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Crystallization of microdroplets of molten alloys could, in principle,
present a number of possible morphological outcomes, depending on
the symmetry of the propagating solidification front and its velocity,
such as axial or spherically symmetric species segregation. However,
because of thermal or constitutional supercooling, resulting droplets
often only display dendritic morphologies. Here we report on the
crystallization of alloyed droplets of controlled micrometer dimen-
sions comprising silicon and germanium, leading to a number of
surprising outcomes. We first produce an array of silicon−germanium
particles embedded in silica, through capillary breakup of an alloy-core
silica-cladding fiber. Heating and subsequent controlled cooling of in-
dividual particles with a two-wavelength laser setup allows us to re-
alize two different morphologies, the first being a silicon−germanium
compositionally segregated Janus particle oriented with respect to
the illumination axis and the second being a sphere made of den-
drites of germanium in silicon. Gigapascal-level compressive stresses
are measured within pure silicon solidified in silica as a direct conse-
quence of volume-constrained solidification of a material undergoing
anomalous expansion. The ability to generate microspheres with con-
trolled morphology and unusual stresses could pave the way toward
advanced integrated in-fiber electronic or optoelectronic devices.
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Controlling the microstructure or state of stress of micropar-
ticles and nanoparticles is often key to attaining the desired

properties for a specific application (1–5); however, the ability to
do so is strongly limited by the synthesis method. For instance,
nonspherically symmetric distributions of inorganic materials are
difficult to achieve from bottom-up approaches (4–7). Likewise,
controlling the state of stress or strain of semiconductor particles
is challenging in unconstrained nucleation-and-growth synthesis
methods. However, Janus particles of silicon−germanium (SiGe)
could potentially find applications as microswimmers or nano-
swimmers owing to asymmetric absorption properties (8), as well
as in infrared photodetectors or solar cells for increased infrared
absorption (9). Stressed silicon particles, on the other hand, could
be used for bandgap tunability in photonic or optoelectronic de-
vices (10–12).
In the past few years, thermally drawn multimaterial fibers have

emerged as a unique platform for top-down scalable fabrication of
microparticles to nanoparticles over a broad range of materials,
through controlled in-fiber capillary breakup of the fiber compo-
nents (13–15). In the case of polymers or chalcogenide glasses,
structural control of the particle can be achieved by constructing
complex cores at the preform level, which is later broken up in the
fiber state to form structured particles (13). However, in the case
of traditional semiconductor materials such as silicon and ger-
manium, the same method cannot be applied because of the low
viscosity and high solubility of the materials in the molten state
(16). As a result, components of the core intermix during fiber

drawing or breakup, and the initial core structure is lost. Another
route needs to be used to go beyond those limitations.
The solidification of SiGe and pure silicon and germanium has

been the subject of a large number of studies in different types of
configurations and geometries (16–20). First of all, both the alloy
and pure materials are known to expand upon solidification, owing
to their diamond cubic structure, such that constrained solidifica-
tion should be associated with pressure buildup. Second, despite
complete solubility of silicon and germanium in both solid and
liquid states, the phase diagram of SiGe displays a large miscibility
gap, with a higher solubility of germanium in the liquid state (16).
At slow enough solidification rates, the initial nuclei are silicon-
rich, thereby rejecting germanium into the melt. As solidification
proceeds, more and more germanium is rejected into the melt, and
a nonuniform distribution of germanium arises because of slow
diffusion of solute in the solid phase. Naively, directional solidifi-
cation of SiGe in a strong thermal gradient could lead to Janus
morphologies. However, it is well known that germanium rejection
in the liquid tends to create strong compositional gradients driv-
ing constitutional supercooling of the alloy, leading to growth
of dendritic or cellular morphologies (17, 18, 21–24). Therefore, in
practice, stable solidification front propagation and Janus mor-
phologies are difficult to achieve.
Here we show that we can use a flame breakup approach to

produce compositionally segregated particles, referred to as Janus
particles of SiGe, in a scalable manner. We suppress constitutional
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supercooling by slow feed speeds of the fiber into the flame. We
can also recrystallize the particles postbreakup using a combina-
tion of a CO2 and diode laser, enabling accurate control over
cooling rate as well the ability to reorient the Janus particles’ axis.
In addition, confined solidification of silicon leads to hydrostatic
pressure buildup in the particles because of the anomalous ex-
pansion, which we demonstrate through both birefringence and
Raman spectroscopy measurements.

Results
Our general method starts with the fabrication of a fiber con-
sisting of a crystalline semiconductor core surrounded with a
silica cladding, through the preform-to-fiber thermal drawing
process (14, 25, 26). Here, we focus on cores made of silicon,
germanium, or a mixture of both. Once drawn, the fiber is fed at
a velocity vf through a flame that locally heats the core and the
cladding above their melting and softening temperatures, re-
spectively, and induces local capillary breakup of the semi-
conductor core into a liquid droplet surrounded by silica (14), as
illustrated in Fig. 1A. As the fiber exits the flame, it cools down.
Because both silicon and germanium have melting points below
the softening point of silica, the cladding hardens first and cre-
ates a smooth hermetic spherical vessel surrounding the molten
semiconductor droplet. Subsequently, the droplet solidifies in a
temperature gradient imposed by the flame, and the solidifica-
tion front (denoted by ξ in Fig. 1A) is expected to propagate
from the colder side toward the hotter side, in the absence of
constitutional supercooling.
We have experimentally demonstrated lateral solidification of

