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Internal Ceramic Protective Coating of Hollow-Core Fibers

Jenny Jouin,* Philippe Thomas, Heloise Orihuel, Elodie De Sousa, Yann Launay,
Lyna Torzuoli, Benoit Debord, Ali Al-Dhaybi, Frédéric Gérdme, and Fetah Benabid

Dedicated to Nahum Travitzky

To optimize the use of hollow-core photonic crystal fibers (HC-PCF), their cores
are filled with an atomic gas for an ultra-enhanced interaction with an incident
laser beam in applications such as atomic vapor microcells. One challenge in
these gas-filled HC-PCFs is to control the physiochemical interactions between
the gas medium and the silica inner surface of the fiber core surround. In this
work, thus, the processing of ceramic coatings on glass substrates by chemical
solution deposition is focused on. Also, the successful implementation of an
original coating procedure for a deposition inside hollow-core fibers with complex
microstructures is described. It is indeed possible to form a thin, dense, inor-
ganic, and amorphous layer with a low thickness, low roughness, and high
transparency. To obtain such a result, several parameters must be controlled,
including the concentration of the solution, the technique and the deposition
time, as well as the heat treatment undergone by the fiber. In particular, the
selected aluminosilicate coatings, which are nonporous and present a 20-30 nm
thickness, demonstrate a considerable improvement of the lifetime properties of

down from high values superior to the
dBm™" level to 0.174 dBkm ™" in the tele-
com range,!"* with a transmission window
opened from the UV to IR ranges.’ This
improvement of the performances and
range of use in the HC-PCF is strongly
related to the complexification of the design
of their inner structures. As an example, we
can cite he generalization of negative
curvature-based shapes, associated with
small angles used to create point defects
as far as possible from the central guiding
area delimited by the silica cladding,® " or
the recent work on the rugosity of the
inner core of the fiber, decreasing its
losses in the UV/visible spectral range:
(0.9-50 dB km ').I""] These properties lead
to their use as atomic vapor microcells, by
filling their core with an atomic gas such as

the fibers filled with rubidium vapor, without modifying its original guiding

properties.

1. Introduction

In the recent years, the technology of microstructured optical
fibers has experienced a tremendous amount of innovation
with the introduction of hollow-core photonic crystal fibers
(HC-PCF).!"l Indeed, the internal geometry at the interface of
the hollow-core and the microstructuration of the cladding with
the well-known Kagome lattice are one of the major key to
enhance light confinement and then demonstrate ultralow
propagation losses due to the inhibited coupling guidance mech-
anism.”! As an example, in the span of 20 years, the losses went
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Rb or Cs for example. This gas can then
interact with the guided light and enhance
its properties.'*4

One limitation that can arise in these
systems is the temporal stability of the per-
formances, related with the longevity of the gas, or the fragility of
the devices. This kind of phenomena occurs in metrology appli-
cations, as the atomic gas, which is inserted inside the fiber to
interact with the transported light, can be deteriorated by two
main phenomena. The first one is its loss by being adsorbed
at the silica surface,!"® and the second one being its degradation
in quality following the outgassing of the fiber inside its own
core.’ Also, in the case of power offset applications, the inner
core can be irreversibly thermally damaged, which limits the use
of the fibers.'”! In these particular cases, a functionalization of
the inner core of the structure can be considered. For this, a pro-
tective coating can be applied at the inner gas/silica interface, its
main properties being to be dense enough to effectively hinder
the adsorption or outgassing, and to withstand to high power and
energy lasers, effectively protecting the cladding. In addition, the
coating should not decrease the original optical performances of
the hollow-core fiber in terms of transmission or light guidance.

