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Abstract: LaF3; is commonly added to oxide glass, in particular to silica, to form oxyfluoride glass.
After appropriate thermal treatment at a temperature lower than 800 °C, usually, glass ceramics
are obtained. Recently, LaF3 nanoparticles have been used as precursors to obtain amorphous
nanoparticles of undefined composition in optical fiber. However, fiber fabrication necessitates
temperature much higher (typically up to 2000 °C) than the one required for bulk glass. In this article,
we report on the reactivity of fluoride ions in LaF3 with SiO, and GeO, (a common dopant used to
dope optical fiber) powders at high temperature. TGA, EDX-SEM, XRD and Raman analyses were
performed. Above 1000 °C, LaFj starts to react, preferentially with SiO,, to form SiF4 gaseous species.
The remaining lanthanum ions form La,Si, Oy and La;Ge,O7 phases. These results could contribute
to improve material development for the fiber optics community.

Keywords: silica; fluorine reactivity; thermal treatment; tetrafluorosilane

1. Introduction

The pioneering work of Auzel et al. and Wang and Ohwaki modified the approach to
design optical materials [1,2]. They have demonstrated that the optical properties could
no longer be modified by considering the composition of the glass as a whole but by
changing the composition locally via the formation of particles. This approach then allows
an engineering of the luminescence properties of the rare earth ions or of the nonlinear
properties [3,4]. However, in order to limit optical loss induced by light scattering, particles
must be of nanometric dimension.

Among the various materials developed, glass ceramics based on oxylfuride glass
have gained particular growth [5]. They are made of a silicate glass containing fluoride
nanocrystals. Among the various fluoride phases studied, LaF3 constitutes a material of
choice for the modifications of the luminescence properties of rare earth ions. This structure
has demonstrated its full potential both in the form of nanoparticles and in oxyfluoride
glasses [6-10]. The formation of the latter is generally completed in two stages. A first
step consists of preparing a homogeneous glass by the melt-quenching process and then
reheating it to initiate the formation of nanocrystals and to control their growth. The
temperature involved for the a posteriori heat treatment is of the order of 600-800 °C for
10 h.

More recently, the LaF; phase doped with rare earth ions has been used as a precursor
to prepare optical fibers [11-13]. Nanoparticles are introduced during the solution-doping
step to be adsorbed on the porous layer, which will form the fiber core. Beneficial effects
of this doping have been reported for luminescence properties [11,14,15]. However, the
conditions for preparing optical fibers are very different from those of bulk glasses. In
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particular, the temperature involved during the manufacture of the optical fiber preform
can reach 2000 °C.

In order to better understand the behavior of LaF; phase under these processing
conditions, we are interested in this article in its reactivity at high temperature with SiO,
and GeO;, which is a codopant commonly used in optical fibers. The binary systems
5i0,-LaF; and GeO,-LaFj are first studied before analyzing the ternary system SiO,-GeO;-
LaF3. The analyses show that LaF3 reacts preferentially with SiO; by forming a new solid
phase La,Si; Oy, the fluorine evaporating in the form of SiF,. Thus, following doping with
LaF3 nanoparticles, the fiber would no longer contain fluorine, which could evaporate
during the sintering phase of the porous core, and the new particles observed would be
lanthanum silicates.

These results clearly demonstrate that fluoride ions react with the matrix during
manufacturing, which takes place at very high temperatures (typically 2000-2200 °C), and
lead to the formation of new nanoparticles. Despite this transformation, we reported that
the spectroscopic properties of Tm>* ions inserted by doping the LaF3 nanoparticles are
improved compared to ionic doping (La3*, Tm3*) [14,15].

In this context, it was important to understand the reactivity at high temperature of
LaF3 with the host matrix, in particular to identify the new formed phases. The studied silica
(510y,) fiber is doped with germanium dioxide (GeO;) in order to increase the refractive
index of the core compared to the optical cladding. With the presence of SiO, and GeO; in
the medium, the first hypothesis is that the LaF3 nanoparticles reacted, either with one of the
oxides, or with both at the same time, to form a gaseous metallic tetrafluoride. Consequently,
it was necessary to study the possible reactions at high temperature between these three
compounds present in the optical fiber’s core in order to elucidate the composition of the
new nanoparticles formed during the drawing of the fiber.

