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ABSTRACT: Doping material with nanoparticles is increasingly used as

an effective method for improving their mechanical, optical, and *

sturdiness properties in many fields. More specifically, effective material

development will depend on our ability to control nanoparticles’ shape, =~ < o 2 R @ .

composition, and size. While crystalline nanophase can be examined § & S -§ (S § g -

easily, characterization of amorphous nanoparticles remains a challenge. @ =~ 8 3 §gS

Here, we investigate the chemical composition of sub-20-nm oxide ® MgO, P20s,

nanoparticles grown in rare-earth doped silicate glass through the phase ¢

separation mechanism occurring under heat treatment. Using a L
combination of analytical techniques, we demonstrate that nanoparticle 1 Radius (nm) 10

composition and, therefore, the chemical environment of encapsulated

rare-earth ions, is nanoparticle size dependent. This new experimental

evidence of composition change contributes unique insights on the phase separation mechanism that will lead to better
comprehension and will guide development of future materials.

B INTRODUCTION

Nanocomposite glasses are comprised of crystalline or
amorphous nanoparticles, embedded in a glassy host. These
glasses are known for their broad range of uses, from
technological consumer applications (cooktops, dental im-
plants, information storage, etc.), to materials and natural
sciences.'~* Crystalline or amorphous nanoparticle-doped

chemical, and financial advantages of the glassy host matrix
with (ii) engineering rare-earth ions spectroscopic properties,
by controlling both nanoparticles’ composition and structure.
A major issue in using composite glasses is material-diminished
transparency, an important drawback for optical fibers.
Consequently, nanometric-size particles are preferred, as they
limit light scattering.‘)_ll More generally, the material’s

glasses usually are obtained by heating homogeneous glass or
by cooling melts to initiate nucleation via the phase separation
mechanism. However, although extensively studied for the past
60 years, the exact mechanism causing the nanoparticles
formation, especially the first nuclei, has remained elusive, due
to the lack of characterization techniques for exploring small
(<20 nm) amorphous nanoparticles.

In this article, we focus on glass containing nanoparticles
doped with rare-earth ions. Such nanocomposite glasses have
become material of prime importance in photonics.”™* These
materials are of interest as they can combine (i) mechanical,

performance depends on the ability to grow and control
nanoparticles size, shape and chemical composition.'”"”
However, due to their small size, their characterization, critical
for material optimization, remains a challenge. Rare-earth-
doped crystalline nanoparticles characterization requires
techniques such as X-ray diffraction (XRD) and electron
microscopies (transmission electron microscopy, TEM),H



Figure 1. (a) Nanoparticles observed by TEM. They correspond to location close to the central region of the fiber core. Particle size varies between
a few nanometers and 200 nm. (b) Diffraction pattern (SAED) on nanoparticles. The particles are amorphous. (c) XY orientation map of 3D
distribution. The Mg is in pink and the O is in blue. (d) APT reconstruction of Mg-based nanoparticles surrounded by silica matrix.

combined with fluorescence, to successfully determine their
crystalline structures and chemical composition. The partition
of rare-earth ions inside nanoparticles is usually clearly revealed
by a change in the emission spectrum shape. In the crystalline
environment, the emission spectrum displays a peak, versus a
broad band in the glassy host."

Amorphous phase-separated nanoparticles, on the other
hand, are of interest as they offer broader bandwidth gains than
do crystalline structures. However, the lack of straightforward
characterization techniques for these amorphous structures is a
serious impediment to developing such material. Energy
dispersive X-ray (EDX) analysis, for example, requires
preparing ultrathin layer samples—thinner than the nano-
particles diameters—to be confident about composition
assessment. Additionally, specimen preparation producing
only small nanoparticles amounts would be statistically
detrimental. Since rare-earth fluorescence emission spectra
inside and outside amorphous nanoparticles differs very
slightly in shape, the spectra interpretation is more complicated
than that of crystalline structures.