In this context, alumina films could be an adequate candidate,
as they were already deposited as thin films with good mechani-
cal and optical properties, usually in their crystalline state."®! To
ensure a good compatibility of use with HC-PCFs, which are sub-
mitted to high mechanical constraints and bending, aluminosili-
cate glasses were favored in this study. In their bulk form, they
indeed present a good resistance to high temperatures and good

© 2024 Wiley-VCH GmbH
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hardness while keeping properties from the original silica glass,
including its structural organization.!"" In the form of thin films,
this material is chemically inert toward the gas that can be intro-
duced inside the fiber and the coating and can be densified to
effectively seal the inner core. It was indeed already used as a
chemically inert coating with good anticorrosion properties,*”!
or buffer layer in electronic systems due to its insulating proper-
ties or mechanical resistance.”’! From a compositional point of
view, it is close enough to the silica to consider a good adhesion
of the coating. Moreover, this material is known as a refractory
material with a relatively low thermal conductivity of
14 W mK 11?2 Finally, it is also used in optical systems due
to their refractive index that can be above 1.6 and high transmis-
sion in visible light.**) The composition of the films in this sys-
tem can be modified during the process and plays a role in the
optical properties, its refractive index increasing with the Al/Si
composition.””! As an example, for a composition Al/Si = 2,
a refractive index of 1.567 at 633 nm was reported, which is close
and slightly above the silica of the original fiber (n=1.457 at
633 nm).1*!

Most of the aluminosilicate thin films are deposited by physi-
cal methods, such as physical vapor deposition,*® chemical
vapor deposition,?>**® or radio frequency (RF) magnetron
sputtering.*Y! However, some reports are given about thin films
deposited by liquid based methods such as spin-coating or dip-
coating and presenting very good optical properties.?>** Indeed,
in the field of thin films deposition, metal-organic deposition of
liquid precursors is a versatile way to obtain low-thickness inor-
ganic thin films.*" It can be adapted to different compositions,
driven by the required application, and can be suitable to
substrates which are not flat, in the case of dip-coating or spray-
coating deposition methods.

In this article, we describe the synthesis and deposition of
aluminosilicate films on glass substrates of different geometries,
the goal being to avoid the gas/surface interaction and increase
the lifetime properties of the fibers filled with vapors. The films
were deposited from sol-gel chemistry-based solutions, and their
chemistry and microstructure was studied. Finally, a coating
method was developed to cover the inner core of an HC-PCF
and enhance its properties.

2. Experimental Section

The deposit solution, with a metal concentration of 0.8 mol L™,
was synthesized first by the dissolution of aluminum nitrate

www.aem-journal.com

nonahydrate (purity > 98%, 7784-27-2, Sigma Aldrich) into abso-
lute ethanol (purity 96%, 64-17-5, Alfa). Then, after complete dis-
solution, tetraethyl orthosilicate (purity 99.999%, 78-10-4, Sigma
Aldrich) was added in the solution with an Al/Si ratio of two and
left to maturate for 12 h. Three different solutions were prepared.
In the first one, the system remained at room temperature for the
duration of the synthesis, and in the second one, it was kept at
40 °C while in the last one, a reflux of 2 h at 80 °C was applied to
the mixture. After the syntheses, all the solutions were stored
into a fridge.

Differential scanning calorimetry (DSC), thermogravimetry
(TG), and X-Ray diffraction (XRD) were used for the powders’
characterizations. Thermal analyses were conducted on a simul-
taneous thermal analyser (STA) 449F3 apparatus from Netzsch
using solutions previously dried 24 h at 80 °C in air to remove the
excess solvent. Approximately 30 mg of powder was deposited in
a platinum crucible and then heated up to 1200 °C with a heating
rate of 10 °C min~" in a flow of dry air (100 mL min~?). The pow-
ders, previously calcined at 600 °C, were also characterized by
XRD on a Bruker D8 Advance diffractometer (Bruker,
Germany) using CuKa radiation and equipped with an Anton
Paar HTK1200N furnace that could heat the samples up to
1200 °C. The room-temperature data were collected over the
20 angular range of 10°-70° with a step size of 0.016° and an
equivalent measured time per step of 174 s, while the in situ data
was collected in the same conditions and an exposure time of
149 s per step. The crystalline phases were identified from the
experimental patterns using the powder diffraction file (PDF)
database of the International Center for Diffraction Data.

The films were deposited by spin-coating onto commercial
glass slabs, or by a modified dip-coating method into the HC-
PCF. Prior to deposition, the glass substrates were cleaned in
hydrogen peroxide to ensure a good wettability by ethanol-based
solution.®” The glass slabs were coated by spin-coating method
(2000 rpm during 30 s). Each layer was dried 10 min at 200 °C on
a hot plate and the final thermal treatment was performed at
600 °C during 1h in air in a furnace. A Kagome-type HC-PCF
was selected for the second study. Its microstructure is repre-
sented in Figure 1. The left part of the figure shows a general
view of the inside of the transverse section of the fiber, the white
parts of the image being silica walls, and the black parts being
void. These fibers are typical of the geometries that are supposed
to be protected. On the right part of the figure, the coating area is
represented as a dotted line on the same fiber. The modified
dip-coating technique used to coat these areas will be developed
further in the publication.