In this paper, we are interested in clarifying the disappearance of the fluoride from
the optical fiber, so our goal is to study the chemical reactivity at high temperature in the
ternary system SiO,-GeO,-LaF;. It worth noting that in the previous works, GeO, and
LaF; quantities do not exceed 2% each in the optical fiber, with a very large excess of silica
is present. However, we proposed involved reactions when the quantities of SiO, and
GeO, are equal to more understand the real competition between the two oxides. The used
amount of LaF; was the molar stoichiometry of the metal oxide. In this ternary system,
the closest to the conditions in the previous works, pure LaF; grains were studied and not
LaF3; nanoparticles nor thulium-doped LaFs.

2. Materials and Methods

Silicon dioxide (SiO,, granular, >99.99%), germanium dioxide (GeO,, powder, 99.999%)
and lanthanum trifluoride (LaFs, anhydrous, powder, 99%) were all purchased from Sigma-
Aldrich. The main physicochemical properties of these three compounds are presented in
Table 1 below [16].

Table 1. Main physicochemical properties of the three studied compounds [16]. 2 Tg; ® Mp.

Compound Symbol Structure N(I;.l;’l’;]l\{”l’)ss ([g)i';iliy) Tem]éaoeg)lture
jiig)ffd“e Si0, Amorphous 60.085 2.19 14002 1713 b

Ge;ﬁ,‘i‘?j;‘m GeO, Iéifggg;‘i [[g]] 104.640 4250 1281

Lti?ffi‘gﬂg? LaF; Hexagonal [19] 195.900 5.900 1493

The possible reaction between each oxide and LaF3 in a binary system is:

3.5 M02 +2 LaF3 — 1.5 MF, T + L32M207 (1)
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In the ternary system, the two oxides can react with LaF; according to the
following reaction:

3.55i0; + 3.5 GeO, + 2 LaF3 — x SiFy 1T + y GeFs T+ A (2)

The study consists of physically and separately mixing each oxide with LaFs, as well
as mixing the three compounds together, according to the stoichiometric amounts present
in the two Equations (1) and (2). The starting amounts of each compound in each reaction
are indicated in Table 2.

Table 2. Starting amounts of each compound in each reaction.

Masses (mg)

Reactions Si0, GeO, LaFs
3.5Si0; + 2 LaF; 840.0 — 1568.0
3.5 GeO, + 2 LaF3 —_— 1463.0 1568.0
3.5Si0; + 3.5 GeO, + 2 LaF; 840.0 1463.0 1568.0

The dried powders were mixed by grinding them together in the presence of ethanol
for 15 min to ensure the homogenization and the distribution of the grains, which allows a
submicrometric granulometry (less than 0.5 um). Then, they were heated at 60 °C for 1 h to
ensure the elimination of any ethanol traces. The presence of a liquid generally allows to
reduce the significant constraints applied to the grains, which can cause changes in phases,
redox and stoichiometry [20].

After grinding, a part of each mixture was placed in a furnace under air. The tem-
perature was increased with a heating rate of 5 °C/min to reach 1500 °C (the highest
temperature reachable with the furnace at our disposal) and maintained for 5 h. Then, the
furnace was cooled down to room temperature (5 °C/min), and the obtained powders
were taken out and placed directly in a desiccator to avoid any contamination from their
environment (hydration in particular); then, they were characterized by XRD, EDX-SEM
and Raman spectroscopy. To analyze the evaporation of the fluorinated compound, ther-
mogravimetric analyses (TGA) were performed to estimate the mass loss of the various
mixtures. The other parts of each mixture were heated to 1450 °C with a heating rate of
2 °C/min in an alumina crucible, and then they were maintained at 1450 °C for 60 min.

X-Ray Diffraction (XRD) experiments were performed using an X'Pert MPD 6-6
diffractometer (Philips, Amsterdam, Netherlands) with Cu K« radiation (A = 1.5418 A).
It is equipped with the X’Celerator detector and nickel filter. Analyses were carried out
between 12 and 70° as the interval with a step size of 0.033. The obtained patterns were
treated with the X'Pert Highscore software (PANalytical) for phase identification. The used
Energy-Dispersive X-ray Spectroscopy coupled Scanning Electron Microscope (EDX-SEM)
is an X-max 50 mm? from OXFORD INSTRUMENT. The measurements were taken at an
acceleration voltage of 15 KeV with a working distance (WD) of 10 mm. Raman spectra
were recorded by a Raman T64000 Jobin-Yvon® spectrometer equipped with a CCD detector.
The light source was a laser Ar™ operating at 488 nm with a typical output of 100 mW on
the sample. The integration time was 300 s, and all the spectra were recorded between
50 and 1100 cm~!. TGA was performed using a Netzsch STA 409 PC Luxx (TGA/DSC)
machine with a mass resolution of 2 ug and a highest attainable temperature of 1450 °C.

