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3D Laser Engineering of Molten Core Optical Fibers: Toward
a New Generation of Harsh Environment Sensing Devices

Yitao Wang, Maxime Cavillon, John Ballato, Thomas Hawkins, Tino Elsmann,
Manfred Rothhardt, Rudy Desmarchelier, Guillaume Laffont, Bertrand Poumellec,

and Matthieu Lancry*

Aluminosilicate glasses offer wide-ranging potential as enabling materials
for a new generation of optical devices operating in harsh environments.

In this work, a nonconventional manufacturing process, the molten core
method, is employed to fabricate and study sapphire (Al,O;) and YAG
(yttrium aluminum garnet) derived all-glass silicate optical fibers in which a
femtosecond (fs) laser is used to imprint oriented nanostructures inside the
fiber cores. Both writing kinetics and thermal stability of the laser-modified
regions are investigated over a wide temperature range (20-1200 °C). The
laser-imprinted modifications in these high alumina-content fibers exhibit
improved thermal stability with respect to commercial pure silica and GeO,-
doped silica analogs. Furthermore, optical devices in the form of Rayleigh
backscattering and fiber Bragg grating sensors are fabricated to demonstrate
the high-temperature sensitivity and stability of these nonconventional
fibers. This functionalization of aluminosilicate fibers by fs-laser direct
writing opens the door to a new generation of optical devices suitable for

high-temperature operation.

1. Introduction

There is an increasingly broad demand for high-temperature
(HT) materials for a wide range of industrial applications,
including in aviation/space (aeronautical turbine engine, space
launcher), manufacturing (3D laser additive manufacturing of
metal or ceramics parts, steel industry), nuclear (instrumenta-
tion of future reactors and tokamaks), or again in photonics

(kW fiber lasers, long-term optical data
storage such as Microsoft's “project
silica”,l etc.) and optical sensing (struc-
tural health monitoring of engines, deep
drilling).”) In most applications oper-
ating in a HT environment, refractory
crystalline  oxide materials such as
alumina (Al,O;) or zirconia (ZrO,) are can-
didates of choice, due to their high melting
points and good resistance to oxidation
and abrasion. Furthermore, directionally
solidified eutectic ceramics (e.g., unidi-
rectionally solidified Al,Os/oxide eutectic
composite made of perovskite or garnet
phase) also can improve thermal stability,!*!
as demonstrated for instance in aircraft
gas turbines and thermal power genera-
tion systems (e.g., operation for 1000 h at
1700 °C).

However, other HT applications, such
as long-lived data storage for the zetta-
byte eral!l or optical sensors (down-hole
oil/gas exploration, monitoring of structure health, tempera-
ture regulation of engines, etc.) require using glass materials
that can be functionalized and shaped into chips, disks, planar
waveguides or optical fibers. Both the materials and geometric
designs need be considered due to practical demands, such as
compactness and lightness, flexibility, high-transparency, fast
and complex manufacturing shaping, chemical/radioactive/
electromagnetic resistance, and low cost. For these reasons,
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glass optical materials have been extensively used and further
functionalized over the past three decades.

Concomitant advances in materials chemistry, glass manu-
facturing methods, and ultrafast laser nanostructuring of
transparent materials (i.e., to functionalize the material), open
the door to develop optical devices that can withstand harsh
environments,?>*! such as thermo-mechanical loads much
beyond the 800 °C limit or kW power propagation. Thus, devel-
oping a new generation of reliable and robust sensing tech-
nologies for industrial processes that take place under extreme
physical conditions requires improved thermal stability of
related optical devices.’! The bottleneck to this continuous
enhancement of HT stability is related to the intrinsic nature
of glass and the laser-induced structural changes that enable
the desired performance of the optical device. This includes
considering HT dynamics of viscous flow, chemical migration,
and stress relaxation.[%]

To date, most practical optical fibers are made using chemical
vapor deposition (CVD) techniques and are generally limited to
very high SiO, concentrations with only a few selected dopants.
To go beyond the compositional limitations imposed by con-
ventional CVD techniques,”) this work investigates lower silica
content optical fibers fabricated using a nonconventional (i.e.,
as opposed to CVD) approach to novel optical fibers, the molten
core method (MCM).Bl The MCM permits large composi-
tional flexibility in the fiber core, and the realization of fibers
with “unstable” core compositions, such as those studied here
derived from crystalline hosts such as sapphire (Al,0;), YAG
(vttrium aluminum garnet), or ZrO,. Complementing these
nonconventional materials is fs laser direct writing (FLDW)
as a nonconventional tool to functionalize the glass by restruc-
turing the local molecular order to enable the imprinting of
permanent modifications of optical properties. Aspects to this
light-matter interaction are fundamentally new, e.g., electronic
plasma coexisting inside a solid for a fraction of picoseconds,
and subsequent material restructuring shaped by intense light
fields. The underlying processes occur in highly excited and
far-from-equilibrium states, yielding 3D writing of oriented
structural modifications such as self-organized nanostructures
(so-called nanogratings,”! also denoted “Type 11”), directionally
solidified oxide decomposition,” or oriented nanocrystals!!
with outstanding thermal stability.!?

