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1 | INTRODUCTION

Nanoparticle-embedded glasses are particularly promising
materials as they could overcome some limitations inherent to
bulk materials or improve the versatility of single-phase mate-
rials." A paradigmatic example is the development of a new
family of optical fiber lasers and amplifiers using luminescent
ion-doped silica as a host glass. Nanoparticles in optical fibers
can provide augmented intrinsic properties as they can com-
bine the sturdiness and low cost of silica with particular spec-
troscopic behavior that would not appear in a pure silica local
environment.” As nanoparticles fully encapsulate the lumines-
cent ions (such as rare-earth ions), they produce engineered

Particles in the core of optical fibers are widely studied to tailor or to improve
optical properties. The analysis of nanoparticles embedded in silica-based optical
fiber allowed new observations of the evolution of amorphous particles during
fiber drawing. Even at the nanoscale, competition between viscous stresses and
surface tension on the particles induces elongation and even break-up of particles
during the process. Indeed, particles between 140 and 200 nm diameter inside the
preform can break up in fragments with diameters down to 60 nm inside the
drawn fiber. Break-up of particles appears as a new “top-down” strategy to pro-
duce small particles. These observations are promising for micro/nanostructured
and multiphasic optical fibers.

nanoparticles, optical materials/properties, rheology/rheometry, silica

spectroscopic pmpenies.3’4 However, to avoid optical losses
induced by light scattering, it is mandatory to control the size
of particles. Another interest in nanoparticle-embedded opti-
cal fibers rely on their ability to develop random fiber lasers.’
Once again, optical properties of such lasers depend strongly
on the size of the nanoparticles.

Heat-treatment of the fiber has been studied to control
the nucleation/growth process, then to precisely tune the
size of the resultant nanoparlicles.6
tends to lessen the mechanical properties of the optical
fiber. Accordingly, nanoparticles should already be present
in the preform. However, thermodynamical and rheological
effects are also known to modify the characteristics of the
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nanoparticles. Indeed, it has been reported recently that a
thin rod of glass embedded in a polymer cladding can lead
to the formation of nanoparticles.7’8 Such a structure is tai-
lored through the formation of capillary instabilities
induced by heat treatment. Cold-drawing of this structure
can also be applied to form nanoparticles with controlled
sizes.” In this letter, we report on the evolution of nanopar-
ticles during the fiber draw process and we show that fiber
drawing itself can induce break-up of particles through rhe-
ological mechanisms. We demonstrate that it is possible to
take advantage of this high-temperature elongation stage to
control the size of the nanoparticles.

2 | EXPERIMENTAL PROCEDURE

A set of 10 nm-LaF; nanoparticles containing 0.1 at.%
Tm** was synthesized as is described in greater details
156 mg of nanoparticles were dispersed in
100 mL of ethanol to elaborate the doping solution. The
preform was fabricated by conventional MCVD (Modified
Chemical Vapor Deposition) process.10 A Ge-doped silica
porous layer of the core was immersed in 5 mL of the dop-
ing solution injected in the horizontally rotating tube'! and
then dried at 1000°C under an oxygen gas flow. The por-
ous layer was densified at 1800°C. The tube was collapsed
into the preform by heating above 2200°C. The diameter
of the preform was around 10 mm with a 1 mm core diam-
eter. The optical fiber was drawn on a drawing tower by
heating the preform at approximately 2000°C with a ten-
sion varying between 0.42 and 0.44 N. The external diame-
ter of the fiber was 125 pm. The compositions of the
optical preform and fiber were measured using Energy Dis-
persive X-ray (EDX) and Wavelength Dispersive X-ray
analyses. The average lanthanum and germanium concen-
tration varies along the length (axial direction) of the pre-
form between 0.4-2 and 0.8-0.4 at.%, respectively. As
observed previously, X-ray photoelectron spectroscopy
measurements on preform confirm the evaporation of fluo-
rine.'? The exact composition of the nanoparticles is still
unknown but EDX measurements confirm that it is a La-
rich silicate phase as La content was measured to be
18 at.% in a micrometric particle.

To investigate the shape of the particles in the drawing
direction, the 3D technique of focused ion beam (FIB)
tomography was used.”® 3D analysis was conducted on a
dual beam Helios 600 NanoLab manufactured by FEI (Hills-
boro, Oregon, USA). The principle is to alternatively remove
slices of material by FIB milling and take a 2D scanning
electron microscopy (SEM) image of each section. The
acquired stack of 2D images is then processed to reconstruct
the volume. Two volumes of the core of the fiber were recon-
structed with dimensions of 5 pm x 5 pm x 0.5 pm and

elsewhere.?

10 pm x 5 pm x 0.5 pm, respectively. The distance between
two slices was 5 nm.