3. Results and Discussion
3.1. Starting Compounds

Before studying the mixtures, it is necessary to understand the behavior of each reagent
and to study the evolution of the chemical structure under thermal treatment of all the
starting compounds. Therefore, we carried out the same thermal studies for each reagent
taken separately. A thermal treatment at 1500 °C was applied in addition to the same TGA
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protocol. SEM images of a mixture of three compounds before thermal treatment show
three different areas (Figure 1); each mainly corresponds to one of the compounds.

& << e o S G SIS
HV mag = det WD pressure spot - 2mm - ma pressure  spot
15.00 kV_ 37 x BSED!10.0 mm 2.98e-1 Torr 3.5 Retro 15.00 kV 2 500 x BSED 10.0 mm 2.98e-1 Torr 3.5

Figure 1. SEM images by backscattered electrons of a mixture of three compounds before thermal
treatment: SiO; (black), GeO, (dark gray) and LaF; (light gray).

This difference in color is due to the contrast in composition (or atomic number) caused
by the variation of the emission cross-section with the atomic number. The emission cross-
section of the backscattered electrons increases sharply with the atomic number. Areas
rich in heavy elements therefore appear lighter than areas rich in light elements. We can
therefore have a relative estimate of the difference in atomic number from one zone to
another. Thus, the lanthanum which is a heavy element (Z = 57) appears light gray, and
the silicon which is a light element (Z = 14) appears black, while the germanium where its
atomic number is between the two others (Z = 32) appears dark gray.

Based on the EDX measurements presented in Table 3 and comparing the theoretical
values expected for each pure compound, the black area in the image taken by backscattered
electrons (Figure 1) mainly corresponds to silica, the dark gray mainly corresponds to
germanium dioxide, and the light gray mainly corresponds to lanthanum trifluoride. None
of these three zones corresponds to a pure compound, and each shows the presence in a
smaller quantity of the phases other than the majority.

Table 3. Theoretical and average atomic percentages obtained by EDX of the different elements
constituting the three studied compounds before thermal treatment.

Atomic %
Element SiO; Black GeO, Dark SiO, Light
(Theoretical) Zone (Theoretical) Gray Zone (Theoretical) Gray Zone
Si 33.34 30.81 — 6.12 — 4.48
Ge — 1.38 33.34 30.96 — 2.63
(@) 66.66 62.62 66.66 56.50 — 5.77
La — 0.81 — 1.13 25.00 23.20
F — 4.37 — 5.29 75.00 63.93

We started by studying with TGA the mass losses of each compound (5i0;, GeO;,
LaF3). Figure 2 shows the losses measured as a function of temperature.
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Figure 2. TGA curves of the different starting compounds.

The two oxides show very low losses up to around 1200 °C, which are caused by the
dehydration and dehydroxylation of the materials. These results show that the oxides
do not undergo major modifications in air at this temperature (decomposition, dispropor-
tionation, etc.). However, germanium dioxide begins to lose mass from around 1400 °C,
which is close to its evaporation temperature (from 1500 °C). While the mass of LaF;
remains almost stable with the increasing of temperature up to around 1300 °C, notable
mass losses are observed at higher temperatures. It is important to note that after one
hour of isotherm at 1450 °C, the sample has lost approximately 18% of its initial mass. We
limited the high-temperature measurement to one hour to avoid any damage on the TGA
device. The evaluated loss mass (=18%) is very close to expected one (16.8%), indicating
that LaF3 was totally oxidized into LayO3. B. Zhu et al. [21] reported the formation of LaOF
from a thermal treatment of LaF3 at 800 °C for 2 h with a mass loss of 10%. In addition,
Zachariasen reported that a 5 h thermal treatment of LaF3 at 920 °C leads to the formation
of LaOF with a mass loss close to 15% [22]. He also noticed that a phase of La;O3 begins to
appear after 31 h at this temperature. An increase in temperature up to 1130 °C witha 19 h
plateau leads to a total oxidation of LaF3 to LapO3 with a loss of 18.5% compared to the
initial mass of the sample. Reactions (3) and (4) show the two possible products when LaF3
reacts with oxygen in the air, as well as the theoretical mass losses which accompany these

two reactions.
LaF; + 02 — LaOF + OF2 T

24% ®)