SiGe droplets by fabricating an array of axially oriented SiGe Janus
particles from a Si0.5Ge0.5 core fiber (Fig. 1A). Backscattered Mode
Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS) mapping of the fabricated Si0.5Ge0.5 spheres
suggest that the SiGe distribution has a distinct axial dependence,
oriented along the fiber axis (Fig. 1 B−D). The SiGe map in Fig.
1D clearly shows that the sphere is a Janus particle having a
Si-rich lobe and a Ge-rich lobe. The quantitative analysis of EDS
shows that the Si:Ge ratio in the Si-rich lobe is roughly 5:2 (Fig. 1F),
similar, yet not identical, to what is expected from the respective
isothermal quasi-static segregation coefficient for Si0.5Ge0.5 melt
resulting from the SiGe phase diagram (16) (Fig. 1E). A detailed
theoretical derivation of the Ge and Si redistribution in the solid
sphere is given in SI Analytical Derivation for the Ge Content
Distribution in the Solid Phase and Fig. S1, where we assume
that the solidification front remains stable and propagates axially.
A good agreement is found between experimental and theoretical
composition distributions (Fig. 1F).
The discrepancy between the model and the data noticeable in

the Si-rich lobe can be explained by the fact that the initial so-
lidification occurs through fast dendritic growth as opposed to
slow and stable solidification, which our model assumes. We
assume the unstable growth of the initial transient regime to be
governed by both thermal and constitutional supercooling. As
solidification proceeds in the confined droplet, both mechanisms
for instability will lose magnitude. Indeed, the release of latent
heat from partial solidification can lead to the temperature in the
liquid increasing close to the melting point of the alloy—a
phenomenon known as recalescence (27, 28)—by definition re-
ducing thermal undercooling. Second, because of the finite volume,
rejection of germanium from the solid gradually decreases the
silicon content in the liquid region, which is expected to suppress
constitutional supercooling by effectively increasing the critical
velocity (29).
Clearly, the stability of the solidification front propagation is a

requirement to obtain axial germanium distribution. If cooling
conditions were such that the solidification front in the droplet
was indeed unstable throughout the sphere volume, the resulting
spheres would likely display cellular or dendritic microstructures
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Fig. 1. Si0.5Ge0.5 heterostructured cellular composition structure particle
fabrication. (A) Schematics of fabrication process of the Janus particles array.
(Inset) The generated SiGe spheres within the silica fiber. (Scale bar, 500 μm.)
(B) SEM measurement in backscattered mode of the polished fiber along its
axis showing a fiber-embedded array of Janus particles. (C) A single sphere
cross-section SEM backscattered mode measurement. Brighter areas corre-
spond to a higher Ge concentration. Traces of an unstable liquid−solid in-
terface during the beginning of the crystallization are observed on the right
side of the sphere, and gradual distribution is observed from the middle of
the sphere to its left side. (Scale bar, 50 μm.) (D) SiGe ratio EDS map of the
median cross-section of a Si0.5Ge0.5 sphere embedded in a silica fiber,
resulting from overlaid maps of Si (in red) and Ge (in green). (E) The SiGe
equilibrium phase diagram: the liquidus (solid line) and the solidus (dashed
line) are described. The process of the Ge rejection during the solidification
of a Si0.5Ge0.5 binary alloy is schematically described: The solidification starts
at about the point (50%Ge, 1,287 °C), marked by a blue circle on the
liquidus, and the solidification is described by the vertical arrow to the
point (20%Ge, 1,287 °C), marked by a blue circle on the solidus (dashed
line). As the solidification propagates, Ge is rejected to the liquid phase,
and the Ge content in the melt increases while the melting temperature
decreases. The resulting increase of the Ge content in the liquid phase due
to the solidification is described by the diagonal arrow from the blue circle
on the solidus to the cyan circle in the liquidus. As the isothermal
solidification propagates, the Ge content in the melt approaches unity,
and the melting temperature approaches that of a pure Ge. (F) The graph
depicts SiGe atomic content distribution along the dashed line in D. The solid
light green/red lines correspond to a single pixel linescan, that is, a 0.7-μm-
wide analysis area. The solid dark green/red lines correspond to the same
linescan with a 14.7-μm-wide analysis area, and are calculated by having the
2D image in D filtered using a 10-pixel-radius disk. The measured data are
overlaid with the theoretical result calculated from the solidification front
propagation (dashed red/green). The expected Si and Ge concentration
along the sphere median is calculated assuming that the solidification front
remains stable and propagates axially. The data were extracted along the
dotted line that is described in D. For each circle on the theoretically calculated
spatial Ge content distribution (green dashed line), there is a corresponding
circle with the same color on the solidus line described in E, such that the
spatial x coordinate of the sphere can be associated with the corresponding
solidification temperature via the Ge content. The process results in Janus
particles, one lobe of which is 5:2 of Si:Ge, and the other is Ge, with a boundary
about 20 μm wide between them.
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with no particular orientation (17, 18, 20, 30). Despite promising
results, the flame setup does not allow sufficient control over the
cooling kinetics and thermal gradient direction, and we have
therefore used a technique of laser-induced recrystallization,
allowing us to not only study more precisely the effect of the
cooling conditions but also control the axis of the Janus particle
within the fiber. A similar setup was recently used by Coucheron
et al. (20) to control the microstructure of SiGe core fibers.
Here, a postbreakup particle is illuminated perpendicularly to

