etching [44,49]. Both reactions are characterized by
a negative reaction enthalpy. Thus, the etching reaction is a slightly
exothermic reaction. For the purpose of wet etching, a Buffered HF so-
lution with a stabilized HF activity (Buffer HF Improved or Buffer Oxide
Etchant) is often used due to the toxicity of HF. In most etchant solu-
tions, ammonium fluoride (NH4F) acts as a buffering agent and controls
the pH of the solution maintaining the HF concentration described by
the following reaction [50]:

NH,F2NH; + HF 3

Etching is highly dependent on the temperature and concentration of
the etchant solution. A high temperature and/or concentration of the
etchant leads to the rapid dissolution of the glass surface. Moreover,
stirring or agitation of the etchant solution also enhances the reduction
of the cross section by promoting diffusion of the reactant to the fiber
surface and removal of by-products. The etching rate is approximately
double with a 10 °C increase in temperature at a given concentration of
the solution [51]. However, high temperature, concentration, and
presence of agitation in the etchant solution increase the evaporation
rate of the solution making it hazardous to work with.

The buffered solution used in experiments was a mixture of NH4F
(40%) and HF (49%), combined in a volumetric ratio of 6:1. The solution
had an HF concentration of 3.25 M and a pH of ~ 4 [51]. The small
concentration of HF solution caused the etching process to be slow as
compared to the heating and pulling method, but it allowed the gener-
ation of a stepped fiber tip with the continuity of the fiber core in
addition to the desired change in the cross section. Additionally, it was
possible to fabricate multiple cantilevered fibers at the same time
allowing batch fabrication. The buffered solution had a vapor pressure
and boiling temperature similar to that of water enabling the use of an
etchant solution in an open system with limited evaporation. Further-
more, the presence of a floating plastic tray, as will be seen later, reduces
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the open surface by a considerable amount. Thus, the amount of etchant
evaporated during the etching process was very small and did not have
any impact on the process.

With chemical etching, a tapered region (~600 pym axially) is often
formed at the transition zone of the fiber. This tapering process occurs
due to the capillary (meniscus) effect causing a slight rise of the HF
solution with respect to the surface of the liquid along the optical fiber
dipped in it. The HF that rises along the sidewalls of the fiber reduces its
diameter, causing the tapered section [52]. Thus, the capillary effect can
be blocked by preventing the presence of the etchant solution in contact
with areas above the liquid interface of the dipped fibers. To accomplish
this, a thin membrane of Ecoflex silicone rubber (Ecoflex 00-20,
Smooth-On) was attached to a small plastic tray that floated on the
surface of the HF. Small holes were drilled in the tray and the flexible
membrane. The plastic protective coating on the fibers was stripped, and
the fibers were passed through these holes, protruding ~ 2 mm into the
HF solution. The flexible membrane closed the hole around the sidewalls
of the fiber during the etching process, which prevented the solution
from rising along the walls, and thus preventing the tapered region.

Fig. 2 shows the schematic of the setup used for the etching process.
The buffered HF solution was held in a plastic container carrying the
floating plastic tray with the fibers. This setup was placed inside a
container of water and was placed on top of a hot plate; which guar-
anteed the uniform temperature of the solution during the etching
process. Fibers were then taken out of the solution individually at spe-
cific time intervals and examined under the microscope to characterize
their diameters.

As stated earlier, the etching process is greatly affected by the tem-
perature of the etchant solution. To account for this variation, etching
was repeated at different temperatures (from 23 °C to 35 °C) by heating
the water and the etchant solution using a hotplate. The water tem-
perature was measured at regular intervals with a thermometer. As
stated earlier, the etching reaction is slightly exothermic, but due to the
large amount of the etchant solution and water, the temperature change
during the process was very small (<1 °C).

It is also possible to etch an optical fiber using an etchant solution in
a vaporous state [53]. The overall etching reaction was the same as the
one described earlier, with the difference being that there was conden-
sation of the etchant vapour on the fiber surface, followed by the etching
reaction, and the evaporation of the by-product [54].

As described earlier, the buffered solution is characterized with a
small vapor pressure. Thus, the vapors generated at room temperature
will be available in small amount. A high concentration HF (48%) so-
lution was used to create the vapor etchant and was heated up to 35 °C.
The elevated temperature and high concentration of the etchant caused
rapid vaporization, and a high etch rate. An Ecoflex membrane was

Oiical f'b\e:s

Plastic tray

carrying
the fibers \.