Figure 1. a) SEM image of a Kagome hollow-core fiber; b) identification of the coated surface (dotted line) at the inner core of the sample.
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The surface of the coatings deposited on glass slabs was
characterized by atomic force microscopy (AFM) to estimate their
microstructure and roughness. The measurement was per-
formed using a Bruker Dimension Icon apparatus using contact
mode imaging and V-shaped cantilevers for contact mode appli-
cations with a typical spring constant of 0.4 N m™" and a nominal
radius of the silicon tip of 2 nm (Bruker, Model ScanAsyst-Air).
The cross-section images of the fibers were analyzed via
scanning electron microscopy (SEM), using a Quanta 450 field
emission gun, from field electron and ion company (FEG FEI)
microscope. The samples were glued to the sample holder using
silver paste and were observed without conductive coating.

The transmission spectra of uncoated and coated fibers were
studied by using a homemade supercontinuum source spanning.
The white light was then coupled into a fiber piece of approxi-
mately 15 cm in length by a set of lenses and mirrors and the
detection was made at the fiber output by an optical spectrum
analyzer.

3. Results and Discussion

3.1. Characterization of the Coating

The thermal analysis of the xerogel prepared at room tempera-
ture is shown in Figure 2. Overall the sample lost 57% of its
initial mass from room temperature to 600 °C. At 130 °C, a first
endothermic peak, associated with a 19.5% mass loss, corre-
sponds to the departure of the water from aluminum nitrate.
A second endothermic peak at 241°C, with a mass loss of
16%, is related to the decomposition of organics from the alkox-
ide. The remaining mass loss emanates from the decomposition
of nitrates and is accompanied by a broad exothermic peak.
Finally, a sharp peak with no mass loss can be seen at 989 °C;
it is the sign of the crystallization of the aluminosilicate, and
it occurs at similar temperature as the crystallization of mullite.
The calcination temperature to obtain a fully inorganic and
amorphous sample is thus in the temperature range 600-950 °C.

www.aem-journal.com

To verify the amorphous nature of the coating, in situ XRD
experiment was performed on a xerogel previously calcined
1h at 600 °C to avoid a volume shrinkage during the experiment.
The measured diagrams are presented in Figure 3. Note that in
this figure the diagram labeled “600 °C” actually corresponds to
the sample calcined at 600 °C and then measured at room tem-
perature, while the diagrams from 800 °C were measured in situ.
Up to 950 °C, no diffraction peak is visible, thus confirming the
existence of a disordered structure. At 1000 °C, well-defined
peaks appear and can all be identified with the hypothetical mull-
ite phase AlsSiOg s (PDF #01-088-2049), although other mullite
phases of close compositions can also partially explain the dia-
gram. The formation of this phase is in good agreement with
the temperature of the sharp exothermic peak observed in the
thermal analysis of Figure 2. However, the composition of this
crystalline phase does not correspond to the chemical composi-
tion of the solution, namely Al/Si = 2, as all phases that could
explain the diagram presented a higher aluminum content. This
supposes that at such temperatures the crystallization is only par-
tial and that a part of amorphous SiO, probably remains in the
high-temperature sample.

The solutions, prepared at different temperatures (room tem-
perature, 40 °C or refluxed at 80 °C), were characterized during
aging to ensure a good reproducibility of the experiments over-
time, as it is a requisite for any further technological transfer. For
this, thermal analyses were performed on dried solutions after
increasingly aging times, from 1week to 5months. Between
each measurement, the solutions were stored in a fridge in
the same conditions as in the coating experiments. Then, the
temperatures of the two first endothermic peaks of the crystalli-
zation peak and the total mass loss were compared. The broad
exothermic peak was not considered, as its position is difficult
to define precisely. The results are presented in Table 1. First,
the final mass loss of the samples is not modified by the process
temperature, which is expected as the starting reagents are the
same as well as the composition of the solution. The total decom-
position of the organics is obtained likewise after a thermal treat-
ment at high temperature. Similarly, the crystallization of the
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Figure 2. Thermal analysis of an aluminosilicate xerogel previously dried 24 h at 80 °C.
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Figure 3. In situ X-ray diffraction diagrams of an aluminosilicate sample pre-calcined at 600 °C.