the fiber axis by a focused diode laser beam at a wavelength of
808 nm, with a spot size of about 50 μm. To prevent the cracking
of the cladding, which might occur as a result of the release of
stresses stored in the silica cladding, we uniformly preheat and
soften it with a CO2 laser (Fig. 2A). The absorption length of
silica and silicon at 808 nm is about 1.5 m and 12.5 μm, re-
spectively. Therefore, the diode laser radiation is expected to be
transmitted by the silica cladding but to be absorbed by the
particle, which heats up. Once the particle is molten, the laser
power is gradually reduced and the particle cools down and re-
crystallizes, while exposed to a thermal gradient defined by the
diode laser direction. The process is schematically represented in
Fig. 2B. By controlling the laser shut-off rate, we can effectively
control the cooling conditions and the magnitude of the imposed
temperature gradient.
We have recrystallized spheres of Si0.75Ge0.25 and Si0.95Ge0.05

under different laser shut-off rates, as shown in Fig. 3. Spheres
recrystallized by abrupt laser diode shut-off led preferentially to
cellular structures with no axial distribution, whereas spheres
recrystallized at low shut-off rates displayed Janus morphologies
aligned along the diode laser direction. We can therefore dictate
the microstructure of SiGe particles by controlling the shut-off
rate of the laser, as well as reorient the axis of the Janus particles
by choosing the diode laser direction. Furthermore, we noticed
apparent striations in the germanium concentration for Si0.95Ge0.05
samples, with a periodicity around 15 μm. Such fluctuations
are common in the growth of SiGe from both Czochralski and

Bridgman processes (31–33). Generally these striations show a 10-
to 15-μm periodicity independent of growth conditions, and com-
monly attributed to fluctuations in growth velocity associated with
time-dependent temperature fluctuations at the interface that can
be due to convection or fluctuations in solid-phase conductivity
(31–33). Here we believe a similar mechanism is at play.
To explain the overall microstructures’ dependence on the laser

shut-off rate, we need to understand what affects the constitu-
tional supercooling of SiGe in our solidifying droplets. In general,
constitutional supercooling arises when solute rejection in the
liquid creates steep concentration gradients near the solidification
front, leading to a situation where the actual temperature ahead of
the front is lower than the liquidus temperature near the interface,
which drives instability (29, 34). This concentration profile occurs
if the diffusion of solute in the liquid is slow compared with the
solidification velocity, thus resulting in strong gradients at the
interface. Hence qualitatively slow shut-off rates would lead to
slower solidification and a higher chance of suppressing constitu-
tional supercooling, which is consistent with the observations.
Tiller et al. (21) developed a model to compute a critical solid-
ification front velocity above which a binary alloy will develop
constitutional supercooling. Later, Mullins and Sekerka (22)
enriched the model to take into account effects of interfacial
tension and thermal conductivity differences. However, these
models only deal with solidification of alloys with no boundaries.
Here our system is a confined droplet in thermal contact with a
silica cladding, for which most of the Tiller et al. and Mullins and
Sekerka assumptions fall short.
Therefore, we have taken a semiquantitative approach in-

stead, to try to predict the outcome as a function of the laser
shut-off rate in our specific geometry. We used numerical sim-
ulations to estimate the temperature field and solidification front
velocity for different shut-off rates in a pure silicon droplet, and
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Fig. 2. Laser-induced solidification experimental setup. (A) Schematic de-
scription of the experimental setup, consisting of a diode laser beam at
808 nm and two CO2 laser beams at 10.6 μm. The silica cladding of the fiber is
transparent at the diode laser wavelength but absorbs in the CO2 wave-
length. This experimental setup enables control over the initial sphere
temperature and its cooling rate. (Inset) The particle axis reorientation by
the laser. (B) (Top) Schematic description of the heating and cooling pro-
cesses of each sphere. The CO2 preheating stage is used to prevent cracks
during the sphere heating by preheating and softening the silica cladding
first. The power thresholds for the silica softening by the CO2 laser and for
the sphere melting by the diode laser are represented by Pg and Pm, re-
spectively. (Bottom) Images of the sphere during the stages described by the
graph, showing the sphere before the experiment (1), during the preheating
of the silica (2) followed by the main heating of the sphere (3), and after the
sphere temperature decreases back to the room temperature (4).
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Fig. 3. Controlling the structure of SiGe microspheres. (A and D) Flame-
induced and (B and E) laser- induced stable solid−liquid interface solid-
ifcation of (A and B) Si0.75Ge0.25 and (D and E) Si0.95Ge0.05 binary alloy micro-
spheres. The blue and the red arrows show the fiber movement direction
through the flame in A and the laser iluminlation direction in B, respectively.
The fiber velocity was 10 μm/s. The monotonic Ge distribution that is observed
in the top regions of spheres in B and E is consistent with a stable liquid−solid
interface during the solidification front propagation, after the initial dendritic
transient regime. The cooling rates in the results in B and E were 0.04 W/s and
3 W/s, respectively. (C and F) The cellular sphere morphology structure when
the laser intensity was shut off abruptly; the cooling rate is dominated by heat
diffusion rate from the sphere to the environment. The initial laser intensitities
in the results presented in B, C, E, and F were 2.6 W, 2 W, 1.8 W, and 2 W,
respectively.
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compared them with the estimated germanium diffusion rate in
the melt from a scaling argument (Fig. 4). A detailed description
of the numerical simulations is presented in SI Numerical Sim-
ulation of the Solidification Front Propagation Velocity and Table
S1. As expected from our discussion, slow cooling leads to much
slower solidification than diffusion and, consequently, to a stable
nonsupercooled solidification. On the other hand, rapid laser
shut-off (shut-off time less than 10 ms) causes the solidification
rate to exceed the germanium diffusion rate, which would pro-
mote constitutional supercooling (34). In both cases, the exper-
imental results are consistent with the predicted behaviors.
Our qualitative model has several shortcomings. Namely, we