In this paper, inspired by unidirectionally solidified Al,O5-
based eutectics,l’! fs-laser writing into sapphire-derived and
YAG-derived all glass optical fibers is investigated (all fiber cores
are amorphous). The two aluminosilicate core fibers possessed
very high alumina concentrations: 51.5%Al,0; — 48.5%Si0,!!3!
and 42.5%A1,0; - 575%Si0,,™ respectively, while the
YAG-derived glass fiber has a slightly higher silica content but
was still highly modified by conventional optical fiber standards
with a composition of 71.8%Si0, — 19.5%Al1,05_ — 8.7%Y,0;

The properties and performance of these fibers are compared
to those of standard single-mode fiber (SMF-28, Corning). FLDW
was performed to imprint an oriented phase separation taking
the form of nanogratings, and thermal stability of the afore-
mentioned modifications was thus studied through isochronal
annealing experiments. The approach was then validated through
fabrication of optical frequency-domain reflectometry (OFDR)
based sensors (Rayleigh backscattering) and fiber Bragg gratings.
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2. Results and Discussion

2.1. Writing Kinetics of Type-1l Modifications in Sapphire- and
YAG- Derived Optical Fibers

Measurements of retardance, R, as a function of the laser pulse
energy are displayed in Figure 1 for all investigated fibers. The
data on pure silica (F300 Suprasil) and conventional single-
mode fiber (SMF-28) are also shown for comparison. The
lowest energy at which a nonzero R value is detected corre-
sponds to the IR-fs-Type II threshold. This is where polariza-
tion-dependent anisotropic optical properties begin to appear in
the irradiated lines indicating the formation of nanogratings as
further confirmed by scanning electron microscopy (SEM, see
next section).

As described in the Experimental Section, a strong linear
birefringence can be detected by polarized optical micro-
scopy between crossed polarizers when the energy exceeds
the Type II threshold. This likely originates from the forma-
tion of nanogratings!'® as it is well known in silica or slightly
doped silica glasses.”! In the experimental conditions, the
Type II thresholds are located in the range of 0.3-0.4 pJ and
are compositionally dependent.”2l Here, the threshold value
slightly depends on the Al,O; concentration and increased to
(0.44 +/-0.05) uJ for both aluminosilicate fibers. In contrast,
other fibers exhibit very similar behavior with threshold values
of =0.35 puJ. Above the Type II threshold, the retardance gener-
ally follows a monotonic increase with the pulse energy with
R rapidly reaching a plateau of about E;, = 0.75 uJ for all glass
compositions. As observed in Figure 1, the pure silica cladding
and the SMF-28 fiber (96 mol% silica) display a similar trend
with the low pulse energy (<1 pJ). Interestingly, the two alumi-
nosilicate fibers exhibit lower retardance values relative to the
silica-rich glasses. The R values for the aluminosilicate fibers
are approximately half the values of pure silica (50 and 100 nm
at E, = 1.5 uJ, respectively); however, this is sufficient for most
of the targeted applications.

150 —®— Sapphire-derived fiber (51.5 mol% AL,0,)

—®— Sapphire-derived fiber (42.5 mol% Al,0;) ,)]I? N
—®— YAG-derived fiber % %
=-0--Pure Si0, (F300 suprasil cladding)

e
- <0~ - SMF-28 e __%—-ﬁ’%
s

=]
o
T

&

=3

Retardance (nm)

0.0 0.5 1.0 15 20

Pulse Energy (1J)

Figure 1. Retardance (R) as a function of pulse energy for sapphire-
derived fibers (red and orange), pure silica (black), YAG-derived fiber
(purple), and a SMF-28 fiber (grey). Experimental conditions are:
A=1030 nm, 100 kHz, 100 tm s, 1000 pulses um~', NA=0.6, pulse dura-
tion = 250 fs, laser polarization parallel to the writing direction.
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Figure 2. Scanning electron micrographs of sapphire-derived fiber, for a,b) parallel, and c) perpendicular laser polarization direction with respect to
the writing direction. Experimental conditions are: A = 1030 nm, 100 kHz, 100 um s, 1000 pulses um™", NA = 0.6, £ = 1.0 pJ per pulse. d) averaged
nanopore size and periodicity of nanoporous planes as a function of the Al,O; content in the fiber core, results are measured from (a)-(b)-(c).