2LaF3+3OZ—> La203+3OF2T (4)
33%

After thermal treatment of LaF3, the XRD pattern gives important information by
informing us about the final product obtained. To follow the evolution of the structure
as a function of the temperature, a heat treatment at 1000 °C was applied in a furnace. A
LaOF formation around 1000 °C is confirmed by comparing the patterns of our heated
sample with that of the literature [21,23] with an almost perfect match (Figure 3). EDX
results support the production of this product with average atomic percentages of 34.1, 33.2
and 32.7% of lanthanum, oxygen and fluorine, respectively. Theoretically, these values are
equal to 33.33% for each element.
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Figure 3. XRD patterns of LaF3 before (blue) and after (pink) thermal treatment at 1000 °C.

On the other hand, the peaks present in the XRD pattern of the sample after thermal
treatment of LaF3 in a furnace at 1500 °C correspond mainly to the known peaks of La,O3
(red pattern in Figure 4) [24]. However, some peaks do not correspond to the LayOs
structure. To puzzle out this problem and better understand the origin of these peaks, our
sample was studied by XRD a week after its thermal treatment, and the same XRD pattern
appears. We then performed the XRD of the same sample after 4 weeks. The obtained
pattern shows a structure very close to that of La(OH)3 [25] (green pattern in Figure 4). The
production of lanthanum hydroxide is due to a reaction, at room temperature, between
La;O3 and water from the atmosphere [26,27].

3 LaF, 1500°C (after 4 weeks)
A La(OH),
Bl
=
= *
2
o) — LaF, 1500°C (after 1 week)
C
= *  LaO,
*
* *
A *l M r B X % % * % %
R T s %0 %0 a0
26 (%)

Figure 4. XRD patterns of the LaF3 heated at 1500 °C after 1 week (red) and after 4 weeks (green).

Consequently, the thermal treatment of LaF; at very high temperature leads to the
formation of LapO3, which is a compound confirmed by EDX measurements with average
atomic percentages very close to those theoretically calculated (Table 4). The presence
of fluorine in very small quantity (0.9%) is always observed, which is probably coming
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from the residual non-evaporated fluorine because of the shape of the crucible, preventing
oxidation of the entire sample. However, the exposure of the product to humidity in the air
leads to its hydrolysis to give La(OH);3. To avoid this hydrolysis, the product will be stored
under an inert atmosphere.

Table 4. Theoretical and average atomic percentages obtained by EDX of the different elements
constituting the three studied compounds after thermal treatment.

Atomic % Atomic % Atomic %
L3203 LaF3 Ge02 GeOz Si02 Si02
(Theoretical) 1500 °C (Theoretical) 1000 °C (Theoretical) 1500 °C
La 60 63.69 Ge 33.34 34.70 Si 33.34 32.76
O 40 35.41 (@] 66.66 65.30 O 66.66 67.24
F 0 0.90 — — — — — —

Concerning the two oxides, the obtained results by the EDX show that the changing of
their composition by thermal treatment remains very limited. Indeed, the average atomic
percentages obtained from the elements are very close to the expected values.

Germanium dioxide evaporates completely at 1500 °C. Therefore, we applied a thermal
treatment at 1000 °C; it retains its structure without any reaction with air humidity, as
shown in the XRD pattern in Figure 5.

— GeO,1000°C

Intensity (u.a.)

J Jo ll_ll A A, A Ak A n

20 30 40 . 50 60 70 I 80
26 (%)

Figure 5. XRD patterns of GeO, before (blue) and after (green) thermal treatment at 1000 °C.

On the other hand, the amorphous structure of silica begins to crystallize into quartz [28]
at 1100 °C; and at 1500 °C, it gives the cristobalite crystalline phase (Figure 6) [29].
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Figure 6. XRD patterns of SiO, before (blue) and after thermal treatment at 1100 °C (green) and
1500 °C (red).