Buffer HF Improved
— —

Hot plate

Fig. 2. The schematic of the setup used for etching the optical fibers.
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Optical
fib\:s

Ecoflex o o
membrane e —_— mm—
aﬂachedm\@
lid of container
HF vapour
Water HF solution

Hot plate at 35°C

Fig. 3. The setup used for etching optical fibers at vaporous state.

attached to the bottom of the container’s lid, and fibers were inserted in
the HF vapor via holes in the lid and membrane. The schematic diagram
of the test setup is shown in Fig. 3.

3. Simulation of wet chemical etching

The etching process can be analytically modeled as a diffusion-
controlled or a reaction-controlled process based on the reaction rate.
Usually, the etching reaction is quite fast, and the process is controlled
by the diffusion of the reactant species to the surface. The etchant flow
impacts the process as well. Thus, convection needs to be considered in
the calculations in case the etchant is not stationary. In our case, the
etching process occurred in a stationary etchant solution, and no con-
vection needed to be considered, which simplified the calculations.

The mathematical model describing the etching process can be either
formulated using a moving grid approach [55,56] where the moving
boundary tracks the etching process by change in shape, or a fixed grid
approach [57,58]. In the latter case, the total concentration of the
etchant solution given by the sum of reacted and unreacted portion is
considered to be constant. The reacted concentration changes as the
etching proceeds and allows for calculation of the etch front surface
[59].

The governing equation describing the etching process is the mass
diffusion equation described below:

% =DV’ C)
where c is the concentration of HF solution, and D is the diffusion co-
efficient [53].

The velocity of the moving interface is given by:

v KM ®)

mp g,

with R being the reaction rate at interface, Mgyp, and psyp being the
molecular weight and the density of the optical fiber, respectively, and
m is the stochiometric reaction parameter from Egs. (1) or (2) [53].
The etching process at the interface of fiber-etchant solution was
simulated in COMSOL Multiphysics ambient using a moving boundary
approach. It was possible to model the etching process as a 2D case due
to the axial symmetry of the geometry. A zoomed version of the model
geometry showing the optical fiber in an etchant solution schematized in
Fig. 2. is shown in Fig. 4. The etchant solution surface in contact with the
plastic tray was modelled as a surface with zero normal displacement.
The white portion in Fig. 4. represents the section of the fiber under the
etching process and the etched surface was considered as the deforming
boundary. It was considered that the concentration of the etchant

Optical Fiber Technology 61 (2021) 102436

Zero normal displacement

Deforming boundary

Etchant solution

Fig. 4. 2D geometry of wet etching assembly with the prescribed bound-
ary conditions.

solution was constant and equal to its initial value at the bottom surface
of the etchant solution.

The diffusion of the etchant solution around the fiber interface was
modelled using Transport of Diluted Species (chds) physics. In addition,
the deformed geometry module described the moving geometry at the
interface with velocity v. The diffusion coefficient for HF and HF; is
3x107° m?/s [60].

4. Collection of reflected light

The flatness of the stepped interface surface at the transition section
affects the collection efficiency of the reflected light. This can be char-
acterized by sending light through the core of the fiber and capturing the
reflected light from a target surface in front of the fiber. In the case of an
irregular surface at the etched region, some of the incoming light will be
further reflected or scattered away.

The schematic diagram of a setup to quantify these intensities is
shown in Fig. 5, where PO, P1, and P2 represent the laser power incident
on the mirror, power backscattered from the transitional interface, and
overall reflected light measured from the detector, respectively. There
was no noise signal generated by the presence of ambient light. PO was
measured by placing the detector in the mirror position. The back-
scattered light from the transition zone was the power detected by an
optical power meter, as in the setup of Fig. 5, by blocking the light beam
between the objective lens and mirror. Thus, the power reflected by the
mirror, P3, can be calculated as:

Power reflected by mirror (P3) =P2—P1

A laser compatible with the used DCF (A = 1310 nm) was connected
to the proximal end of the fiber with the help of a DCFC (DC1300LEFA,
Thorlabs). The DCFC was designed to have the inner cladding of the DCF
fused with a 200 um core of a parallel MMF to siphon off power in the
inner cladding towards the detector. The schematic diagram of the in-
ternal structure of a DCFC is shown in Fig. 6 (taken with the permission
of [61]). The light in the single mode core was transmitted with no loss,
while the multimode transfer had a ratio of output (port B) to input (port
S) signal of >60% [61].