2.2. Scanning Electron Micrographs of the
Aluminosilicate Fibers

To investigate the observed differences and trends in retardance
values, and to understand the effect of high Al,0; concen-
trations on the final morphology of the modified regions,
scanning electron microscopy (SEM) was performed. The latter
confirmed the existence of nanogratings in both cores and
cladding of both sapphire- and YAG-derived all-glass fibers.
These nanogratings are at the root of the measured birefrin-
gence, which is related to the refractive index contrast along
these nanogratings. This is exemplified in Figure 2, where
SEM micrographs of the sapphire-derived fiber cross-sections
are selected and reported, using both the laser polarization
direction oriented perpendicular (Figure 2a,b) and parallel
(Figure 2c) to the laser writing direction.

As found in Figure 2¢, upon moving from the core/cladding
interface to the core center, a periodic structure composed of
nanolayers can be easily observed. Similarly, in Figure 2a,b,
using a polarization orientation parallel to the writing direc-
tion, the formation of nanoporous structure is clearly identified
throughout the compositional range. Figure 2d summarizes the
evolution of the average pore size and periodicity in the nano-
porous area and as the function of Al,O; concentration. Hence
as one moves from the cladding and into the core, the averaged
spacing (periodicity) gradually increases with an increase in
Al,O; concentration. In the silica cladding the measured value
is 305 + 40 nm, which is quite similar to the values reported
previously.®) When the Al,O; concentration is maximized
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(51.5%) the average spacing more than doubles to 630 + 40 nm.
The larger period for higher Al,O; content is attributed to
both the larger refractive index but also to the higher Type II
threshold.® It is also worth noting that the average nanopore
diameter follows the same trend since it increases by around
50%, i.e., from 27 + 5 nm in the fiber cladding up to 42 £ 7 nm
near the core center.

For completeness, the existence of nanogratings can still be
observed up to the core center in agreement with recent work
on bulk samples. All these results suggest that the measured
retardance in aluminosilicate fibers has the same origin as for
SiO,, i.e., production of a periodic array of porous nanoplanes
separated by nonporous glass,l'% mostly resulting in a form
birefringence.*]

2.3. Thermal Stability of Type Il Modification in
Aluminosilicate Fibers

Step isochronal annealing (At = 30 min) was carried out in
order to investigate the thermal stability of Type II modi-
fications in the sapphire-derived fiber. The fiber was irradiated
at increasing pulse energies in order to study the dependence of
the thermal stability with the laser writing conditions. Figure 3
shows the evolution of normalized retardance, R,m(At, 1), as a
function of the annealing temperature (7).

Several features in the normalized retardance Ryom(At, T)
can be distinguished according to the annealing temperature
and depending on the pulse energy considered.
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Figure 3. Normalized retardance R,,m,(At, T) as a function of annealing
temperature for a sapphire-derived fiber irradiated with different pulse
energies. Experimental conditions are: A =1030 nm, 100 kHz, 100 um s,
1000 pulses um~, NA=0.6, laser polarization perpendicular to the writing
direction. All measurements were performed at room temperature.

Within the Type II regime and for pulse energy less than
0.7 uJ, the retardance exhibits a monotonic decrease immedi-
ately after the heat treatment from 400 to 700 °C. Depending
on the pulse energy, the largest decay of R, was about 35%
for the lowest writing pulse energy (E = 0.5 pJ). Then there
is a slight “recovery,” namely an increase of the measured
Riom(At, T) within the 600-800 °C temperature range, and
which appears around 0.97, (T, is the glass transition temper-
ature), typical of stress relaxation in glass.?% This agrees well
with the T, value of 50% Al,O3 — 50% SiO, that is estimated to
be around 830-850 °C.121

For pulse energy greater than 0.7 uJ, the Ryop(At, T) exhibits
a different thermal behavior. It increases from the beginning of
the heat treatments at 200 °C up to 400 °C. Then, Ry, “fluc-
tuates” between 400 and 800 °C. However, for the line written
at 1 yJ, an R,o, increase by about 15%-20% was observed
compared with its initial value. This is in agreement with the
results related to Type II fiber Bragg gratings reported in alu-
minosilicate fibers with Al,O3 content up to 30 mol% and in
silica fibers.?2l Then, as the annealing temperature increases,
Riom(At, T) starts to diminish dramatically at 800-950 °C. At
first all curves exhibit a steep decay of about 30%-35% after the
heat-treatment =850 °C-950 °C. Following that, the complete
erasure is then observed from 1000 to 1200 °C and no meas-
urable birefringence can be found after 30 min at 1200 °C.
The final decay is attributed to the erasure of the nanoporous
layers as was recently modeled based on Rayleigh—Plesset
effects.”’l In addition, it is expected that the higher the laser
pulse energy, the higher the annealing temperature required to
completely erase this last contribution.