In this study, we employed 3D atom probe tomography
(APT) to investigate variation in chemical composition and
Er*" partitioning in amorphous nanoparticles grown in silicate
glass (SiO,—GeO,—MgO—P,0;) via heat treatments. The
specific system studied was the core of an optical fiber drawn
from a preform prepared according to the modified chemical
vapor deposition (MCVD) process described in the Support-
ing Information. Previous reporting on large nanoparticles
investigated via secondary ion mass spectrometry has shown
qualitative concentration variations for Mg and P from the

matrix to the particle.'® However, the technique’s high
detection limit did not permit gathering Er information.
Here, we provide the first comprehensive experimental data set
that describes concentration variations for elements such as P,
Mg, and Er for nanoparticles with radii spanning 1 to 10 nm.
To discuss the Er’" environment in nanoparticles, we apply
molecular dynamics simulations, as they have recently
demonstrated the ability to reproduce phase-separated nano-
particles in the SiO,—MgO system.'” This study shows: (1)
high “unexpected” density of small nanoparticles (<10 nm);
(2) composition variation with nanoparticle size; (3) Er’* ions
partition within amorphous oxide nanoparticles; and (4)
chemical variation of Er’" ion local environments with
nanoparticle size.

M RESULTS

Nanoparticle Composition. Nanoparticles in the fiber
core were characterized by two techniques: APT and TEM.
Briefly, the APT experiment is based on the pulse-triggered
field evaporation process of ions from a needle-shaped
specimen tip in an ultrahigh vacuum and cryogenic environ-
ment, followed by recording the ions’ positions on a delay-line
detector. Combining time-of-flight (TOF) spectroscopy and
point projection microscopy results in tridimensional recon-
struction of evaporated volume as described in the Supporting
Information. The TEM image of a fiber core and the APT
reconstruction of Mg-based nanoparticles surrounded by silica
matrix, are shown in Figure 1, parts a and d, respectively. TEM
sample preparation led to observation of nanoparticles within a
4—200 nm range, with spherical shapes for the largest ones



(Figure 1a). The top-sliced view of ATP reconstructed volume
(Figure 1c) highlights a high density of nanoparticles with a
diameter less than 10 nm, something not observed with TEM.
The selected area electron diffraction pattern (SAED), Figure
1b, reveals diffusion rings typical of noncrystalline structures,
demonstrating that nanoparticles are amorphous. Therefore,
their chemical characterization cannot be derived from X-ray
diffraction patterns. Additionally, spatial resolution of X-EDS
in nanoprobe mode (typically ~50 nm) does not permit
elementary analysis of nanoparticles smaller than 10 nm.

One APT strength is its ability to spatially determine
chemical information in buried interfaces and particles. This is
usually achieved postreconstruction by defining a region of
interest (ROI) such as a cube, cylinder, or sphere. Then the
volume of the ROI is interrogated based on either the number
of ions per counting block or the thickness per slice, over the
full ROT in a specific analysis direction. However, as the goal is
to quantify chemical content of the nanoparticles as accurately
as possible, we applied the proximity histogram, or proxigram
(a mathematical approach),'® to calculate concentration
profiles of distance from iso-concentration surfaces—also
called isosurfaces. The isosurfaces are mathematically defined
by meshing polygons passing through volume pixels, or voxels,
of a specific content (at. %) or ions-density (ions/nm?).

The proxigram displayed in Figure 2 represents the average
concentration of Mg, Er, P, and Ge for particles with radii in a
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Figure 2. Proximity histogram displaying the evolution of Mg, Er, P,
and Ge concentrations from the silica matrix toward the center of the
Mg-based dielectric nanoparticles.

5—8 nm range. Error bars are based on the statistical counting
errors method detailed elsewhere,'” and they account for the
background level under each mass-to-charge (m/n) peak ratio
reached during reconstruction. Similar quantitative results on
mass spectra were obtained using either manual data
processing or the range-assisted background model, and were
implemented directly in IVAS. In atom probe tomography, due
to trajectory aberrations induced by the difference in
evaporation field between the matrix and the dielectric
nanoparticles, we can only provide an estimate of the error
on the 3D reconstruction. A pioneer publication from Sha and
Cerezo™ has reported a 15% to 20% range in error bars for the
particle size based on the substantial difference in evaporation
field in their system containing ZrO particles (~36 V/nm) in
an Al matrix (19 V/nm). Moreover, another contribution from
Marquis and Vurpillot”' treats precipitates smaller than 10 nm
in radii with differences in evaporation fields of about 10%
between matrix and particles. The resulted reconstruction led

to a maximum shift of 1—1.5 nm in the atom positioning,
which represents a 10—15% change in standard deviation. Our
system falls closer to the second case scenario and would
provide us with an estimated 10—15% uncertainty in the
measurements presented in this present article. However, the
exact uncertainty for our particle sizes measurements is not
known and it is not provided.

