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Abstract

An optimized chemical method is developed for etching the cladding of an optical fiber without
degrading its core. The goal is to obtain a smooth core surface that will be used further for sensor
development. This technique consists of attacking the cladding with a buffer solution made of
fluorinated salts. Three different concentrations in the buffer are used: 20%, 40%, and 60%. The bare
core could then be used for sensing application thanks to interaction with the light signal.

By following the evolution of the fiber diameter with the etching time, two different kinetics are
observed for each concentration. These two parts of the curve correspond to the attack of the cladding
and the core, and the transition point allows to find the time when the cladding is removed. With
increased buffer concentration, this etching time is decreased. Concerning the evolution of a light
signal transmitted throughout the fiber during the attack, three zones are observed on the transmitted
signal: (i) a small linear decrease at the beginning of the attack (degradation of the cladding), (ii) a high
drop in transmission (cladding is removed), and (iii) again a small linear decrease of the transmission
(progressive degradation of the core). The more the buffer concentration is high, the higher is the

transmitted signal loss.
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Finally, an optimized chemical condition is determined to obtain a good compromise between the time
of etching and the resulting signal loss in transmission while limiting the chemical risks associated to

the use of fluorinated salts.

Keywords: Etching, HF, Cladding, Optical Fiber, Surface Treatment, Chemical Attack

Introduction

Fiber-optic Evanescent Wave Spectroscopy Sensors (FEWS) are increasingly being developed and have
emerged to be applied as biochemical, biomedical, and environmental sensors [1,2]. Some advantages
of this kind of sensors include small size, immunity to electromagnetic and radio frequency
interference, remote sensing, multiplicity of information from a large number of sensors into a single
fiber, and in certain cases, low cost. An alternative design for a fiber sensor involves the replacement
of the different sections of the optical fiber with nanoparticles or coatings [3—6]. Indeed, typically an
optical fiber is made of a pure silica core with a high refractive index covered by a cladding with lower
refractive index [7,8]. The fiber can then be covered by a polymer for mechanical and chemical
protection. To modify the optical fiber in order to use it as a sensor, the transmitted signal must
interact with the external medium, which can be possible only if the cladding is removed [9]. This
operation is called the etching [10], and it is a very sensitive step to avoid degrading the core of the
fiber which can result in signal losses [11,12]. So, a main challenge is the chemical etching of the
cladding part, generally made of doped silica, without damaging the core.

To etch the cladding of a fiber, HF is generally used because of its high reactivity towards silica
[9,10,13,14], etching cream can also be used [15]. Reactions of HF with silica are represented as [1,16]:
SiO, + 4HF - SiF4 + 2H,0 (1)

SiO, + 6HF - H,SiFs + 2H,0 (2)

Etching rate is increased when HF concentration is maximized [2]. However, HF concentration and its

diffusion through the silica lattice are usually ignored when preparing chemical etching. In previous
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works [11,12], high HF concentrations have led to heterogeneous surfaces and high optical losses have
been attributed to the formation of surface corrugations and roughness during the chemical etching.
Moreover, the use of HF is very dangerous for the operator [15]. In order to avoid this effect, buffer
solutions with a low concentration of HF can be prepared controlling the surface conditions of the
core, reducing also the hazard of the process [11,12,17,18]. These compounds have still important risks
associated to their use as acute toxicity, skin corrosion/irritation, serious eye damage/eye irritation,
respiratory or skin sensitization and it is necessary to wear protective gloves/protective clothing/eye
protection/ face protection when working with them [19]. Nevertheless, it is less aggressive to work
with fluorinated slats than HF [20]. The control of the etching time is an important parameter: it must
be long enough to remove the cladding layer, but short enough to avoid a degradation of the silica
core of the fiber.

In this work, it is reported a new controlled method to remove the cladding part of an optical fiber
using 20, 40 and 60% w:v buffer solution (pH=3.5) of fluorinated salts, obtaining a homogeneous
surface of the core through a safer process. The etching time will be determined for each etching
solution and the evolution of a lighting signal during the etching process will be also assessed. An
optimal buffer concentration and etching time will be given, taking into account the quality of the fiber
core, the time of etching and the risks for the operator. SEM images of the fibers will show the different
surface aspects throughout the process.