perform the thermal simulation for a droplet of pure silicon. A
more realistic approach should take into account the germanium
content, which affects the thermal properties of the solid and
liquid phases, the latent heat, and the freezing point of the liq-
uid. We expect that the solidification front velocity will be af-
fected, and likely will decrease as the liquid freezing point
decreases at higher germanium content for a given set of external
cooling conditions, thereby, in fact, promoting stability due to
the confinement.
The in-fiber confined solidification of particles has interesting

consequences not only for the morphologies of SiGe alloys but
also for their stress state. The presence of stress was indicated by
cracks in thin-cladding fibers systematically appearing in the silica
surrounding individual particles after solidification of the droplets
(see SI Cracked Fiber Due to Stress Buildup and Fig. S3). As
mentioned, both SiGe and pure silicon and germanium expand
upon solidification. When the postbreakup droplets reach the
solidification temperature, they are restricted to their liquid volume
by the relatively stiff surrounding silica cladding. The anomalous

expansion upon solidification thus causes the droplets to strain the
surrounding silica and to develop internal compressive stress (Fig.
5A), much like a water bottle in the freezer. We studied this effect
in pure silicon to avoid complexities arising from nonuniform ger-
manium distribution such as nonuniform volume expansions. As-
suming a state of uniform stress in the spheres, we can compute its
magnitude. The detailed calculation can be found in SI Homoge-
neous Solidification Scenario and Fig. S2, and it leads to a uniform
hydrostatic stress of 2.9 GPa in solidified silicon droplets, inde-
pendent of their diameter. These calculations do not take into ac-
count any possible plastic deformation of the silica cladding, which
would limit the magnitude of the stresses.
The resulting strain in silica can also be quantified optically

through a photoelastic measurement. The strain field in silica alters
its refractive index and causes the material to become birefringent,
which we can observe using cross-polarizers (Fig. 5C). Contrary to
the region around the spheres, the intact section of the core re-
mains unstressed (refer to SI Evaluation of Stress in the Silica
Cladding Surrounding the Sphere by Crossed Polarizers Technique,
Figs. S4–S7, and Table S2 for details). The birefringence pattern
around the spheres displays a fourth-order rotational symmetry as
well as multiple Michel−Levi rings (35) (Fig. 5D). By taking into
account the photoelastic coefficients of silica, we can compute the
expected birefringence patterns for arbitrary stresses at the silica/
semiconductor interface (see SI Evaluation of Stress in the Silica
Cladding Surrounding the Sphere by Crossed Polarizers Technique,
Figs. S4–S7, and Table S2 for details of the calculations) and
evaluate the surface stress by matching the number of rings with
the experimental patterns (Fig. 5E). This method enables us to
define the range of surface stresses coherent with a given number
of rings. For a 35-μm-diameter Si droplet, the surface stresses were

vs = 12 [mm/s]

100 µm T−Tm (°C)

T (°C)

T (°C)A B

C D

200

−100

0

100

Plaser

t

P0

toff

550 µm

5 mm

Fig. 4. Theoretical computation of the solidification front propagation velocity. (A) The calculated steady-state temperature of the 3D geometry that was
modeled: a 100-μm-diameter Si sphere, encapsulated within a 550-μm-diameter silica fiber section of 5 mm. The sphere center coincides with the axis origin. A
heat source condition was set in the sphere domain to simulate the absorption of P0 = 2 W intensity radiation focused on a 50-μm-diameter spot, wavelength
of 808 nm and directed in the −y direction. (Inset) The temperature of the entire sphere is above the Si melting temperature. (B) The temperature of a cross-
section along the sphere center. (C) The solidification front propagation as a function of time along the line (x = 0, y,z = 0). The solidification front prop-
agation is a result of a time-dependent calculation, in which the steady-state solution that is described in A and B is set as the initial condition, and in which
the heat source intensity decreases linearly from P0 = 2 W to 0 during a shut-off time toff = 3 ms (Inset). The initial solidification front propagation velocity
equals 12 mm/s. (D) The calculated dependence of the solidification front propagation velocity on the shut-off time (circles). The dashed line is given by
v = 7 ·RS=toff, where RS is the sphere radius. The dash-dotted line corresponds to the effective diffusion velocity and is given by v =D=RS, where D= 2.5 ·10−8 m2/s is
equal to the diffusion coefficient of Ge in Si (41). The red marked circles correspond to cooling rates of 2·104 W/s, 3 W/s (similar to the cooling rate that was
obtained in Fig. 3E), and 0.04 W/s (similar to the cooling rate that was obtained in Fig. 3B).
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between 0 GPa and 0.9 GPa, whereas, for a 450-μm-diameter Si
droplet, the surface stresses lay between 0.15 GPa and 0.22 GPa.
Although consistent with a state of high internal stress, the mea-
surements lacks precision, and the values differ quite significantly
from the theoretically derived stress. The discrepancy between the
stress values may be due to plastic deformation occurring in the
silica cladding at the relatively elevated temperature at which
the deformation is taking place (∼1,000 °C).
We decided to evaluate stress through an alternative method, by