The optical diagram, illustrated in Fig. 6, depicts the illumination
and detection path of the light. The objective lens was placed at the focal
length (~16.5 mm) away from the fiber tip and collimated the incoming

1011y

Fig. 5. The schematic diagram for the capture of reflected light from a mirror.
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Single Mode Core
Light Collection and lllumination
(Red Arrows)
PortA PortS
<= Double-Clad Fiber é—’;]
Single Mode
Core Signal Multimode Inner Cladding
Light Collection (Grey Arrows)
Muttimode
Signal
<::' Multimode Fiber
Port B PortR

Fig. 6. Schematic diagram of an DCFC (taken with the permission of [61]).

light to the mirror surface, which transmitted the reflected light towards
the fiber cladding.
Thus, the efficiency of the DCF system is defined as:

P2 Pl
ik

PO ©)

Due to the flat or irregular surface, some of the light was back re-
flected at the interface region. Back reflection, or optical return, is an
undesirable effect in the fibers and is characterized by the contrast be-
tween the amount of light reflected by the mirror (P3) and the back-
reflected light measured by blocking the light towards the mirror (P1):

P3
Contrast = — 7
ontras Pl ( )

5. Results and discussion

The heating and pulling technique described above requires the
interconnection between the cross sections of two different fibers by
melting their ends at the glass transition temperature and connecting
them together. The microscopic images of the fibers during different
steps of the process are shown in Fig. 7. From the figure, it can be seen
that in the first step, the cross section is reduced to the desired di-
mensions, then aligned with the fiber having the original cross section
and spliced together. From Fig. 7, it can be seen that the process
generated a quasi-flat surface at the transition region between the large
and small sections of the fiber.

One of the drawbacks of this method was that a fraction of the
excitation light from the laser device was scattered and lost at the spliced
region. Thus, a higher light intensity was required to illuminate the
target, and the leaked light added to the background noise in the target
sample. It is reported in the literature that the reheating of the silica
fibers leads to the reduction of strength of the fibers by the adhesion of
solid particles to the fiber’s surface causing residual stresses in the

h— immw

l Tapering

l Aligning

I ! l 12um

d

125pm (DCF)

l Splicing

e o 3 47 4 4 8 et m

Fig. 7. Microscopic images of fabrication process of cantilevered fiber using
heating and pulling method.
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Fig. 8. The cross section of the fiber after etching in: a) an open surface; b)
presence of an Ecoflex membrane.
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Fig. 9. Fiber diameter in time during etching at 23 °C.

spliced area [62,63]. In the Vytran splicing setup used in here, a high-
purity Argon gas flowed over the fibers during fusion step to enable a
clean spliced region without degrading the mechanical strength of the
joint [64].

In the chemical etching process, the fiber was dipped into a buffer
etchant solution. In an open container, etchant solution rose along the
fiber at the open interface surface due to capillary action and caused the
tapering of the cross section as can be seen in Fig. 8a. The tapered region
created by the etching solution at ambient temperature is ~ 600 um. The
flat interface was generated through the use of an Ecoflex membrane to
prevent the rise of solution up the sides of the fiber. It provided a quasi-
flat interface surface as can be seen in Fig. 8b where the tapered region is
less than 90 pm.

The wet etching process was evaluated at different temperatures
within the 23 °C-35 °C range. The simulation results at 23 °C are
compared with the experimental results in Fig. 9. The etching process
was repeated multiple times to evaluate the reproducibility of the pro-
cess and check the variance of results. Some of test results performed at
the same conditions are shown in Fig. 9 as test 1 to test 4 and compared
with theoretical simulation results showing the compatibility between
the results.

_ 09
€08 1
€ -7
Eor ..
% 06 ,“,.,,
E’ 05 --_,b”
504 =
L
03
20 25 30 35 40

Temperature [°C]

Fig. 10. Etching rate in function of water temperature.
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a)

Cantilevered section

/

Reflected light

Objective
Lens

Fig. 12. Optical diagram of the proposed light collection setup.

The etching of optical fibers was repeated at different temperatures
within the prescribed range, and an etching curve like Fig. 9 was ob-
tained in each case. The trend of each curve defining the fiber diameter
in time represents its etching rate and is recorded as a point in Fig. 10,
which described the etching rate in function of temperature. As the
temperature of the etchant solution increased, the etching rate
continued to increase with a parabolic trend as can be seen in Fig. 10.
The etched fiber obtained with this method as shown in Fig. 11a, had a
quasi-smooth and linear surface.

In the case of fiber etching using HF in a vapor state, the concen-
tration of the vapor decreased as the distance from the liquid surface
increased. Thus, the fiber was etched more towards the free end, and the
fiber was semi-linearly tapered as shown in Fig. 11b. Thus, etching using
a vaporous state did not yield the desired stepped structure and was not
further investigated.