Experimental

2.1. Optical fiber materials

Ultraviolet, non-solarizing optical fibers from Thorlabs (FG105ACA) were employed. These fibers,
whose specifications are represented in Table 1, present a broad spectral range (180 — 1200 nm) and
high laser damage resistance, ideal for a variety of applications, such as spectroscopy, UV
photolithography, laser delivery, and medical diagnostics, specifically between 190 — 325 nm.

Table 1: Specifications of the Thorlabs FG105ACA Fiber.

Specifications
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Core Diameter 105+ 2.1 um

Core Material Silica SiO,

Core Refractive Index 1.457405

Cladding Diameter 125+ 1 um
Cladding Material F-Doped Silica
Cladding Refractive Index 1.43944
Coating Diameter 250+ 10 um
Coating Material Acrylate

Operating Wavelength 180 —-1200 nm
Operating Temperature  -40to 85 2C

2.2. Etching protocol and microscope analysis

As mentioned in the introduction, to control the homogeneity of the chemical etching, a buffer
solution of ammonium fluoride (NH4F) and ammonium hydrogen difluoride (NH4HF;) (Sigma-Aldrich)
was prepared. A certain amount of these salts were added to 20 mL of water to obtain 3 different salt
concentrations: 20, 40 and 60% w:v solutions. To have a pH equal to 3.5, these salts were in a ratio
3.72:1 (w:w, NHsF:NH4HF;). Before the etching, the acrylate coating around the fiber was removed
with the help of a stripper after immersing the fiber parts in dichloromethane in order to soften the
polymer facilitating its mechanical removal with the stripper. A fiber was then immersed in 500 pL of
one of this buffer solution inside a single-slot 3D-printed support (around 4 cm to etch) in order to
reduce hazard. For each concentration, different etching times were performed in order to evaluate
when the cladding layer was removed. In these cases, a multiple-slot 3D-printed support was used to
etch several fibers in parallel with the same concentration, by removing those fibers after specific
times. Etched optical fibers were taken out, abundantly rinsed with distilled water to completely stop
the reaction, and then they were observed with optical microscopy to determine their diameters. The
evolution of the fiber diameter with time can be followed for each etching solution, each point of

theses curves was made 4 times to assess the reproducibility.
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The surface aspect of the fibers was also observed with field emission gun scanning electron
microscopy (FEG-SEM). The optical fibers to observe were attached on a glass slide. Then these slides
were analyzed by the Sigma 300 FEG-SEM from ZEISS at a magnification of 600X.

2.3. Set-up for optical measurements

In order to measurement the influence of the chemical etching of the optical fiber on a light signal
transmitted throughout the fibers, the following set-up was made. The optical fibers were connected
to a stabilized deuterium UV light source (SLS204, Thorlabs) which provided a broad emission spectrum
(200-700 nm) with a strong continuous spectrum at short UV wavelengths (200-400 nm). Figure 1
shows the emission spectrum of the light source.
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Figure 1: Emission spectrum of the UV light source

The other side of the fiber was connected to a CCD Spectrometer (Thorlabs, CC5200/M) that
continuously recorded the spectra between 200 and 1000 nm (Figure 2a). To achieve this
configuration, 2 cm of the acrylate coating from both sides were removed, as well as 4 cm of the center
to perform the chemical etching in a polypropylene 3D-printed support. The etching was made with
the three buffer concentrations as detailed in the previous section. The acrylate coating was removed
with the help of a stripper after immersing the fiber parts in dichloromethane. The final structure of

the optical fiber, where the etching took place, contained only the core part, as shown in Figure 2b.
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116  Figure 2: (a) Experimental setup and (b) Schematic representation of the core / cladding / coating

117 structure

118

119 3. Results and Discussion

120 3.1. Study of the fiber diameter evolution with the etching time

121 Figure 3 represents the evolution of the optical fiber diameter with the etching time for the
122 three different buffer concentrations. For each concentration, it is observed that the diameter
123 decreases with etching time as expected, but two behaviors are noticed. Indeed, there is a
124  change in the slope of the etching curve, and for each concentration, after a specific time, the
125  etching is slower. The first part of the curve (4 first points) corresponds to the etching of the
126  cladding layer, then, the second part (4 last points) corresponds to the etching of the core of the
127  fiber. The cladding is etched faster than the core in each case. Indeed, the cladding is made of
128  silica doped with fluorine [18] with is more easily degraded by the buffer solution than pure
129  silica which composed the core of the fiber [18]. In fact, the cladding layer is made of F-doped
130  silica which contains defects due to the presence of fluorine ions [21]. These defects allow a
131  faster degradation of the silica network by the reaction 1 and 2. Moreover, fluoride ions that are
132  involved in the HF/F- equilibrium are already present in the silica, increasing the degradation
133 rate of the network [22]. Table 2 denotes the curve equations for each layer with the three