performing Raman spectroscopy using a 78-nm-wavelength laser
on silicon spheres and comparing the results with continuous
core sections. For hydrostatically stressed silicon, the shift of the

first-order Raman peak frequency ω depends on the pressure
P according to dω/dP = 5/2 ± 0.3 cm−1 per gigapascal (36). Raman
measurements on the 35- and 450-μm-diameter Si droplet indicate
a shift in the silicon peak location of 10.5 ± 0.2 cm−1 and 4.7 ±
0.1 cm−1, respectively (Fig. 5F). These shifts translate into hydro-
static stresses of 2.02 ± 0.07 GPa and 0.90 ± 0.06 GPa, respectively.
Such gigapascal-level compressive stresses on silicon would gener-
ally require large hydraulic presses, whereas, here, the stress state is
applied by the silica cladding alone.
We have compared the shift in the Raman spectra of the con-

tinuous silicon in our fibers to reference data for monocrystalline
silicon (peak at ∼517 cm−1 for silicon fiber core versus 520 cm−1

for monocrystalline Si). This shift is most likely associated to the
polycrystallinity of the Si in our samples (37, 38). This shift in the
Raman spectra is consistent with a previous study that showed
the presence of nanometric-sized crystals on the surface of the
core (14). An additional possible mechanism that could explain
the shift is the presence of residual stresses resulting from thermal
expansion mismatch between the silicon and the silica cladding,
which occurs during cooling of the sample (39); this mechanism is
undetectable by optical means (see SI Evaluation of Stress in the Silica
Cladding Surrounding the Sphere by Crossed Polarizers Technique, Figs.
S4–S7, and Table S2).
Large discrepancies between the photoelastic measurements,

the Raman measurements, and the theoretical predictions still
need to be accounted for. Our assumption is that the silicon
spheres are much like the SiGe particles that solidify in a gradual
manner, causing a “pressure focusing” effect, where the parts of
the sphere solidifying last will likely be under higher compressive
stress. The qualitative results on cracks surrounding SiGe particles
are a clear indication of the nonuniform stress distribution, here
with higher stresses on the “hot” side of the particles (see SI Cracked
Fiber Due to Stress Buildup and Fig. S3). The photoelastic
measurement only probes the stress at the boundary, whereas
Raman measurements penetrate deeper in the sphere volume,
the absorption depth in silicon of the 784-nm laser being 10 μm.
From the previous argument, we then expect the associated
measured pressures to be different. Future work is required to
investigate pressures in the bulk of the spheres from simulation
and experiments in pure silicon, as well as stress buildup in SiGe.

Discussion
To conclude, we have shown that the in-fiber breakup method is
able to produce SiGe microparticles with a well-defined and
controllable Janus morphology and Si microparticles with a high
level of internal stress, due to the confined solidification in a
silica cladding. The stresses developing from the anomalous ex-
pansion may constitute an interesting way to control the mate-
rials bandgap (12, 40). In addition, the Janus particles produced
by slowly cooling SiGe droplets represent a main finding, with
potential applications in components of traditional radio fre-
quency circuitry or in quantum computing, if successfully scaled
down to nanometric regime, which was shown to be potentially
possible elsewhere (13–15). Furthermore, combining our ability
to reorient particles through laser recrystallization with the idea
of selective breakup (15), one can envision building in-fiber ar-
rays of SiGe Janus particles connected across the junction to
metallic buses, thus paving the way toward fully integrated in-
fiber microelectronics.