3.2. Binary and Ternary Systems

The expected reactions between silica and LaF; (Reaction 5) and between germanium
dioxide and LaF3 (Reaction 6) as well as the theoretical mass loss after a thermal treatment

are as follows:
3.5 SIOZ +2 LaF3 — 15 51F4 T + La281207

26% ®)

3.5 G602 +2 LaF3 — 15 GeF4 T + La2Ge207 (6)
29%

After mixing of the three compounds according to Reaction (7), assuming that one
oxide reacts completely with LaF; before the other steps in, the mass losses take theoretically
the following values:

3.55i0; + 3.5 GeO; + 2 LaF3 — 1.5 SiF, or 1.5 GeFy + X %
16% 23%

The nomenclature of these different mixtures is presented in Table 5.

Table 5. Nomenclature of different studied mixtures.

Name Mixture

Si-La 3.55i0, + 2 LaF3

Ge-La 3.5GeO, + 2 LaF3
Si-Ge-La 3.55i0; + 3.5 GeO; + 2 LaF;

3.2.1. TGA of All Mixtures

The evolution of the mass during the thermal treatment of the different mixtures is
presented in Figure 7.



Ceramics 2022, 5 190
1 2 3 4
—
05 |- e s
i 885 5
- 90 |-
o~
)] i o :
3 ool 1000°C ;
> :
i 1145°C ,
80 L : 20%
| | — si-La | :Z
Ge-La :
®r | — si-Ge-La 1235°C B
I 1 1 1 1 L 1 1 1 N | L 1 1 1 |

200 400 600 800 1000 1200 1400
Temperature (°C)

Figure 7. TGA curves of the three different mixtures.

The total mass losses of Si-La, Ge-La and Si-Ge-La reach 22, 28 and 20%, respectively.
These values evolve with the same tendency compared to the theoretical ones. We can
also note that these losses are low for Si-La during the isotherm at 1450 °C, while they are
important for Ge-La and Si-Ge-La. This difference of loss values for Ge-La and Si-Ge-La
can be explained by an evaporation of germanium dioxide, which does not react with LaFj.

It is quite clear that Si-La begins to lose mass at a lower temperature than Ge-La.
Indeed, for Si-La, the loss begins at around 1000 °C, and it falls very fast until 1235 °C after
losing about 19% of its mass; then, it continues in a less marked way. This temperature
(1235 °C) is close to that of the start of loss for LaF; alone (1300 °C) (Figure 2). The Ge-
La curve shows that the mass decreases almost 1.5% between 885 and 1145 °C when it
decreases rapidly; then, it slows down a little from 1235 °C. This common inflection point
between Si-La and Ge-La curves may be due to the existence of two simultaneous reactions
at this high temperature: a first between the oxide and LaF; already in progress, and a
second, which would take place with LaF3 not having not yet reacted and the oxygen.

Looking at the Si-Ge-La curve, we can notice a mass loss of about 1% at the start of
the study before 100 °C. This is due to the dehydration of the mixture, which could adsorb
water from the atmosphere during preparation. Then, the sharp decrease in mass begins
at 1000 °C. It is slower at the same inflection point of Si-La and Ge-La (1235 °C) but at an
intermediate value of mass loss (15%). We can notice that the shapes of the curves of Si-La
and Si-Ge-La are similar but with a lower loss for Si-Ge-La.

3.2.2. Si-La

After thermal treatment, the binary mixture between silica and LaF; (Si-La) shows by
SEM imaging two different areas: light gray and black (Figure 8). This observation indicates
that the reactions are incomplete or produce several compounds. The obtained results by
EDX after the analysis of each zone are presented in Table 6. These values indicate that
there is a small amount of fluorine that can be attributed to residual LaOF, and that the
black area essentially corresponds to unreacted silica. Meanwhile, the other zone may
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correspond to a product resulting from the reaction between the two compounds in the
presence or absence of traces of fluorine or silica.

HV  |mag « [ WD pre
1500 kV| 37 x BSED 10.0 mm 2 98e-1 T

Figure 8. SEM images of Si-La after thermal treatment at 1500 °C.

Table 6. EDX results of Si-La after thermal treatment.

Element Light Gray Zone Black Zone
La 11.80% 2.85%
Si 23.51% 35.49%
F 0.50% 0.42%
(@) 64.66% 61.24%

The XRD pattern (Figure 9) of the Si-La corresponds perfectly to that of a monoclinic
La,Sip Oy [30,31]. The intense peak around 20 = 22° is attributed to the crystallized silica
with a cristobalite structure (Figure 9). The thermal treatment crystallized the silica, which
did not react with LaF; or which did not have the necessary time to react.