The amount of light intensity collected by the cladding of cantilev-
ered fiber samples is considered following the schematic of Fig. 12. In
the case of a cleaved DCF with no cantilevered portion, the light
incoming from the core of the DCF was 12.35mW, while the measured
reflected light was 7.41mW, and the optical return was 72.1 uW. Thus,
the efficiency (n) was ~ 59.33%, while the contrast was 101.78.

In the case of the spliced fiber, the light incoming from the laser was
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b)

Fig. 11. Etched fibers: (a) using liquid HF solution; (b) using HF vapor.

Similar data obtained for the chemically etched fibers is summarized
in Table 2. In this case, no light leakage occurred in the transition zone
due to etching of just the cladding surface. Thus, the light intensity at the
fiber tip was much higher compared to the heating and pulling method.

From the measured data, it can be summarized that the efficiency
and the contrast of the samples were highly variable among the samples
fabricated using both methods. In the case of the heating and pulling
method, it was mainly a function of the filament power, the alignment of
the DCF fiber, and the taper of the MMF fiber.

In chemically etched fibers, the flatness at the interface surface is
highly dependent on the straightness of the fiber in the plastic tray. The
variability among the samples was avoided by placing the fibers
perpendicular to the etchant surface, which will also result in a nice flat
stepped interface.

6. Conclusion

The fabrication processes to make micrometer sized double clad fiber
tips with a step reduction of the cross section using the heating-pulling
and the chemical etching methods are shown in this paper. Such fibers
can be used as a resonant scanner by fixing the larger section and
exciting the thin section of the fiber with a micro-actuator. In the first
fabrication process, an MMF was tapered down and spliced to a DCF. In
the second technique, a buffered etchant solution with stabilized HF
activity was used to etch the fibers. To get a flat transition, a flexible
membrane was attached on the bottom surface of a plastic tray holding
the fibers. The flexibility of the membrane caused the continuous closure
of the membrane around the fiber and prevented the formation of a
meniscus that caused tapering in the fiber. Wet etching was performed
using the etchant solution at vaporous and liquid states, with the latter

Table 2
Light transmission properties through the fibers fabricated using the etching
method.

3.425mW, but there was some power leakage at the spliced region due to Sample Light Measured Optical 1 Contrast
. . . . . . . number Intensity at reflected light ~ return (P1)
imperfect alignment of the cores. The light intensity at the fiber tip was fiber tip (P0)  (P2)
much smaller and varied among the samples depending on the light
transmission at the transient section. The parameters characterizing the ! 11.58mW 1.252mW 0.243mW 871% - 4.15
: : - Hnep ) lzing 2 11.58mwW 0.463mW 0.034mW 3.70%  12.67

collection of reflected light for three different cantilevered fibers are 3 11.58mW 1.882mW 0.041mW 15.89%  44.45
reported in Table 1.
Table 1
Light transmission properties through the fibers fabricated using the heating and pulling method.

Sample number Transmission in spliced section Light intensity at fiber tip (P0) Measured reflected light (P2) Optical return (P1) n Contrast

1 86.26% 2.96mW 0.154mW 0.007mW 4.95% 20.68

2 64.82% 2.22mW 0.213mW 0.031mW 8.21% 5.96

3 89.17% 3.05mW 0.148mW 0.007mW 4.64% 21.49
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one allowing the fabrication of smooth surfaced stepped fibers.
Some of the advantages of using chemical etching over the heating
and pulling method are:

e Continuity of the core at the transition zone. Thus, the light coming
from the laser is nearly 100% transmitted to the distal end of the
fiber.

e No light leakage at the interface section causing less power needed to
illuminate the target sample.

e Possibility of batch fabrication of the fiber samples, i.e. many fibers
can be produced at the same time.

e The cantilever portion can be made as large as desired by dipping a
large portion of the fiber inside the etching solution. However, in the
heating and pulling method, the thin sections are limited to a length
of a few millimeters due to mechanical resistance.

e Very thin section fibers can be fabricated as compared to the heating
and pulling method.

e Consistency of geometry among the different samples.

Notwithstanding, HF is a volatile chemical to work with; although
this drawback can be eliminated by using a less concentrated or buffered
etching solution.

Moreover, in the case of the heating and pulling method, the prop-
erties of the fibers depended on the age of the heating element causing
variability among the samples. In addition, depending on the fusion
conditions, heating of an optical fiber can degrade its mechanical
strength, while the etching using HF does not affect its strength.

To conclude, wet etching is preferred over the heating and pulling
method to fabricate the micrometer sized stepped fiber tips with a flat
interface surface, which can find use in sub-micrometer sized optical
scanners and sensors.
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