Materials and Methods
Fiber Drawing. The fiber is fabricated using a thermal draw technique. A
preform of 13-mm outer diameter and 1-mm core diameter was prepared, and
then heated in a vertical furnace and drawn into a fiber. The powder was
consolidated into a bulk in the furnace by feeding the preform at a rate of
1 mm/s at a temperature of 1,600 °C. In the last step, the fibers were fed at a
rate of 1 mm/min and drawn at a speed 1 m/min, at a temperature of 2,050 °C,
which resulted in a fiber with a 400-μm diameter.
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Fig. 5. Basic concept of stress development. (A) Schematics of breakup
(Left), and evolution of aggregation and stress conditions of the breaking-up
core material (Right): (1) Premelted core is solid. (2) The core melts into liquid
while entering the hot zone. (3) The liquid material thread breaks up into
spheres encapsulated in silica, which expand upon solidification while leav-
ing the hot zone. (B) A section of the fiber resulting from the process in A,
including a continuous core followed by broken-up spheres as observed
under a transmission optical microscope. (Inset) A SEM image of an indi-
vidual 35-μm-diameter sphere after being released from the silica cladding
by dissolution in hydrofluoric acid. On the optical image, the spheres visually
appear to be elongated perpendicularly to the fiber axis. This optical effect is
due to the curved silica cladding, acting as cylindrical lens and distorting the
image accordingly. The actual particle is in fact spherically symmetric, as is
shown by the SEM image (Inset). (Scale bar, 15 μm.) (C) Same as B, while
placed between crossed polarizers. Azimuthally fourfold stress fields in the
silica surrounding the spheres are clearly evident. Absence of stresses in the
continuous core region is evident as well. (Scale bar, 100 μm.) (D) Stress
pattern around the 450-μm Si sphere as observed in cross-polarizing setup.
(Scale bar, 200 μm.) (E) The calculated (SI Evaluation of Stress in the Silica
Cladding Surrounding the Sphere by Crossed Polarizers Technique, Figs. S4–
S7, and Table S2) stress pattern as would be observed in the cross-polarizing
setup assuming the radial surface stress in the silica of 0.218 GPa for the Si
sphere of the same dimensions as the one in D. (Scale bar, 200 μm.) (F)
Raman shift in the prebreakup continuous core sections of the samples in B
(dashed red) and D (dashed blue) compared with those of the postbreakup
spheres in B (solid red) and D (solid blue). The core−sphere changes in
Raman shifts for 35-μm and for 450-μm spheres are 10.5 ± 0.2 cm−1 and
4.7 ± 0.1 cm−1, respectively.
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Flame Breakup. The breakup of the SiGe core was performed using a hydrogen−
oxygen torch with outlet diameter of 0.020” and by feeding the fiber through a
flame resulting from 0.4 L/min flow of H2 and 0.15 L/min flow of O2 at an offset of
15 mm from the torch outlet.

Thebreakupof the Si corewas achievedby feedinga fiber through the flame
produced by a flow of 0.3 L/min and 0.2 L/min of H2 and O2, respectively.

Laser Recrystallization. Controlled recrystallization of spheres was obtained
by feeding a fiber containing spheres through a laser heating setup. The
fiber was heated locally by focusing an illumination from a fiber-coupled
diode laser emitting light with a peak wavelength of 808 nm and a CO2

laser. The diode was operated in a pulsed mode with a pulse rate of 5 kHz,
controlled by a function generator, where the duty cycle was precisely
tuned through a Labview program, to induce a controlled solidifica-
tion rate.

For further details on the experimentalmethods, see Supporting Information.
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SI Analytical Derivation for the Ge Content Distribution in
the Solid Phase
Let us denote the Ge content in the liquid and in the solid phase
as ζL and ζS, respectively. Fig. S1B shows the relation ζSðζLÞ
that is derived from the equilibrium phase diagram in Fig. S1A.
Due to the instantaneous Ge content redistribution assump-
tion, the fraction of the solid phase is a function of the Ge
content in the liquid phase, g= gðζLÞ. Using the initial Ge
content in the liquid phase, ζL,0, the following equations can be
obtained for the fraction of the solid phase and for the Ge mass
conservation:

gðζLÞ=
ZζSðζLÞ

ζSðζL,0Þ

dg
dζS′

dζS′ [S1]

ζLð1− gðζLÞÞ+
ZζS

ζSðζL,0Þ
ζS′

dg
dζS′

dζS′= ζL,0. [S2]

The first and the second terms on the left side of Eq. S1 are the
Ge content in the liquid and the solid phases, respectively. Dif-
ferentiation of Eqs. S1 and S2 with respect to ζL, and substitu-
tion dg=dζL obtained from Eq. S1 in Eq. S2, results in the
following equation:

dg
dζL

=
1− gðζLÞ
ζL − ζS

. [S3]

Because ζS = ζSðζLÞ, Eq. S3 can be solved for g= gðζLÞ, and its
solution is described in Fig. S1C.
The relation between the melting temperature and the fraction

of the solid phase, TMðgÞ, depicted in Fig. S1D is extracted from
TMðζLÞ, shown in Fig. S1A, and gðζLÞ, shown in Fig. S1B. It is
shown that the melting temperature drops as the solidification
front propagates into the liquid phase.
To analytically derive the Ge content distribution in the

solidified Ge-Si mixture droplet, it is necessary to add a geo-
metrical relation between the solidification front and the
solid fraction g. There are two main symmetries in our case: a
radial symmetry, dominated by the temperature difference at
the beginning of the isothermal stage between the droplet
and its ambient due to recalescence, and an axial symmetry,
dominated by the axial temperature gradient due to the
laser induced heating. Here, we assume that the cooling rate is
slow enough such that the solidification symmetry is domi-
nated by the thermal gradient defined by the laser direction. As
a result, in an axial symmetry for the solidification front
propagation,

g
�
z
r0

�
=
1
2
+
3
4

�
z
r0

�
−
1
4

�
z
r0

�3

, [S4]

where z is the symmetry axis of the droplet such that the droplet
center is at z = 0, and r0 is the droplet radius. Having the geometrical
relation g

�
z
r0

�
, the Ge content distribution in the solid phase can be

calculated by

s
�
z
r0

�
= ζS

�
ζL

�
g
�
z
r0

��	
. [S5]

Fig. S1E describes the analytically derived Ge content distribution
in the solid phase, ζs

�
z
r0

�
. The analytical distribution is in good

agreement with the experimental results.