2.4. Discussion Around the Erasure Mechanisms
To interpret the different erasure kinetics, it must be men-

tioned that the total measured retardance can be composed of
additive/subtractive contributions, which are not independent

Adv. Optical Mater. 2022, 10, 2200379 2200379 (4 of 9)

www.advopticalmat.de

0.6

—@— Sapphire-derived fiber (51.5 mol%)
0.4 | —®— Sapphired-derived fiber (42.5 mol%)
—®— YAG-derived fiber

= =0- = Pure Si0, (F300 suprasil cladding)
0.2 |- - <~ -Type Il SMF-28

—V—Type |, SMF-28

Normalized optical properties

00 1 1 1 i
0 200 400 600 800 1000 1200

Annealing temperature (°C)

Figure 4. The normalized retardance R,om(At, T) as a function of tem-
perature for two sapphire-derived fibers (red and orange), a SMF-28 and
pure SiO, (grey and black). Data from a YAG-derived fiber (purple),’
and the Type | modifications in SMF-28 (green) are also shown for sake
of comparison. “Optical properties” correspond to normalized retard-
ance values for all data set excepted for Type |, SMF-28 (refractive index
variation). Experimental conditions are: Pulse energy = 1uJ, 1 =1030 nm,
100 kHz, 100 um s7', 10% pulses um™~", NA = 0.6, laser polarization perpen-
dicular to the writing direction.

(e.g., stress is related to the permanent volume changes) of
each other. Recently, the various trends observed in Ry o (At, T)
evolution, in relationship with different erasure mechanisms,
has been investigated in great details in silica.'¥! These contri-
butions are divided into three categories:

i) First the birefringence of the so called “Type I”-like modi-
fication can be considered as a refractive index modification
arising from a combination of defects, densification, and as-
sociated stress-induced birefringence. Point defect centers
are bleached under fairly low-temperature thermal treatment
(< 600 °C).['% and there is only a minor (or negligible) effect
on the measured retardance within this temperature range.*l
The relative stability of average refractive index changes
related to Type I modifications is shown in Figure 4.

ii

=

Then Type II modifications yield to the presence of a stress
field taking its roots from two separated origins. The former
is from Type T and disappears along with it below T,. The
second one comes from nanoporous layers and will relax
plastically (a plastic deformation around nanopores occurs)
because nanopores are more stable and will ultimately erase
at higher temperatures. The subsequent unexpected rise
from 600 to 950 °C (Figure 3) is attributed to the co-exist-
ence of “Type I like” modifications (i.e., mostly densification
and related tensile stress) with the ones specific of Type II,
i.e., nanogratings structuration with porous nanolayers. The
progressive erasure of the former occurred at this stage and
eventually causes an “abnormal” increase of the retardance R
(as observed here but also in the literature (Prof. Kazansky’s
group in bulk glass and Prof. Mihailov’s group in fibers('?).
Upon annealing, a part of the stress is expected to relax when
the temperature approaches 0.9T, for a few tens of min-
utes. Here this stress relaxation starts from 800 °C, which
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correlates with the “1%' component” decay of R,,m(At, T) in
the 800-950 °C range observed in Figures 3 and 4. Noted
here is that the compressive stress field produced by the
nanoporous layers does not disappear with the annihilation
of the nanopores themselves (which takes place at a higher
temperature) but rather by plastic deformation of the glass
around the nanopores as extensively discussed in our previ-
ous papers in bulk silica glass.[?’]

iii) The third contribution is the form birefringence related to the
nanoporous arrangement within the nanolayers. More details
can be found in Ref. [23] and leads to the conclusion that the
porosity plays a key role in the erasure of nanogratings and
their associated birefringence in a high-temperature regime.
In particular, the Rayleigh—Plesset simulation sheds light on
the major role played by the viscous behavior of the glass, at
high temperature, that is the major parameter that drives the
nanogratings erasure and related form birefringence.

iv) The higher the laser pulse energy, the higher the full erasure
temperature. This can be explained as follow: as the energy
increases so too does the deposited dose. This is a typical case
described in Ref. [25] where there is a link between writing
and erasure. Consequently, as a higher energy is used in the
laser writing process, the demarcation energy increases, and
more stable species or larger size nanopores are produced.?’]
The subsequent modifications become increasingly stable.
The process is reflective of the distribution of energies pos-
sible within amorphous materials, i.e., distribution of local
structures or atomic configurations.

2.5. Comparing the Overall Thermal Performance of the
Optical Fibers and devices

Accelerated aging experiments are performed on the sapphire-
derived fibers, as well as on a SMF-28 fiber and Suprasil F300
pure silica glass. All samples were exposed to similar experi-
mental conditions. Figure 4 displays an aggregate of the nor-
malized retardance R,,,(At, T) as a function of temperature.
Note that here, annealing of samples written with fs laser pulse
energy was performed at 1.0 puJ, which corresponds to the
stable range of Type II modifications for each sample (in term
of writing kinetics) and can facilitate reliable measurements
of the retardance. The normalized refractive index variation
corresponding to Type I modifications in SMF-28 (green) is
also shown for sake of comparison.