Table 1. Standard deviations observed on the values of thermal events
and mass loss measured by TG/DSC of solutions synthesized at
different temperatures.

Synthesis Aging time Standard deviation from the average value
temperature
Peak 1 Peak 2 Peak 3 Mass loss
130°C 240°C 990 °C 57%
20°C 1 month 3 2 1 1
2 months 12 10 1 1
3 months 3 3 1 2
4-5 months 2 9 1 2
40°C 1 month 6 3 1 1
2 months 4 5 1 1
3 months 3 5 0 1
4-5 months 15 3 0 2
80°C 1 month 5 5 1 1
2 months 10 6 1 2
3 months 12 8 1 2
4-5 months 4 1 0 3

mullite phase occurs at the same temperature, regardless of the
synthesis history. However, the thermal events occurring at
lower temperature, namely the peaks 1 and 2, are more sensitive
to the synthesis conditions. In particular, for the solution pre-
pared at room temperature, a perturbation occurs during the sec-
ond month, with a stabilization for longer storage times. This
could be the sign of a noninitially stabilized solution due to a
too little amount of energy given to the system, the finalization
of the condensation occurring at a later stage. In the case of a
synthesis at 40°C, the values are quite stable for the 3 first
months, and after this period, the first peak starts to show dis-
persed values. This could give a utilization duration of 3 months
for this solution. In the case of a solution prepared with a reflux at
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80°C, the initial values are stable, but the solution becomes
unstable more quickly. Finally, for the following experiments,
the solution prepared at 40 °C was selected, as it was the most
reliable for the duration of the experiments.

Prior to the deposition process, the glass slabs used for the
spin-coating were chemically cleaned in H,O, for 30 min at room
temperature to enhance their wettability by the ethanol-based
solutions. Their contact angle indeed decreased from 22° for
the as-received surfaces to a complete spreading of the droplet
after the cleaning procedure. Figure 4 shows the surface of
the substrates before and after the chemical bath. In both cases,
the surface is rougher than what was expected for glass, with sur-
face roughness Sa of 0.26 and 0.43 nm, respectively. The topog-
raphy is also similar for the two substrates, showing a large very
flat background and small dots distributed on the whole area. It
seems that the cleaning modifies the chemical properties of the
surface with no physical modification or degradation.

These cleaned substrates were selected for spin-coating depo-
sition using solutions with metal concentration of 0.8 or
0.1 mol L. The microstructures of the coatings obtained with
one or multiple iterations are represented in Figure 5. The films
deposited with high concentrated solution display a smooth and
homogeneous microstructure for the first layer (Figure 5a) with
Sa = 0.16 nm. A small number of fissures was noticed at various
places of the film, without being directly correlated to a border
effect occurring during the spin-coating. When increasing the
number of depositions, the film presented a high number of
cracks, which formed during the evaporation of the solvent.
This phenomenon is common for films deposited with a high
thickness per layer related with highly concentrated solutions.
For this reason, the depositions were stopped after two layers.
The microstructure of the film, away from the cracks, is charac-
terized by the same configuration as the first layer, with
Sa = 0.16nm and the presence of a fine grain topography
(Figure 5b). However, this concentration is not suitable for this
kind of deposition on a large scale as it cannot be obtained with-
out macrostructural defects. In the case of a diluted solution

© 2024 Wiley-VCH GmbH
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Figure 4. AFM surface image of the glass substrates: a) as received and b) after a chemical cleaning in hydrogen peroxide.
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Figure 5. AFM images of the surface of coatings prepared with different concentrations and number of layers: a) C=0.8molL™", 1 layer;
b) C=0.8molL™", 2 layers; c) C=0.1molL™", 1 layer; and d) C=0.1mol L™", 5 layers.