SI Numerical Simulation of the Solidification Front
Propagation Velocity
Themodeled geometry includes a cylindrical silica fiber from z= 0
to z=L, and half a silicon sphere of a radius rS centered at the
origin. The following heat equation is solved:

ρCP  
∂T
∂t

−∇ · ðk∇TÞ=Q,

where T is the temperature, t is the time, ρ, Cp, and k are the
corresponding material density, heat capacity, and thermal con-
ductivity, respectively, and Q=Qðx, y, z, tÞ is a time-dependent
heat source in the sphere. The heating of the Si sphere by a laser
propagating in the −y direction is modeled by a time-dependent
heat source in the sphere. The heat source term is calculated by
taking into account the laser radiation (in watts per square me-
ter) absorption by the Si sphere. The radiation intensity on
the sphere surface is approximated by I0ðx, y, z, tÞ=PðtÞ=ðπr2DÞ
for x2 + z2 < r2D, and I0 = 0 otherwise, where P is the diode
laser power and rD is its corresponding spot size radius. The
y dependence of the laser radiation in the sphere is ap-
proximated by dI=dξ=−αSiIðξÞ, where ξ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2s − ðx2 + z2Þp

− y,
and the time-dependent heat source is approximated by
Qðx, y, z, tÞ=−dI=dξ= αSiIðξÞ= I0ðx, y, z, tÞαSi expð−αSiξÞ.
A symmetry boundary condition, −n ·q= 0, is set for z= 0,

where q= k∇T is the heat flux and n is a normal vector to the
boundary surface, and convective heat flux boundary conditions,
q0 = h · ðText −TÞ, with Text = 293.15  ½K�, are set for z=L and for
x2 + y2 = r2F, with an axial and a radial convective heat flux co-
efficient, respectively. The initial conditions are determined by
the solution for the corresponding stationary equation for P=P0.
In the initial condition, the entire sphere is in the liquid phase.
As the laser intensity linearly decreases from P=P0 at t= 0
to P= 0 for t≥ tSD, the temperature in the sphere gradually drops
below the silicon melting temperature of Tm, and the latent heat
HSi is extracted; the sphere gradually solidifies. The influence
of the latent heat of fusion on the dynamics of the process is
modeled in using the heat capacity formulation in which the
heat capacity is effectively increased within a finite region of
±ΔTL−S=2 near the melting temperature, TM; the phase contin-
uously changes from liquid to solid within this finite region.
Table S1 summarizes the parameters that were used in the nu-
merical simulation.

SI Homogeneous Solidification Scenario
Eshelby (42) has treated the general case of an ellipsoidal in-
homogeneity of a material S embedded in an infinite matrix of a
material M, and undergoing an arbitrary shape change. Here we
treat a simplified case of a liquid sphere solidifying and expanding
uniformly inside an infinite silica matrix. We consider a sphere of
radius R0 made of a material S in the liquid state, and embedded
in an infinite matrix of a material M in the solid state. We assume
that, before solidification, both the liquid and solid are stress-free.
We consider now that the sphere homogeneously solidifies. In
the process, the material acquires a purely dilatational stress-free
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strain of epij = ða=3Þδij, where α = ρliquid/ρsolid − 1 is the volume
change upon solidification, and δij is the Kronecker delta. We
seek to determine the stress, strain, and displacement fields gen-
erated by the solidification process both in the sphere S and the
matrix M.
For obvious symmetry arguments, we choose to work in

spherical coordinates with the origin at the center of the sphere.
We furthermore take the displacement field in both M and S to
bear the form

uS,M = uS,MðrÞ er , [S6]

where er is the unit vector in the radial direction. Assuming small
displacements, the strain tensors in M and S immediately derive
from the above,

«S,Mrr =
duS,M

dr
[S7]

«S,Mθθ = «S,Mϕϕ =
uS,M

r
. [S8]

The total strain in M is purely elastic, whereas, in S, the total
strain is the sum of the elastic strain and the transformation
stress-free strain epij. By assuming that both materials S and M
behave as linearly elastic, we thus have

«Mij = SMijklσ
M
kl [S9]

«Sij = SSijklσ
S
kl + epij, [S10]

where σS,Mkl are the stress tensors in both S and M, and SS,Mijkl
are the compliance tensors in both S and M. The above expres-
sions contain implicit sums over k and l, according to the Ein-
stein notation. Further considering that both materials S and
M are mechanically isotropic and homogeneous, we can write
the components of the stress tensors in terms of the materials
bulk moduli and shear moduli, KS,M and GS,M. They take
the form

σMrr =
�
KM −

2
3
GM

��
duM

dr
+ 2

uM

r

�
+ 2GM

duM

dr
[S11]