134 concentrations, the change in the slope is mathematically observed. For each concentration, a

135 linear regression is fitted to the two sets of points, giving the two curve equations for the



136 cladding and the core etchings as denoted in Table 2 (six curve equations in total for the six sets
137  of points).
138 In Table 2, the ratio of the slope is also calculated for each concentration. This ratio is around
139 2.5 for the three concentrations, meaning that ratio of the kinetic of etching between the
140 cladding and the core is the same for the three concentrations.
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142
143 Figure 3: Diameter of the fiber in function of the etching time for (A) 20%, (m) 40% and (e) 60%
144  buffer. Each point is made 4 times, the error bars are really small due to the very low variability
145  on the measurements. For some points, the error bars are even smaller than the symbol used
146  for the series.
147  Table 2: Equations of the etching curves of Figure 3 and the corresponding R
Buffer Cladding etching Core etching Slope ratio
solution cladding/core
Equation R? Equation R?
20% y =-0.3643x 0.9989 y =-0.1363x 0.9835 2.7
+125.11 +111.92



40% y =-0.5336x 0.9954 y =-0.2298x 0.9755 2.3
+124.73 +112.95
60% y =-0.5999x 0.9976 y =-0.2398x 0.9807 2.5
+124.69 +111.09
148
149 When the buffer solution concentration increases, the etching is faster. Indeed, the slope
150 increases with the concentration. The point where the slope changes can be considered as the
151  time when the cladding layer is totally removed, called Tc. This time is equal to 58, 39, and 37
152 min for the 20%, 40%, and 60% buffer solution respectively. Depending on the concentration,
153  the optimal etching time (Te) must be chosen a bit bigger than Tcto be sure that the attack is
154 completed, and that all the cladding layer is removed.
155 Figure 4 illustrates the surface aspect of the fiber after different etching times (30, 33,36 39 and
156 42 min) for the 60% buffer solution. The homogeneous attack is clearly observed, after 30 min
157 (Figure 4a), the cladding layer is a partially degraded and a rough surface is noticed. With the
158  etching time increasing, the surface goes smoother. Around the time Tc determined on the
159 Figure 3 for 60% buffer solution (37 min), the surface is almost smooth (Figures 4c and d) and
160  after some more minutes, the surface is finally perfectly smooth meaning that all the cladding is
161 removed homogeneously.
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162

163 Figure 4: SEM images of the optical fibers at (a) 30, (b) 33, (c) 36, (d) 39, and (e) 42 min of etching time
164  inthe 60% buffer etching solution at a magnification of 600 X.

165

166 3.2. Study of the signal transmission with the etching time

167 Light transmission of the optical fiber was continuously registered during the chemical etching using
168  the CDD spectrophotometer, the three concentrations were evaluated. Figure 5 shows the different

169  spectra obtained as a function of the etching time for the three buffer solutions.
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Figure 5: Evolution of the transmittance through the optical fiber in the range 200-280 nm as a function
of the etching time (total time of 54 min) for an optical fiber treated in the (a) 20%, (b) 40%, and (c)
60% buffer solution.

The signal of the obtained spectra decreases as a function of the time. It indicates that the cladding is
etched from the beginning of the process. These peak areas were monitored during the etching time
for the three different concentrations. Indeed, Figure 6 presents the obtained relative intensities (I/lo)
in function of the etching time for the three concentrations. The first observation from Figure 6 is the
presence of two plateaus and a transition region in the three cases. The transition region appears faster
with the increase in the concentration and the loss in signal intensity increases also with the
concentration. The modifications of the signal intensity and the influence of the buffer concentrations

are explained in the following paragraph.
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Figure 6: Relative intensity of the signal in function of the etching time for the (¢) 20%, (o) 40%, and
(A) 60% buffer solutions.

Regarding the Snell-Descartes law [23,24], the limit angle to have a total reflection of the light at an
interface of two different materials having their own refractive index (Figure 7) can be described as

(equation 3):

10
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x= arcsin (Z—i) (3)

Where n;and n; are the refractive index of the core and the cladding, respectively.