3 | RESULTS

Longitudinal sections of the preform and the fiber were
analyzed. The SEM pictures are reported in Figure 1. From
the preform to the fiber, observed are modifications of the
shape of the particles. They are mainly circular in the pre-
form while noncircular shapes are clearly visible in the
fiber. In this 2D image, elongated particles with sharp ends
are observed. This shape is due to the angle (4°) between
the drawing axis of the fiber and the probed SEM surface.

To better understand these particles in the fiber, a 3D
reconstruction is presented in Figure 2. It is the volume
reconstruction of the core of the optical fiber based on the
FIB and SEM analysis. The host matrix was subtracted
from the 3D rendering to display the lanthanum-rich amor-
phous particles. It should be noted that the present recon-
struction is obtained by plotting particles with a radius
bigger than 10 nm. The volume fraction of particles from
tomography is estimated to be around 5%. Several patterns
(labeled by numbers identified in Figure 2) can be identi-
fied in this tomograph: long cylinders (some terminated
with pointy end as already observed in the 2D picture) (i),
chains of particles, with small particles homogeneously
spaced (ii), particles with diameter variation along their
lengths (iii), coalescence of nanoparticles (iv), isolated
spherical particles (v).

4 | DISCUSSIONS

All these pattemns are also present in the second SEM/FIB
analyzed volume and are attributed to the drawing step.
During this stage, the silica-based preform is heated up to
2000°C. As it is above its softening temperature, the glass
flows. Since the deformation is mainly extensional,14 the
force applied on the fiber during the drawing is,

oV,
F = 3'n(z)rtR%(z)a—Z (1)

with z referring to the position of the fiber inside the area
of deformation, R¢ (z) is the radius of the preform/fiber at
the z position, 1 is the viscosity and V; the velocity in the
flow direction. The deformation rate € is defined as,

oV, —20R(z
e=—2%— #() )
0z Rf (2)
where R{(z) is the derivative of the radius with respect to z
and the flow rate Q, with,



FIGURE 1 SEM pictures of longitudinal sections corresponding to the preform (left) and the fiber (right) [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 2 3D reconstruction of the volume of the core of the
optical fiber analyzed by FIB and SEM. The host matrix (mainly

silica) and particles with radius less than 10 nm were removed. For
the numbers, see the text. The drawing axis is vertical [Color figure

can be viewed at wileyonlinelibrary.com]

0= 0(z) = V(z)S(z) A3)

where S(z) is the section of the fiber at the position z.
Then, as the radius evolves during the drawing (from
10 mm to 125 pm), the deformation rate € changes also.
As a consequence, all along the drawing, the viscous stress
o evolves as,

F

where m is the viscosity (here, it is the viscosity of the
core of the optical fiber). Then, the shape of the amor-
phous particles can be interpreted in the frame of elonga-
tion due to a flow-induced deformation.” Indeed, it is
neither relaxation nor solid deformation but the viscous
flow of the material during the fiber drawing that induces
this structure.’® More precisely, this structure comes from

the competition between viscous stress of the host matrix
that tends to elongate particles and surface tension of the
particles that tends to minimize their surface during the
flow of the glass (then to maintain a spherical shape).
These rheological considerations were demonstrated for
microparticles but remain valid even at a scale of tens of
nanometers.'®

Effects of the flow on the nanoparticles can be
expressed depending on the capillary number Ca which is
size-dependent,

Ca= R (5)
Y
where Ryp is the radius of the particle and 7y the surface
tension between the particle and the matrix. For a deter-
mined flow, the higher the capillary number (or larger the
particles), the more they can deform. This deformation is
commonly quantified by the Taylor parameter,
= L-B (6)
L+B
where L and B are the large and small axis of the ellip-
soidal-like elongated particle, respectively.

Figure 3 shows the deformation of particles inside the
fiber as a function of their volume-equivalent-sphere radius
(assuming that all the particles are initially spherical and
can only deform during the drawing process; i.e., nanopar-
ticles cannot dissolve or grow). This size parameter is pro-
portional to the capillary number as one neglects viscosity
and surface tension size dependence. We emphasize that
these reported deformations are not equilibrium shapes
since Ca increases through the process and the glass is
quenched. Only particles fully included in the volume
represented in Figure 2 are plotted in Figure 3. The
particles are sorted in different groups according to their
shapes: separated particles in chains produced by break-up
(blue squares), isolated particles (yellow circles), highly
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FIGURE 3 Taylor parameter D as a g 07
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particles in chains produced by break-up 5 04 ™
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FIGURE 4 Size distribution of radius g o]
of particles produced by break-up. Sample N
1 and 2 cormrespond to both volumes 01
analyzed [Color figure can be viewed at 20

wileyonlinelibrary.com]

elongated particles (red diamonds), and elongated particles
with pronounced Rayleigh instabilities (green triangles).