(C = 0.1 mol L"), the first layer’s topography (Figure 5¢) is irreg-
ular and some porosity is visible in the coating, originating from
bubbles. Its roughness is Sa = 0.25 nm, which is still lower than
the one of the substrate alone, showing its covering properties
even in the first stages on the process. The deposition of five
layers was possible with this solution, and no cracking of the
transparent coating occurred. The microstructure of its surface,
shown in Figure 5d, is closer to what was observed for the
undamaged parts of films deposited from the 0.8molL™*
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solution, with Sa = 0.17 nm. Overall, the observed microstruc-
tures are similar to the ones observed after a dip-coating deposi-
tion for the same Al/Si composition and doping with Er**.[’!
Moreover, the measured roughness using this deposition
method is lower than what was measured on similar composition
film deposited via RF magnetron sputtering (about 2 nm¥). In
conclusion, it appears that it is possible to obtain a smooth,
inorganic, and amorphous aluminosilicate this film on a glass
substrate by using this solution as a precursor.

© 2024 Wiley-VCH GmbH
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3.2. Development of a Coating inside a Hollow-Core Fiber

The previously characterized solutions were used to develop an
original coating method of the internal wall of an HC-PCF. First,
due to their diluted nature, the rheological properties of the sol-
utions were similar to the ones of ethanol, meaning that the vis-
cosity was very low, regardless of their metal concentration. This
is a requirement to ensure the flow of liquid in the small diame-
ter core (a few tens of microns) of the fiber. Then, the fiber was
prepared to ensure that the coating solution would be in contact
with the inner core and not the rest of the cladding. For this pur-
pose, the ending of the fiber was partially collapsed with a con-
trolled heating to melt the capillary network that surrounds the
central core. A picture of an as-prepared fiber, taken during the
process, is shown in Figure 6. The melted ending of the fiber was
then plunged into the coating solution, which was pumped
inside using a primary vacuum pump until the solution reached
the other end. Note that the pumping should be stopped imme-
diately after the liquid is visible, and not be repeated after the first
run, to avoid the ceramic coating to start clogging the inner core
as shown in Figure 7a,b. The typical length of the fiber at this
stage is 1 m. This ensures a coating procedure which is short

Inside the
solution

Inside the
pump

Fiber with Partially melted Fiber extremity
opened cladding fiber

Figure 6. Picture of the melted end of a prepared fiber.

Long duration pumping

As-deposited

Dried at 80°C
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enough to avoid this clogging to occur. During the coating pro-
cess, the solution is first deposited successfully at the inner core
of the fiber with no contact with the cladding network (Figure 7c).
Then, a first shrinkage occurs during the drying of the solvent,
which occurs at 80°C during 24h in an oven (Figure 7d).
However, at this stage, the deposited layer still contains an abun-
dant organic part, as seen in the thermal analysis. The ceramic
coating is fully inorganic after a thermal treatment at 600 °C in a
furnace, and the subsequent shrinkage that occurs during the
pyrolysis step is visible in Figure 7e, where the coating is hardly
visible. This step was performed on 20-40 cm samples, as the
size of the isothermal zone of the tubular furnace could not
exceed this value. This was still coherent with the targeted appli-
cations (metrology, gas detection), as they require less than 20 cm
fibers for their use. The further development of this coating pro-
cedure for longer samples might require either an adaptation of
the heating device, probably associated with a modification of the
coating solution. The final thermal treatment of the fibers, unlike
the one of the flat films, was performed at a low heating rate
(1°Cmin™") instead of 10 °C min~" used in most cases to avoid
a too brutal release of the organics in such a confined environ-
ment. This heating rate indeed leaves a sufficient time for the
organics to be properly evacuated for samples up to 40 cm in
length but can be adapted for different length/core diameter
ratios.

After the calcination, the films are dense, relatively thin which
leave a large volume to encapsulate gas inside the core, and
homogeneous (Figure 7e). However, as for the samples depos-
ited on plane substrates, the concentration of the precursor solu-
tion has a direct influence on the thickness of the coating and
thus its quality. Due to the complex shape of the substrate, it
was not necessary to work with concentrated solutions, which
would lead to excessively thick coatings. In Figure 8, films pre-
pared using coating solutions with concentrations of 0.8 and

Short duration pumping

\

b g

Calcined at 600°C

Figure 7. SEM pictures of the fibers during the coating. a) Clogged fiber due to an extended duration process and b) properly coated fiber. c) Solution
deposited in the core of the fiber: d) after the drying of the solvent and e) after a calcination at 600 °C (final fiber).
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Figure 8. Aluminosilicate films calcined at 600 °C. a,b) Solution concentration of 0.8 mol L™ and c) solution concentration of 0.1 mol L™".