La,Si, 0, - Monoclinique (ICSD card)

S T |\I1|....lLLL.LLMMQ_Q_Mm

Si-La (1500°C)

Intensity (u.a.)

10 I 20 \ 30 40 50 60 I 70
[SiO, - Cristobalite] 26 (°)

Figure 9. XRD patterns of Si-La after thermal treatment with the ICSD card of monoclinic
La;SiyO7 [30,31]. Adapted with permission from Ref. [30]. Copyright 2022, Zeitschrift fur Kristallo-
graphie. Adapted with permission from Ref. [31]. Copyright 2022, Royal Society of Chemistry.
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The Raman spectrum in Figure 10 shows that the spectrum of Si-La corresponds
strongly to that of LaySi;Oy [32]: especially the two peaks between 450 and 500 cm ™!
and the two intense peaks around 750 and 1000 cm ™!, respectively. This comes in good
agreement with the results obtained previously.

La,Si,0,

Si-La (1500°C)

Intensity (u.a.)

|
100 200 30" 400 00 700 800 900 1000

Apatite type ; -1
La-Si-0 Raman shift (cm )

Figure 10. Raman spectra of Si-La after thermal treatment and La,Si, Oy [32]. Adapted with permis-
sion from Ref. [32]. Copyright 2022, American Chemical Society.

We can notice the presence of two different main peaks in the spectrum of Si-La
compared to that of La,Si,Oy: at 400 and 850 cm~!. This appearance is explained by the
formation of other materials. These two peaks are present mainly in the Raman spectra of
two La-5i-O apatite types: Lag 335i6O2¢ and Lag 475160245 [33].

The XRD results were confirmed by EDX analyses. Table 7 presents the theoretical
atomic percentages of the chemical elements in case of obtaining a mixture of La;Si;O7 and
silica or each taken separately.

Table 7. EDX results of the light gray zone and the theoretical atomic percentages of different elements
of the possible products in Si-La.

Theoretical Atomic %

Element nght Gray Zone La,Si,O Sio 50% LaZSi207+ 30% LaZSi207+
29727 2 50% SiO, 70% SiO,
La 11.08% 18.2% — 14.2% 11.1%
Si 23.51% 18.2% 33.33% 21.6% 24.1%
@) 64.66% 63.6% 66.67% 64.2% 64.8%

F 0.75% — — — —
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From the comparison of these values with the results obtained by EDX in the light gray
zone, noting that the experimental percentage of silicon is higher than that of lanthanum,
it appears that the thermal treatment of SiO; and LaF3 at 1500 °C leads to obtaining a
mixture of two products: La;Si;O; and SiO,. The Raman spectrum agrees with the results
obtained by XRD and EDX. However, the latter does not show the existence of apatite
in the mixture. The presence of two peaks at 400 and 850 cm ™! in the Raman spectrum
can mean that one of these two apatites is formed in small quantities in our final product.
As they are obtained from a mixture of LayOs (itself resulting from the reaction between
LaF; and oxygen in the air) and SiO, at a temperature above 1250 °C [34], their formation
is very difficult under our conditions, which could explain its low concentration in the
final product. As shown above, the LaF; does not evaporate; it reacts with oxygen to form
LaOF (at around 1000 °C) and La,Oj3 (at around 1100 °C). This latter will react with the
5i0O, present in the medium, leading also to LaySi,O7 formation through a second way.
The multiple reactions of LaF; with the S5iO; on one hand and the oxygen from air on the
other hand make the reacting quantity of silica less than expected, which explains the close
numbers between the experimental results and those theoretically calculated for 30/70 and
not 50/50 of LaySipO7 and SiO;. The amount of fluorine obtained by EDX can be explained
by LaFj3 traces encapsulated in the mixture that did not have the opportunity to react.

3.2.3. Ge-La

The SEM image of the binary mixture between GeO, and LaF; after thermal treatment
(Ge-La) shows two zones, light gray and dark gray (Figure 11). This also means the presence
of two products in the medium after thermal treatment. Table 8 presents the obtained
results by EDX after the analysis of each zone. It can be noted that germanium dioxide is
always present in the medium regardless of the studied zone despite its evaporation at
1500 °C when it was studied alone.

Figure 11. SEM images of Ge-La after thermal treatment at 1500 °C.

Table 8. EDX results of the Ge-La after thermal treatment and the theoretical atomic percentages of
different elements of the possible products in Ge-La.