Total internal reflections

Figure 7: Reflection of the light through an optical fiber [10].
In other words, the light is reflected through the whole fiber due to the difference of the refractive
indexes of the core (n;:) and the cladding (n;). The removal of the cladding leads then to 3 situations
which correspond to the three parts of the curves observed on Figure 6.
The first situation, which consists of the first plateau observed in Figure 6, is the removal of the cladding
without reaching the core. In this situation, the refractive index of the cladding slightly changes, leading
to a faint decrease of the signal transmission.
The second phase is the transition phase, where the light transmission falls (Figure 6). This is due to
the reach of the core. Throughout the fall, cladding is removed, and the external material becomes the
aqueous medium, having a refractive index of 1.2. Regarding the Snell-Descartes law (equation 3), the
limit angle decreases and the rays, which had satisfying incidence angles, are now ejected out of the
fiber, leading to signal losses.
Once the cladding is completely removed (second plateau on Figure 6), the fall slows down, but the
signal transmission continues to decrease. This third situation is due to formation of inhomogeneities
(pores) in the core as the attack continues. Indeed, the study by Zhong et al. [11,12] has concluded
that the deeper and larger the pores, the more affected the signal is. This is also why buffered solutions

are used to avoid signal losses, to be the most homogeneous as possible with the attack.
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Concerning the influence of the buffer concentration on the signal, according to Zhong et al. [11,12],
the reactive species are HF,” and H;F, and their concentrations increase with a more concentrated
buffer, increasing the etching rate. This is what is observed here, indeed, for the 20%, 40% and 60%
buffers, the transition region is reached after 60, 39 and 36 minutes, respectively. In the 20% and 40%
buffer, the core is reached at 64 and 44 minutes, respectively. For the 60% buffer, it is more difficult
to determine probably due to a fast degradation of the core.

So, by following the signal transmission evolution with etching time, it can be also deduced the time
where the cladding layer is removed (T¢) as did before on Figure 3. The Tc values are 60, 39, and 36
min for 20%, 40%, and 60% respectively. These values are really close to the values obtained with
Figure 3, confirming that these are the etching times to remove the cladding. The small differences can
be due to the use of different optical fibers which can have cladding with not exactly the same
thickness from one fiber to another (Table 1).

From the diameter measurements (Figure 3) and the signal transmission evolution (Figure 6), it results
that the 40% buffer solution is the most suitable solution for the etching of optical fiber, combining a
fast removing of the cladding (45 min — Figure 3, to ensure a complete removal of the cladding), a

lower dangerous HF molecules contents, and a low loss of signal transmission (Figure 6).

Conclusions

In this work, a method for etching the cladding layer of an optical fiber is developed in order to find
the optimized conditions to remove this layer without degrading the core of the fiber. This method
consists of a controlled chemical attack of the cladding with a buffer solution made of ammonium
fluoride (NH4F) and ammonium hydrogen difluoride (NH4HF,) salts. Three different concentrations in
the buffer are used: 20%, 40%, and 60%. The influence of this treatment is studied on the evolution of
the fiber diameter with the etching time and on the transmission of a UV light signal. The bare core

can then be used for sensing application thanks to interaction with the light.
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Results have shown that the fiber diameter decreases with the etching time with two different kinetics
depending if the cladding or the core is attacked. The transition in the etching kinetics allows to find
the etching time to remove the cladding. When the concentration of the buffer is increased, the kinetic
of etching is increased. By following the transmission of a light signal in the fiber during the etching,
the etching time to remove the cladding can be also determined to obtain the same time value when
following the diameter. Indeed, the signal transmission is divided into three zones: (i) a small decrease
in the transmission when the cladding is partially attack, (ii) a high drop in transmission when the
cladding is removed, and (iii) a small decrease in the signal when the core of the fiber is bare.

Finally, these characterizations allowed to determine the optimized chemical conditions to etch optical
fibers which is to use the 40% buffer solution for 45 min to remove the cladding. This condition gives
a good compromised between the time of etching and the resulting signal loss in transmission.
Moreover, the 40% concentration limits the chemical risks associated to the use of fluorinated salts.
Once the optical fiber is properly etched, it opens the way for the development of sensor thanks to the

interaction between the light signal and the external medium on this etched zone.
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