For the Type II irradiated region, the R, n,(At, T) value
starts to decrease slowly for temperatures higher than 800 °C.
The changes in Si-O three and four-member rings anneal
out in the 700-900 °C range, and are well correlated with the
structural relaxation of densified silica formed within the
nanograting regime.?>! Then as the annealing temperature is
increased, stress relaxes, and consequently to this the stress-
induced birefringence further lessens. Finally, the erasure of
nanopores (at the root of the refractive index contrast along
nanogratings) leads to a very steep decrease of the form bire-
fringence induced by themselves, and the R, value drops
to zero in the range of 1075-1200 °C depends on the chemical
composition of the fibers. By comparing thermal behavior for
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both SMF-28 fiber and YAG-derived fiber, the former exhibits a
decrease in R values starting roughly = 900 °C and fully disap-
pearing at 1080 °C. On the other hand, the latter YAG-derived
fiber demonstrates a better thermal stability (defined as the T at
which the curve falls down below R, =1) between 800 and
1000 °C when compared with the other fibers. However, its
R orm diminishes dramatically above 1000 °C.

Conversely, the fs-induced modifications in the high
Al,O; contaiening aluminosilicate fibers own the highest
thermal stability since exploitable optical properties (here the
retardance) survived at higher temperatures (typically until
1175 °C). This performs even better than pure silica glass and
thus all-silica microstructured optical fibers. Previous work
suggests that the formation of nanogratings in aluminosilicate
glasses could be due to the separation of Al,Os-rich phase in
a SiO,-rich matrix."¥ The nanogratings thermal stability could
also be related to phase immiscibility.?l As shown in Figure 4,
the most Al,O3-containing sapphire-derived fiber (51.5 mol%
Al)O;) performs better than the other sample (42.5 mol%
Al,O;) during identical annealing, which could be attributed
to the increase in aluminum coordination (four, five, sixfold
coordination!?’)), along with an associated increase of both glass
network cross-linking density and bond strength.

2.6. Fabrication of High-Temperature Sensors

To demonstrate the ability of molten core fibers to be used
for imprinting sensing devices, distributed sensors based on
Rayleigh backscattering are fabricated in sapphire-derived,
YAG-derived, and SMF-28 fiber segments, a first to the Authors
knowledge. The Rayleigh backscattered signal, working on the
principle of OFDR, was monitored during the step isochronal
annealing process, and the results are reported in Figure 5.
Additionally, for the SMF-28, the results were compared with
retardance R,,.m(At, T) evolution obtained by simulation using
the Rayleigh—Plesset equation (simulation conditions: surface
energy S = 0.3 ] m2; pore size diameter = 15 nm).1?*l As illus-
trated in the inset of Figure 5a, the scattered light originating
from the presence of fs-laser modifications is re-captured by
the waveguide and sent backward to the light collector. This
backward propagating Rayleigh scattered light has a time delay
that can be used for distributed sensing.?®l Using an OFDR
algorithm to extract the distributed back-scattered intensity, one
can determine the position shift of the correlation peak and
accurately define a temperature change within that position.?’)
Here the monitored Rayleigh peak amplitude during
annealing corresponds to an average over the entire length of
the irradiated segment. The variations in the scattered ampli-
tude are partly correlated with the change of the Retardance
amplitude (Figure 4). However, even if they partly own a similar
origin (e.g., nanopores formation), these two properties are
not exactly representative of the same phenomenon namely
dielectric constant fluctuation at the nanoscale for the Rayleigh
scattering while the retardance is related to overall birefrin-
gence. The scattered light amplitude for all three fibers showed
varying degrees of decline from 800 to 1000 °C, which could
be attributed to the structural relaxation of the laser modifica-
tion regime. Then, an important decrease of the amplitude is
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Figure 5. a) Normalized Rayleigh backscattered light from irradiated fiber segments as a function of isochronal (At = 30 min) temperature for sapphire-
derived fiber (red), YAG-derived fiber (purple), and SMF 28 fiber (grey). Simulation of the nanopores’ erasure in SMF 28 fiber using the Rayleigh—Plesset
equation is added (green) and normalized to the amplitude (at 1000 °C) of the SMF 28 fiber. Experimental conditions are: Pulse energy = 0.8 uJ,
A =1030 nm, 100 kHz, 100 um s, 1000 pulses um~", NA = 0.6, laser polarization perpendicular to the writing direction. b) Temperature dependence
of Bragg wavelength for FBGs. The fitted lines are added for each fiber as guides to the eye.

observed following the increase of the annealing temperature.
In agreement with Figure 4, YAG-derived fiber shows slightly
better thermal stability than the SMF-28 fiber; unfortunately,
the sapphire-derived fiber sample broke around 1100 °C, so this
data is not available beyond this point.

The Rayleigh scattering measurements compare well with
the simulated ones (deduced from Rayleigh—Plesset equation,
green curve in Figure 5a), indicating that the final observed
decay could be attributed to the nanopore erasure process. Both
curves start their strong decrease around the same temperature
(1000 °C) and show a similar trend after.