Long cylinders in Figure 3 (red diamonds) are spherical
particles from the preform that deform under the viscous
stresses of the fiber drawing. The highest deformation ratio
(D) measured is about 0.9. However, a higher deformation
ratio is expected but it cannot be measured with these anal-
yses as the longer cylinders are not fully included in the
volume probed. Considering their high elongation, break-
up is not achieved because of the quenching of the glass
and ceasing of deformation.

Particles that elongate enough undergo Rayleigh insta-
bilities during the fiber drawing that induce the break-up of
paniclcs.15 Break-up produces chains of homogeneously
spaced particles with monodisperse diameters (blue squares
in Figure 3). The size of the initial particles in the preform
that induces full break-up can be estimated by summing
the volume of all particles forming each chains. From
smallest and largest chains of particles measured in the
fiber, the break-up occurs for particles in the preform
whose radius is between 70 and 110 nm. Figure 4 provides
the size distribution of radius of particles that are produced
through break-up and analyzed on both volumes. Size of
particles is centered around 30-40 nm of radius. It is inter-
esting to note that it has been reported that 50 nm nanopar-
ticles are compatible with a threshold for transpam:ncy.17

*
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For a few cases, all the particles in the chains are not com-
pletely separated (eg, case 3 in Figure 2). Indeed, some
particles comprised in the chains have a high degree of
deformation (green triangles in Figure 3) because the flow
ceased while they were on the verge of breaking-up due to
Rayleigh instability. Except for these transient particles,
those smaller than 120 nm (yellow and blue data in Fig-
ure 3) are almost spherical because surface tension effects
are stronger for small particles.

To induce break-up of particles, two conditions are nec-
essary: first, the capillary number must be high enough to
overcome surface tension, second, a sufficient deformation
is necessary to initiate the Rayleigh instabilities. As the
drawing stage is not stationary but dynamic (temperature
quenching and change in the radius), for small particles (ra-
dius less than 70 nm), there is a longer delay for viscous
stresses (i.e., Ca) to become sufficient and thus less remain-
ing deformation to break-up. For large particles (ra-
dius>110 nm), break-up dynamics initiate earlier, but the
larger they are, the longer it takes. This is the reason that
only a certain range of particles can break-up.

Break-up of particles is a complicated process that
depends on the elongation history and on the value of the
matrix and particles viscosities. In the present case, due to
temperature variations through the process (from 2000°C to
room temperature), the viscosity, the deformation rate, and



likely surface tension change as the material is drawn. In
addition the viscous stress ¢ continuously increases during
fiber drawing. For those reasons a precise analysis is not
easy. However, experimental studies of drop break-up in
homogeneous and stationary extensional flow have shown
that radius of particles produced by break-up decreases by
increasing Ca or increasing the ratio of viscosity between
the particle and the matrix.'® Thus, for a defined material,
increasing the fiber drawing tension may be a good way to
produce smaller droplets. By decreasing the drawing tem-
perature, it is possible to increase the tension. For a tem-
perature of 1900°C, the draw tension is reported to be
about 7 N,l'9 that is about 16 times more than the tension
used to prepare our fibers. This increase is also a possibil-
ity to lower the diameter of fragments and improve the
kinetics.

Except for the ability to control the size, changing the
shape of nanoparticles is also of interest. From previous
experiments, it is possible to elongate a particle up to about
200 times its initial diameter before bneak—up.15 Even less
deformation can lead to important changes in optical prop-
20 and metallic %!
nanoparticles of interest in optical fibers.”? Indeed, energy
bandgap (semiconductor nanoparticles) and surface plas-
mon resonances (metallic nanoparticles) are strongly
affected by the size and shape of the particles.

Regarding light scattering, the scattering cross section
of nanoparticles increases as R® in the frame of the Ray-
leigh scattering approach (nanoparticles ten times smaller
than the wavelength of light). Then, the break-up mecha-
nism is of great interest as it reduces the radius of the parti-
cles which lessens optical losses. Moreover, when the
volume fraction of nanoparticles increases, the “indepen-
dent scattering regime” approximation is no longer valid
and nanoparticles will induce light interferences. Once
again, aligned particles, as those produced by break-up,
were reported to be beneficial.?* Finally, optical losses are
affected by the elongated profile of the particles.24 The
effect is minor considering the high optical losses which
could exceed 100 dB/m and size of particles in these
fibers.

erties in the case of semiconductor

5 | CONCLUSION

In conclusion, we have fabricated a silica-based optical pre-
form containing lanthanum-rich particles inside its core.
The optical fiber was then obtained by heating and pulling
the preform. During the flow of the material, viscous stres-
ses induced deformation of the particles into long threads.
Another observation is that a part of the particles under-
gone break-up. These phenomena clearly offer new possi-
bilities for the control of the size and shape of particles

with beneficial interest for optical property tailoring. This
work also highlights that scanning electron microscopy
measurements on transverse sections of the optical fibers,
as usually reported in the literature, are not sufficient to
characterize the shape and size distribution of particles.
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