Compared to the matrix, there is clear nanoparticle
enrichment in Mg and P of approximately 100-fold and 10-
fold respectively, with the 0 nm distance value corresponding
to the interface between matrix and particles for iso-
concentration surfaces set at 3 at. % for Mg. The 3 at. %
was chosen to achieve visualization, but has no effect on
quantitation. Most importantly, we observed a clear uptake
trend in Er. The mean concentration of Er ions is estimated at
635 ppm +101 ppm in nanoparticles larger than 150 nm? (r >
3.3 nm) and at 46 ppm +10 ppm in the total bulk volume. The
Ge trend was not as clearly defined as that for P and Mg. In
some nanoparticles, the Ge ion concentration appeared similar
to that of the matrix (Figure 2) while for other particles it was
slightly higher. Although Mg, P and Er ions are clearly
partitioned within nanoparticles, the Si ion concentration is
only 20% lower in the nanoparticle when compared to the
matrix. The transition from nanoparticles to matrix appears to
occur within less than § nm and is definitely not sharp. We did
not observe any obvious core—shell structure although it was
reported in the case of alloys.”

APT sensitivity at the atomic level enables direct measure-
ment of Mg and P contents in nanoparticles for the entire [1—
10 nm] radii range. Concentration variation for Mg and P, with
nanoparticle size variation (Figure 3), is identical for both
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Figure 3. Concentration of Mg and P in the nanoparticles vs their
radius measured by APT.

elements. The concentration is constant up to a 3.5 nm radius
and then increases in particles with radii larger than 3.5 nm.
We also observed that Si concentration slightly decreases
within this nanoparticle size range.

Within the numerous tips analyzed, we found only a limited
number of nanoparticles with radii larger than 6 nm. The Mg
and P concentration in particles with radii larger than 60 nm
were investigated via X-EDS analysis in nanoprobe mode and
parallel electron beam. These contents were estimated to be
20—25 at. % Mg and 3.5—5 at. % P. These values may be
underestimated as the smallest nanoparticles may be dissolved
during the TEM sample HF acid cleaning process. APT
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Figure 4. (a) 3D rendering of the quenched structure of 0.01ErO;,,—0.10MgO—0.89SiO, glass. Only Mg atoms are shown, but a color code is
applied to discriminate them according to the size of the nanoparticle in which they are located. Mg atoms separated by less than 0.43 nm (first
minimum of the Mg—Mg radial distribution function) are considered to belong to the same DNP. (b) Nanoparticles composition vs their volume
(MD simulation). The elemental concentrations are indicated in the column bars (top, middle, and bottom values correspond to ErO;,,, MgO, and

SiO,, respectively).

measurement on a “big” nanoparticle, not fully contained in
the etched tip, indicates a concentration of 38 at. % Mg and 11
at. % P. Although semiquantitative, both techniques show Mg
and P contents continue increasing for nanoparticles of radii
larger than 10 nm. Note that if we consider the SiO,—MgO
phase diagram, for a 1 mol % MgO content, the expected phase
separated particles concentration would lead to 40MgO-
60Si0, (in mol %).” Although GeO,, P,O; and Er,O,
contents are low in our samples, 'large’ nanoparticle
composition, measured via EDX and APT, still remains close
to those expected considering the phase diagram.”*

The data set in this study demonstrates existence of a first
plateau, followed by a second trend in which particle
composition changes (Figure 3). Classical nucleation theory
(CNT), formulated to explain the nucleation/growth mecha-
nism, is based on nanocrystals clustering, and their growth.
Capillary approximation of this model predicts that above the
critical radius, the nuclei, and the macroscopic phase have
identical crystalline structures and composition. However,
several aspects of this model are disproved by experimental
evidence.”” ™" Interestingly, recent theories based on Cahn
and Hilliard’s approach suggest nanoparticles do not reach
final composition at a given radius (critical radius in the frame
of the CNT). Instead, their composition varies over a range of
diameters before reaching final composition.”’ ™" In these
models, particle evolution is divided into three parts: (i)
composition of smaller particles remains constant with size;
(ii) particle composition starting to change at a given radius
(named Rs); (iii) for radius larger than 2—4 Rs, the particle
composition is very close to the final composition.
Experimental results obtained in alloy confirmed composition
variation vs size for particles smaller than 10 nm, but the first
plateau was not observed.” ™’ These models were established
for a binary solution heated at a constant temperature.
Although our multicomponent glass was heated according to
cyclic heat-treatments, we observed typical features related to
these models. Our model system does not allow cluster study
during the growth phase, but instead captures snapshots of an
entire range of clusters at a given time. In steel, cluster
composition depends only on the radius and is not time
dependent.”®’” We therefore infer that the smallest nano-

particles correspond to early stages of the phase separation
mechanism.