Additionally, fiber Bragg gratings (FBGs) were inscribed
in the molten core fibers and SMF-28 fiber using a point-by-
point technique (see Experimental section). FBGs are a spatially
periodic modulation of the refractive index inside the fiber core
over a length of about a few millimeters,’% hence lead to a
reflected light satisfying the Bragg condition and with a central
wavelength of Ap = 2n.gA with A being the grating period, and
neg the effective modal refractive index. These optical compo-
nents can then be used for temperature sensing.

Here the Bragg wavelength shift AAy(T) of the transmitted
power was monitored as reported in Figure 5b. Both sapphire-
derived and SMF-28 fibers exhibit a similar linear increase
before 600 °C with an average slope around 14 pm K.
However, from 600 to 900 °C, both aluminosilicate fibers
undergo a nonlinear slope increase whereas SMF-28 follows a
more linear behavior. The latter is related to two main contri-
butions: i) thermal expansion coefficient o and ii) thermo-

optic coefficient Ldn—e‘{ The Bragg wavelength shift Ad(T)
Negr
follows the subsequent relationship:
M [y L e oy (1)
AB Nefr ar
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In Equation (1) the former contribution (from ¢) principally
increases nonlinearly during the annealing process,?!! which
makes it a key factor in changing the Bragg wavelength shift
trend of both sapphire-derived and YAG-derived fibers. Finally,

their thermal sensitivities

A/{IB from 700 to 900 °C are found

B
approximately equal to 32.4 pm K and 30.1 pm K respec-
tively, which are much higher than the 17 pm K of SMF-28
fiber in the same temperature range.

The attractiveness and originality of this work is to choose a
material approach instead of a geometrical one (see for instance
in Ref. [32]) to substitute the most used sensor-based glasses,
being telecom fibers. We consider “conventional” fibers with
circular core/cladding geometry since microstructured optical
fibers have several practical drawbacks: i) they are more expen-
sive and complex to fabricate, ii) lack flexibility, iii) are difficult
to splice with conventional splicers and with conventional
fibers. Moreover, optical device laser writing such as FBGs is
more complicated (needs angular positioning) than in molten
core or telecom fibers. In addition, from sensing applications
point of view, such microstructured fibers own a significant
birefringence (due to the hole’s size and shape imperfections),
which makes the sensing measurements very sensitive to the
polarization state and thus less reliable. Finally, the MCM
fibers studied here own a much higher thermal sensitivity
(30-32 pm K7 at high-temperature than all silica fibers
(=15-16 pm K~133)),

For completeness, and while a topic of continuous study,
the lifetime prediction (time/temperature couple) of these
optical devices can be anticipated using accelerated ageing
experiments. A master curve formalism can be employed as
was recently done for nanogratings in silica glass,*¥ through
a series of either isochronal or isothermal annealing experi-
ments. Moreover, a passivation treatment can be employed
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to erase the unstable part of the fabricated optical device, and
consequently limiting optical response drifts (e.g., Bragg wave-
length Ag shift) over time. Following this process, in SiO, we
predicted that a FBG will remain stable for 10 000 h and its
refractive index contrast would decrease only by 7% after
10 years of operation at 800 °C and can even survive over
100 years with predictable erasure kinetic.

3. Conclusions

Aluminosilicate fibers fabricated using the MCM can be used
to develop a new range of optical sensing devices in harsh
environments. Using a fs laser to achieve high-intensity fields
and restructuring the glass materials at the nanoscale, the
photo-inscription of thermally stable optical properties inside
these fibers is proven possible. Among the main results to
highlight, the thermal erasure of nanogratings in a highly
Al,O5-containing (51.5 mol%) sapphire-derived fiber was found
to overcome the performance of both conventional telecom
fiber (SMF-28) and pure silica cladding using the same heat-
treatment conditions. The full erasure of nanogratings was
comparatively measured at = 1200 °C and = 1100 °C for the sap-
phire-derived and SMF-28 fiber or pure silica cladding, respec-
tively. Additionally, the other MCM fabricated fibers, including
YAG-derived and 42.5 mol% Al,O; sapphire-derived fiber, were
found to perform as good as the standard fiber. Subsequently
to these findings, two types of temperature fiber sensors, based
on Rayleigh backscattering and fiber Bragg grating, were fab-
ricated in these MCM fibers. They demonstrate the ability to
successfully functionalize these fibers, and exhibited enhanced
thermal sensitivity (=30 pm K7) compared to conventional
fibers (17 pm K™) in the high temperature regime (typ. >800 °C).
Consequently, we believe this technique presents an ideal large-
scale platform for the next generation of harsh environment
sensing devices, and further work is underway to characterize
the FBGs inscribed in these fiber “families” for lifetime predic-
tion analysis.