Element Light Gray Zone Dark Gray Zone Lay Gep, Oy GeO,
La 21.21% 3.50% 18.20% —
Ge 20.29% 34.30% 18.20% 33.33%
o 57.73% 61.94% 63.60% 66.67%

F 0.86% 0.26% — —

The XRD pattern of Ge-La after thermal treatment (Figure 12) shows that the structure
of the obtained product corresponds to that of LayGe,O7 [35].
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Figure 12. XRD patterns of Ge-La after thermal treatment with the ICSD card of La,Ge;O7 [35].
Adapted with permission from Ref. [35]. Copyright 2022, Elsevier.
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Intensity (u.a.)

We have not found a Raman spectrum of La;Ge,Oy in the literature to compare it
with that of Ge-La after thermal treatment. However, Figure 13 gives us an idea of the
expected shape; we compared our spectrum with that of LaBGeOs [36]. The comparison
of these two Raman spectra tends to show that the obtained product could be some type
of lanthanum germanium oxide, especially the peaks around 600, 780, 800 and 850 cm~!.
According to XRD, the pattern indicates that it would be La,Ge;Oy. In addition, the
measured composition by EDX in the light gray zone agrees with this composition whose
theoretical percentages of the elements in LayGe,Oy are 63.6% of oxygen and 18.2% of
germanium and lanthanum each. The dark gray zone could be associated with the majority
presence of GeO,.

LaBGeOs

3.5 GeO9p + 2 LaF3 (1500°C)

Intensity (u.a.)

100 200 300 400 500 600 700 800 900

Raman shift (cm™)

Figure 13. Raman spectra of Ge-La and LaBGeOs [36]. Adapted with permission from Ref. [36].
Copyright 2022, John Wiley & Sons.
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3.2.4. Si-Ge-La

The SEM image once again shows zones heterogeneity (Figure 14). After analysis by
EDX of the dark zones, it was shown that it is mostly silica: 33.20% silicon and 62.60%
oxygen with traces of germanium and fluorine. Concerning the light zones, the obtained
percentages of the chemical elements for several zones are shown in Table 9. The EDX
results show that, for all light zones, the amounts of germanium are relatively low with the
presence of traces of fluorine. Meanwhile, those of silicon and lanthanum are very close to
each other in the presence of a large amount of oxygen.

HV mag det WD pressure  spot 2mm HV I n{ag o WD I pressure spot B
1500kV 37 x BSED|10.0 mm 2.98e-1 Tor 3.5 Retro 15.00 kV|1 200 x BSED 10.0 mm 2.98e-1 Torr 3.5

Figure 14. SEM images of Si-Ge-La after thermal treatment at 1500 °C.

Table 9. EDX results of light zones of Si-Ge-La after thermal treatment.

Element Light Zone 1 Light Zone 2 Light Zone 3
La 15.13% 19.8% 17.46%
Si 16.14% 17.29% 15.66%
Ge 5.80% 5.13% 4.99%
F 0.98% 0.64% 0.71%
@) 61.95% 57.26% 61.18%

The XRD gives a pattern of Si-Ge-La after thermal treatment close to that of La;Si,O7
(Figure 15), but the obtained crystal structure from the latter is tetragonal [37], which
is different from that obtained for Si-La after thermal treatment, which was monoclinic.
However, as in Si-La after thermal treatment, the intense peak at 20 = 22° comes from the
presence of cristobalite in the medium. In addition, there are no corresponding peaks to a
crystallized compound that contains germanium.

Figure 16 shows the Raman spectra of the ternary mixture Si-Ge-La after thermal
treatment. This Raman spectrum has many peaks and is clearly distinguished from those
obtained for Si-La and Ge-La after thermal treatment. In particular, we do not find the
intense peak around 750 cm ™! characteristic of LaySi,O7, but we have its peak around
1000 cm ™! [32]. We can also see the peak around 850 cm ™! characteristic of apatite type
La-Si-O [33]. In addition, the shoulder around 650 cm ! has been attributed to the existence
of oxide ions in interstitial sites, which leads to the formation of the germanium atom in
coordination 5 [38], which confirms obtaining an apatite-type La-Ge-O.
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Figure 15. XRD pattern of Si-Ge-La after thermal treatment with the ICSD card of tetragonal
La;Siy Oy [37]. Adapted with permission from Ref. [37]. Copyright 2022, John Wiley and Sons.
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Figure 16. Raman spectrum of Si-Ge-La after thermal treatment.