Nanoparticle chemical compositions were also investigated
via molecular dynamics simulations. We developed a trans-
ferable and adaptive model that describes, for the first time, the
separation of large phases in the MgO-SiO, binary system.'’
This model has been extended to MgO—SiOZ—EuZO3W and,
more specifically, applied to the 0.1MgO—0.89SiO,—
0.01ErO;,, system in the present study. All details are given
in the Supporting Information. For statistical relevance, the
simulated composition contains more Mg and Er than the
investigated sample. A direct comparison between simulated
and experimental results is outside this paper’s scope, due to
the difficulty of describing such a complex system. Thus, with
this model, the simulation box was limited to 15 nm to reduce
computation time, and the maximum mean nanoparticle radius
obtained was approximately 1.8 nm. The heating treatment of
the 0.1MgO—0.895i0,—0.01ErO;,, system did not include
quenching rate. A 3D rendering of a nanostructured
0.01ErO;,,—0.10MgO—0.89Si0, glass, obtained after a
quench at 0.01 K/ps of a melt structure, is shown in Figure
4a. Although only Mg atoms are presented, a color code allows
visualizing their clustering as nanoparticles of various sizes. Mg
atoms separated by less than 0.43 nm (1st minimum of the
Mg—Mg radial distribution function'’) are considered part of
the same nanoparticle. These nanoparticles appear amorphous
and aspherical. Variation of nanoparticle composition by size is
also predicted by the simulation (Figure 4b), with results in
strong agreement with the trend observed experimentally. The
nanoparticle SiO, content is large, and the Mg concentration
increases with particle size. Although the APT results revealed
Er partitioning within the nanoparticle, the technique was not
sensitive enough to quantify small Er content variations. The
simulation provides this additional information and predicts an
increase of Er concentration with particle size.

Er** Environment vs. Nanoparticle Size. As nano-
particle composition changes with size, a question arises
regarding evolution of the Er’* ion immediate environment. In
this section, we consider Er** ions located inside particles.
Study of Er’" atoms short-range order shows that the close
environment of Er’* is enriched with O and Mg ions as first



Table 1. Er®* Environment vs Volume of Containing Nanoparticles"

Er** coordination with

nanoparticles volume V (nm?) NNO NBO*
01 <V<05 0.1 1.2
05<V<7?7 02 0.9
7<V<28 0.3 0.7

NBO**

BO* O total Si Mg Er
1.3 63 6.9 1.9 0.2
1.1 6.6 6.7 33 0.3
0.9 6.7 6.5 4.2 0.5

“NNO = oxygen with no link to Si; NBO* = non-bridging divalent oxygen; NBO** = non-bridging trivalent oxygen; BO* = bridging trivalent
oxygen; O total corresponds to the sum of all oxygen atoms; Er—O, Er—Si, Er—Mg, and Er—Er cutoffs are 0.29, 041, 0.46, and 0.47 nm,

respectively).

and second neighbors, respectively, when particle size increases
(Table 1). Examination of the various well-defined oxygen
binding possibilities within the glass environment provides
further insight of Er’" structural rearrangement. The six
possible variables are (i) bridging oxygen (BO), where an O
atom is bound to two silicon atoms, thus fully participating in
the SiO, network; (ii) non-bridging oxygen (NBO), where the
oxygen is bound to a single silicon atom; (iii) divalent bridging
oxygen (BO*), where the O atom is bound to two silicon
atoms and another cation (erbium or magnesium); (iv)
divalent non-bridging oxygen (NBO*), where the O atom is
bound to a single silicon atom and another cation; (v) trivalent
non-bridging oxygen (NBO**), where the O atom is bound to
one silicon and two other cations (erbium and/or magnesium),
and (vi) non-network oxygen (NNO), where the O atom is
not bound to any silicon. The cutoffs for Si—O, Mg—O, and
Er—O bonds are 2.1, 2.9, and 2.9 A respectively, which
correspond to the first minimum of cation-oxygen radial
distribution function. For an ideal SiO, glass, 100% of the O
atoms are BO (99.3% with our numerical simulations).