60 — T T T T T
- @ - Sapphire-derived fiber (51.5 mol% AL,0;)
§ - “® - Sapphire-derived fiber (42.5 mol% Al,0,)
50 |- =
[}
E 4 ."\
ot e aa -
k=) oo® %
B F ~
— 30 | h %o .
= o v
l‘ L} Q
S nf Y L ]
' ) 1
o ® P ]
S ) L e ]
S0 v Lo .
< f(a) '+ % ]
o Lo 0%, ! 1 L T‘m_

Relative distance (um)

www.advopticalmat.de

Table 1. Labels and compositions of the investigated optical fibers.

Label Core center composition (molar percentage)

51.5%A1,0; — 48.5%Si0,
42.5%Al1,0; — 57.5%Si0,
4%GeO, - 96% SiO,
19.5%Al1,0; — 8.7%Y,0; — 71.8%Si0,

Sapphire-derived fiber

SMF-28
YAG-derived fiber

4. Experimental Section

EMA and Raman Spectroscopy Studies: The investigated fibers were
labeled as sapphire-derived fibers (two compositions), SMF-28 (Corning
conventional single-mode fiber) and YAG-derived fiber."! Table 1 reports
the fiber core center compositions for each of them. The MCM was
used to fabricate the sapphire- and YAG-derived fibers, 3] resulting
in a graded-index profile.’¥] The compound concentration profiles
across the fiber core were measured by electron microprobe analysis
(EMA, ZEISS SUPRA 55 VP SEM, 15 keV). The fiber segments were
cleaved, mounted on a sample holder, and carbon-coated prior to the
analysis. The composition profiles showed a typical parabolic profile as
displayed in Figure 6a for the sapphire-derived fibers. The graded-index
profile was related to the dissolution and diffusion of the cladding glass
into the fluid molten core during fiber drawing.[*’]

Raman spectra of both aluminosilicate and YAG-derived fiber cores
were shown in Figure 6b, along with the spectrum of pure fiber cladding
(SiO,), used as reference. The sharp peaks located =490 and 600 cm™,
also called D1 and D2 defect lines, were ascribed to the breathing
modes of 4- and 3-membered rings, respectively. By increasing the
Al,O; content, both peaks demonstrate a clear intensity decrease, which
indicates that the addition of alumina causes modifications of the ring
statistics in the silica glass network.38 The band near 800 cm™ results
from the motion of Si atoms in their tetrahedral oxygen cage,* and
the intensity of this band relatively decreases and was shifted toward
lower wavenumbers when alumina content increases. This could be
associated to a decrease in the number of silicon-bridging oxygen
bonds. In agreement with this view, the presence of a band peaking at
890-900 cm™ attributed to NBOHCH that was already observed in
irradiated samples exposed to high radiations doses***!l (yor neutrons)
and recently by fs-laser in SiO,.[*2

Finally, the high-frequency bands at about 850-1300 cm™ are usually
related to the Si—-O asymmetric stretching vibrations. The bands at

0,0025 [ " ]

—— Sapphire-derived fiber (51.5 mol% Al,03) T
~——— Sapphire-derived fiber (42.5 mol% Al,O3) _.
—— YAG-derived fiber

=== Pure SiO; (F300 suprasil cladding)

0,0020 -

0,0015 H

0,0010
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Normalized Raman Intensity
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Raman shift cm™)

Figure 6. a) Concentration profile of two fibers core composition. b) Raman spectra of aluminosilicate fiber cores. The spectrum of the SiO, fiber

cladding and YAG-derived fiber are also inserted for sake of comparison.
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Figure 7. a) Irradiation of fs laser inside fiber core and cladding of an optical fiber at different pulse energies (1 =1030 nm, 100 kHz, 100 um s, 103
pulses um™', NA = 0.6, pulse duration = 250 fs). b) Longitudinal (along with x) irradiation at 1.0 p) using different laser polarization conditions: parallel
(Il along with x) and perpendicular (L, along y) to the writing direction. c,d) optical microscope (bottom light illumination) image of the sapphire-
derived fiber (51.5 mol% Al,O3) with a cross polarizer taken from (a), (b) respectively.

around =1060 cm~'and =1150 cm™' are observed in the spectra of
cladding (pure SiO,), which represents tetrahedral SiO, groups. In
contrast, the formed interconnected Si-O-Al network>3#3 could be found
in the case of the aluminosilicates because of the high amount of Al,O;.
Notice there was no evidence that crystallization has occurred in the
center of the fiber core and all the band shifts is similar to previously
reported work, such as in Ref. [27a,44]. This was confirmed by additional
EBSD analysis that did not detect any crystalline structure.