0.1 mol L' were deposited, dried at 80 °C and calcined at 600 °C
in the same way. During the process, a few cross-section images
of the samples were taken from different parts of the fiber and
show very similar thicknesses. The images presented in the fol-
lowing represent what was observed all along the samples.
Figure 8a,b shows the microstructure of the film obtained with
the high concentration. On the convex part of the core, the coat-
ing appears dense and without any defect, with a thickness of
approximately 100 nm. However, upon observation of the acute
angles, which are characteristics of the geometry of the core,
aggregation of material leads to the systematical formation of
cracks during the degradation of organics. Decreasing the solu-
tion concentration to 0.4 mol L™* did not improve this point, as
occasional cracks could still be observed. Finally, the film depos-
ited using a 0.1 M solution, Figure 8¢, is much thinner, with a
thickness of 20-30 nm. There are no cracks in the acute angles,
as only a small aggregation is visible on the SEM image. Note that
these concentrations are subjected to vary slightly in the case of a
geometry modification on the fiber, which occurs when changing
the application. In all cases, the coating inside the core seems to
be smooth, the development of an optical profilometer is cur-
rently under investigation for an accurate characterization of
these samples.'! Tt should give access to the probable increase
of the surface roughness to estimate its potential influence on the

losses of the fibers. The fibers with the continuous aluminosili-
cate coatings were then selected for characterization.

First, the transmission of coated fiber was compared to the
original one, the result being shown in Figure 9. Note that in
this measurement, due to the limited length of the samples,
the injection conditions were not strictly identical for all the sam-
ples, which could lead to differences in the power level that are
not related with the presence of the coating. In this case, only the
spectral position of the bands can be analyzed. The transmission
window is found similar for both samples, and the transmitted
single mode is preserved. The ceramic coating can thus be
applied without modifying the original optical and guiding prop-
erties of the HC-PCF, keeping it optimized for the application as
an atomic vapor cell. Moreover, the increased lifetime of rubid-
ium inside the core was assessed by our team,[">"! and it was
shown that the gas was not adsorbed and still detectable more
than 1 month after the filling of the fiber, instead of a few hours,
which establish the good sealing of the inner surface. On the
same subject, the outgassing of the fibers’ chemicals inside
the core, which tended to decrease its properties overtime,
was also inhibited for at least 1year."® The use of this coating
for its antirelaxation properties was considered and its results
were compared with other non-ceramic coatings deposited by
the same way, their performances were slightly better than an
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Figure 9. Transmission of light from a raw fiber and an aluminosilicate-coated one.
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uncoated fiber.***>! Finally, the fibers withstand the transporta-
tion of light without damaging the coating. The coated samples,
used in contact with gas (Rb™*** or iodine®®)), showed a good
stability of their properties overtime.

4. Conclusion

Aluminosilicate protective coatings of the inner walls of HC-
PCFs have been optimized by using an original deposit method.
That one was based on coating of the inside of the fiber core by
pumping a sol-gel solution. The Al/Si = 2 solution was devel-
oped on flat substrates and gave smooth, amorphous, and inor-
ganic layers after annealing at 600 °C. Inside the fibers, the use of
a diluted solution (C = 0.1 mol L") gave thin (20-30 nm), dense,
inorganic, and amorphous layers transmitting in selected
wavelengths from the UV to IR range after the optimization
of the processing parameters.

It was demonstrated that these aluminosilicate ceramic coat-
ings allow increasing the lifetime of the original fibers filled
when used with rubidium vapor. Moreover, an interesting result
is that the original guiding properties of the uncoated fiber are
conserved. These promising results and especially the adapted
method of coating inside the inner core of a fiber by pumping
a chemical solution could open a large field of research in the
area of new optical properties and applications of gas/vapor-filled
HC-PCFs. In particular, the investigation of new compositions of
ceramic coatings or multimaterials could be one of these
challenges.
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