The high percentage of Er** (2.6 mol %) in the largest
nanoparticles should favor greater rare-earth ion clustering.
However, analysis of neighboring Er** atoms shows the
opposite. Indeed, a simulation with binary ErO;,,—SiO, glass
containing 2.6 mol % Er*’, shows that 65% of Er'* ions
aggregate. In comparison, in ErO; ,—MgO—S§iO, nanoparticles
containing the same Er’" concentration, the Er** clustering
amount drops to 39%. Against all expectations, the clustering
effect in nanoparticles is almost halved, something that could
be explained by NBO** presence in nanoparticles. Indeed, in
silica glass, erbium ions tend to aggregate, to share scarce
NBO**.*” For this reason, when phosphorus is incorporated
into silica, there is preferential coordination of Er with P, as
this cation tends to depolymerize the SiO, network (i.e.,
creates NBO).*" To discuss the role of Mg and O ions, the
complete analysis of the Er** environment with nanoparticles
size is presented in Table 1. When introduced into vitreous
silica, Mg** ions create BO*, NBO*, NBO**, and a few NNO.
It can be seen that the larger the nanoparticle, the more Mg
atoms surround Er’*. The Mg presence brings NBO** (Table
1), giving Er’* the opportunity to increase oxygen coordination
without use of rare-earth aggregation.

B DISCUSSION

The properties of rare-earth elements in glass ceramics
materials have been extensively described in literature on
rare-earth doped nanocrystals. In particular, these studies
demonstrate that these materials’ spectroscopic properties are
altered by their nanocrystal size. More precisely, these works
describe how nanoparticle size influences: phonon frequency
cutoff,*! interactions between rare-earth ions and defects at the
surface of nanocrystals,” the refractive index,”’ the rare-earth

two level-system (of the glassy host) interaction,”* and the
interaction of lanthanides ions with a new mixed vibrational
state, potentially resulting from glass vibrational and nano-
crystals phonon modes.”” In all these studies, despite
nanocrystal size variation, possible nanoparticle composition
modification by size remained unexplored. Although con-
ducted on amorphous phase-separated nanoparticles, our
experimental results and MD simulations are unique in
revealing a change in rare-earth ions close environment
composition based on nanoparticle size, a composition change
known to strongly influence material spectroscopic proper-
ties.'> Therefore, we postulate that the dependence of
luminescent properties is associated with composition changes
that we show to be nanoparticle size-dependent. Our
hypothesis is partially supported by previous work in which
larger nanoparticles were obtained by increasing Mg content,
leading to Er’* emission spectra broadening.” However,
classic emission characterization techniques only provide
global information regarding a fiber's optical properties,
which, in the present study, comprises the sum of all individual
Er'" emission spectra embedded in nanoparticles of a few
hundred nanometers in size. Utilizing the super resolution
microscopy technique,”’ for example, potentially would allow
exploring luminescence properties at the nanoparticle level.
These results highlight that the smallest nanoparticles,
although preferred for application in photonics as they reduce
light scattering, may not be the best adapted to the
nanoengineering of rare earth luminescence properties as
their composition is similar to that of the matrix.

Fundamentally, nanoparticle composition modification also
could provide new insight into the crystallization processes.
We suggest amorphous nanoparticles could be seen as a
precursor to crystalline nanoparticles formation, in which the
final composition will be determined not by the “bud” size
critical radius, as defined by the classical theory, but rather by
when nanoparticles reach a size larger than “compositional”
critical radius (i.e, when nanoparticle composition becomes
congruent with crystalline phase). In addition, the nanoparticle
refractive index is expected to be size-dependent and therefore
may affect our understanding of light scattering in glasses that
contain polydispersed nanoparticles. Finally, these results will
help to understand the mechanisms underlying the phase
separation, a process broadly used to trigger the nanoparticles
formation.

B CONCLUSIONS

This study demonstrates, for the first time, that the chemical
composition of amorphous phase-separated nanoparticles
produced via phase separation in silicate glasses is nanoparticle
size-dependent. Er’* partitioning in nanoparticles is associated
with an increase in Mg and P ions content for the smaller
nanoparticles, of radii in the 1—10 nm range. Er’* ion



clustering becomes less pronounced in nanoparticles than in
glass bulk, due to the beneficial role of elements such as Mg,
which we found to be more abundant in larger nanoparticles.

These results contribute important insights regarding
fluorescence properties of rare-earth doped amorphous
nanoparticles, and directly apply to the field of transparent
glass—ceramics material, in which the primary goal is reducing
nanoparticle size to improve transparency. This approach may
require additional consideration when applied, as our results
highlight the trade-off between using small-size nanoparticles
and larger nanoparticles. The smaller particles reduce light
scattering in glass, while the larger ones could specifically be
nanoengineered to optimize the glasses’ material luminescence
properties.
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