Laser Writing  Experiments and  Post-Irradiation ~ Characterization:
All fibers were inscribed by fs laser irradiation (4 = 1030 nm, 250 fs)
following a pattern similar to a line-by-line or point-by-point FBG writing.
A 5 cm long fiber segment with coating removed was taken before the
irradiation and fixed on a fused silica glass slide. A borosilicate cover
slip (=170 um thin) was then placed on top of the fiber segment, and an
index-matching oil (GN Nettest, n = 1.4580 at 25 °C) was used to ensure
a refractive index continuity of the setup for both optical microscope
observation and irradiation. In addition, for the subsequent heat
treatment, the ends of each fiber segments were fixed to Infrasil silica
glass substrate by using high-temperature adhesive.

The prepared samples were positioned on a XYZ motorized
translation stage, and a series of 100 um long lines was inscribed
along the x-axis with a linear laser polarization oriented either parallel
(Yy configuration) or perpendicular (Yx configuration) to the writing
direction. The spacing between each line is 30 um, and the pulse energy
varied by steps of 0.1 pJ, ranging from 0.1 to 2.0 pJ. This is shown in
Figure 7a. The laser pulse repetition rate was fixed to 100 kHz, the
scanning speed to 100 um s™' and the laser beam was focused using
a 0.6 NA aspheric lens. The laser parameter settings was chosen based
on previous work, ™ which was known to induce Type Il permanent
modifications in SiO,—~Al,O3 binary core glasses.

10 mm point per point fiber Bragg gratings (FBGs) were also written
in all three fibers using a point per point direct writing technique.[*’]
For the fabrication of FBGs, the acousto-optic modulator (AOM) was
driven by a square wave with a given frequency smaller than the laser
repetition rate (here 100 kHz), producing burst trains of fs pulses,
therefore creating localized refractive index changes. FBGs can thus be
written with a periodicity A = v/f that depends on the ratio between the
translation speed of the stage, v, and the AOM signal frequency, f. Here
the AOM was fixed to 165 Hz and v to 265 um s™' resulting in a third-
order grating.

To measure the optical retardance (R) induced by the fabricated
nanogratings, an Olympus BX51 polarizing optical microscope equipped
with a de Sénarmont compensator was used. The retardance is defined
as R = B*d, with B is the linear birefringence and d is the thickness of

Adv. Optical Mater. 2022, 10, 2200379 2200379 (8 of 9)

the birefringent object (generally expressed in nm). The “de Sénarmont”
method couples a highly precise quarter wavelength birefringent quartz or
mica crystalline plate with a 180° rotating analyzer to provide retardation
measurements having an accuracy that approaches one-thousandth of a
wavelength. All measurements were performed at room temperature.

A complementary experiment was employed to investigate the
irradiated fibers by using a scanning electron microscope (SEM, field-
emission gun scanning electron microscope, ZEISS SUPRA 55 VP, 1 kV
accelerating voltage). The writing geometry is sketched in Figure 7b: a
single line of 10 mm length, parallel to the light propagation axis of the
fiber, was written. Based on the previous experiment, the pulse energy
was fixed at 1.0 p). Then, the fiber was cleaved within the irradiated zone
and its cross-section was brought under the SEM. According to the
laser polarization orientations, the nanopores could be found with the
parallel configuration (Xx) and the nanolayers (sideways visualization
of nanoplanes) with a regular spacing appeared when the polarization
orientation was perpendicular to the writing direction (Xy). Finally,
Figure 7c,d depict the birefringence in the sapphire-derived fiber which
follow the laser inscription setup (a) and (b) respectively.

Accelerated Aging Experiments: Finally, the samples that followed the
line-by-line inscription (Figure 7a) were isochronally (At = 30 min per
temperature step) heat-treated with an incremental temperature increase
(Typ. AT =50 K) up to 1200 °C. After each annealing step, the retardance
of each line was measured at room temperature after quenching the
samples in air. The reported values, R,,,(At, T), were all normalized to
the initial value prior to any annealing R(At, 20 °C).

Meanwhile, the thermal stability of Rayleigh scattering was
investigated at the Optic Fiber Sensors Laboratory (LCFO) of CEA
France. Different fiber segments are uniformly irradiated by IR fs
laser, namely SMF-28, sapphire-derived, and YAG-derived fibers. Laser
parameters are chosen to produce nanogratings inside the fiber core
resulting in a strong increase of the light scattering along this segment.
Then, these fibers were spliced to single-mode fiber pigtails. Each
sample was put inside a silica glass tube then inserted into the center
of the horizontal tubular furnace. Type N thermocouple was used to
monitor the temperature. During the step isochronal annealing process
(At = 30 min per temperature step, from 600 °C-1000 °C, AT = 100 K;
from 1000-1250 °C, AT = 50 K), Rayleigh backscattering level was
measured during annealing using an OBR4600 from Luna based
on OFDR technique. Coupled to an optical switch, the setup allows
interrogating each fiber sequentially. Once the annealing process was
completed, the OBR measurements were analyzed in post-processing to
obtain the intensity of Rayleigh backscattered light propagating through
of the different fiber optics.
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