According to the TGA curves already presented, the mass loss for Si-La begins 150 °C
before that of Ge-La. In addition, mass losses for Si-La and Si-Ge-La start at the same
temperature (1000 °C). This may mean that in the ternary mixture, the reaction begins
between silica and lanthanum trifluoride to form La,Si,O7. This reaction consumes all of
LaF; before reaching the reaction temperature between the latter with GeO,, which in its
turn mostly evaporates in the absence of another reagent. The atomic percentages obtained
by EDX of the elements La, Si and O can be attributed to the presence of LaySi;Oy. The
EDX also shows that a small amount of GeO; succeeds to react in the medium to give some
type of La-Ge-O compound in small amounts, which is in agreement with the obtained
Raman spectrum of Si-Ge-La after thermal treatment.

The obtained results go in the direction of the presence of a reaction between fluoride
ions and silicon oxide with the release of SiF,. This release was observed in the two binary
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mixtures but also in the ternary. Fluoride is considered to be a very nucleophilic ion with
a high electron density, allowing it to attack the metal center, which is considered to be
electrophilic and able to extent its coordination number [39]. The high stability of the
M-F bond generates a breaking of the M-O bond, whose bond energies are lower (case of
Si). The repetition of these attacks on M leads to the formation of MF,;. As an example,
the SiF,; formation mechanism is presented in Figure 17. The release of this gas leads to
the formation of La;Si,O7; and LayGe,O7 after the thermal treatment of Si-La and Ge-La,
respectively.
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Figure 17. SiF4 release mechanism after a reaction between at high temperature silica and fluoride
ions from LaFs.

TGA has shown that the reaction in mixtures Si-La and Si-Ge-La begins at a tempera-
ture approximately 150 °C lower than that in Ge-La. The weaker energy of the Si-O bond
than that of the Ge-O bond (Table 10) promotes a reaction in Si-La at a lower temperature.

Table 10. The main bond energies.

Bond E (kJ.mol—1) Reference
Si-O 452 [40]
F-Ge 485 [41]
F-Si 552 [42]
Ge-O 659 [43]

The similarity of the TGA curve shapes between SiO,-LaF3 and SiO;-GeO;-LaFj3, as
well as that of the EDX and DRX results, clearly shows that the reaction between fluoride
and silicon in the ternary system is in favor compared to that with germanium. The
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difference in the energies of the metal bonds with oxygen makes the break of the Ge-O
bond less favored in the ternary mixture.

The silica quantity is sufficient to react with all of the LaF3, giving the mixed oxide
LaySipOy. The lower temperature of this reaction leads to the consumption of the majority
of LaF; by silica, which leaves only a small amount to react with the germanium dioxide,
which at this point has already started to evaporate from the mixture.

The high energy of the Ge-O bond compared to that of F-Ge explains the persistence
of germanium oxide noticed by EDX-SEM in GeO-LaF; after thermal treatment, which
can be explained by a reaction between GeF4 with oxygen of air at the high temperature
that leads to the formation of new GeO,.

4. Conclusions

We have studied in this paper the different in the binary systems SiO;-LaF; and GeO,-
LaF; as well as in the ternary system SiO,-GeO,-LaF3 in order to understand the reactivity
of the fluoride ions in the co-doped optical fiber LaFs: Tm®* which after drawing showed a
disappearance of the fluorine as well as an appearance of new nanoparticles in the fiber.

The results showed that silica reacts at lower temperatures than germanium dioxide
with lanthanum trifluoride. In addition, the predominant product after a reaction in a
ternary mixture is LaySi; Oy, always with a tetragonal crystal structure.

In this study, we proposed reactions involved when the quantities of SiO; and GeO,
are equal. The used amount of LaF3 was the molar stoichiometry of the metal oxide.
In the previous studies, the GeO, and LaF3 quantities do not exceed 2% each in optical
fiber. Silica is the raw material that is in very large excess compared to the other two
compounds. This means that the predominant reaction, and maybe the only reaction,
during the fabrication of the optical fiber is that between LaF; with an excess of SiO,,
which releases SiF4 and produces nanoparticles of La;Si;O;. Considering the required
temperatures for this reaction, such a mechanism may start from the densification phase of
the porous layer during the MCVD process.
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