σMθθ = σMϕϕ =
�
KM −

2
3
GM

��
duM

dr
+ 2

uM

r

�
+ 2GM

uM

r
[S12]

σSrr =
�
KS −

2
3
GS

��
duS

dr
+ 2

uS

r

�
+ 2GS

duS

dr
−KSα [S13]

σSθθ = σSϕϕ =
�
KS −

2
3
GS

��
duS

dr
+ 2

uS

r

�
+ 2GS

uS

r
−KSα. [S14]

We now proceed to applying the equilibrium condition in bothM
and S. In a static situation such as the one studied here, the
equilibrium condition simply states that ∇ · σ = 0 at any given
point of the system. This yields

dσS,Mrr

dr
+
2σS,Mrr − σS,Mθθ − σS,Mϕϕ

r
= 0. [S15]

Substituting in the previous expressions for stress components
leads to a very simple differential equation on the displacement
fields,

d
dr

�
duS,M

dr
+ 2

uS,M

r

�
= 0. [S16]

Solving the previous equation exactly, one gets

uS,MðrÞ=AS,Mr+
BS,M

r2
, [S17]

where AS,M and BS,M are integration constants. We note that BS
and AM must equal zero to ensure a finite displacement field
near the origin and zero stress at infinity, respectively.
The form of displacement field must also verify the continuity

relations at the sphere/matrix interface.

σSrrðr=R0Þ= σMrr ðr=R0Þ [S18]

uSðr=R0Þ= uMðr=R0Þ. [S19]

Substituting in the form of the displacement fields in Eqs. S18 and
S19, one gets a simple linear system with solutions,

AS =
KS

3KS + 4GM
α [S20]

BM =
KS

3KS + 4GM
αR0

3. [S21]

We thus get the exact stress, strain, and displacements fields in
both the matrix M and the sphere S.
In M, r>R0,

«Mrr =−
2KS

3KS + 4GM
α
R0

3

r3
[S22]

«Mθθ = «Mϕϕ =
KS

3KS + 4GM
α
R0

3

r3
[S23]

σMrr =−
4KSGM

3KS + 4GM
α
R0

3

r3
[S24]

σMθθ = σMϕϕ =
2KSGM

3KS + 4GM
α
R0

3

r3
. [S25]

In S, r≤R0,

«Srr = «Sθθ = «Sϕϕ =
KS

3KS + 4GM
α [S26]

σSrr = σSθθ = σSϕϕ =−
4KSGM

3KS + 4GM
α. [S27]

We can thus express the hydrostatic pressure inside the sphere
P = −1/3 tr σs; we get

P=
4KSGM

3KS + 4GM
α. [S28]

To give an intuitive picture, let’s first take a look at two extreme
cases: solidification in a free space and solidification in an ide-
ally rigid matrix. Were it to solidify in free space, a sphere of
initial volume Vliquid and radius R0 would expand to occupy a
larger spherical volume Vsolid and radius Rp, without developing
any stress (Fig. S2A). The nominal volume expansion upon
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solidification α in that case is associated with a purely dilatational
and homogeneous stress-free strain epij = ðα=3Þδij, much like a
thermal expansion strain. It is only when constrained by a matrix
that elastic stresses and strains develop. For instance, we can
consider the case of an infinitely rigid matrix. The sphere would
then be exactly constrained to its original volume, and the total
strain would thus be zero. The transformation strain epij would
then have to be balanced by an elastic strain of -epij, hence developing
a state of hydrostatic stress in the sphere of σij =−Ksα  δij, where Ks
is the bulk modulus of solid sphere material (Fig. S2B).
In the case of a finite rigidity matrix, the sphere of radius R0

expands upon solidification to a sphere of radius R, with
R0 ≤R≤Rp, and the strain and stress in the solid sphere and
matrix will be the result of an interplay between the elastic
properties of both materials (Fig. S2D). Assuming linear elastic
behavior of both solid sphere and silica, we can write the total
strain tensors in the form brought in Eqs. S9 and S10. Solving
for spherically symmetric displacement fields, and applying the
equilibrium condition ∇ · σ = 0, as well as continuity relations of
radial stress and displacement at the sphere/matrix interface, we
get Eqs. S26−S28. We conclude that the homogeneous expan-
sion upon solidification of the sphere results in a state of ho-
mogeneous hydrostatic stress within the sphere, with a pressure
P= ½4KSGM=ð3KS + 4GMÞ�α, which equals 2.9 GPa for a silicon
sphere in silica and 1.5 GPa for a germanium sphere in silica,
assuming an expansion coefficient of 10.0% for silicon and
5.6% for germanium, a bulk moduli of 98 GPa for silicon and
75 GPa for germanium, and a shear modulus of silica 31 GPa.
Taking the limiting cases of an infinitely rigid matrix (GM →∞Þ
and an infinitely compliant matrix (GM → 0Þ leads to results
in agreement with intuition. We add that this result coincides
with the general treatment of Eshelby’s inhomogeneous in-
clusions (42) for the case of a sphere with transformational
eigenstrain epij.

SI Cracked Fiber Due to Stress Buildup
Fig. S3 shows a silica cladding fiber displaying cracks around the
spheres.

SI Evaluation of Stress in the Silica Cladding Surrounding
the Sphere by Crossed Polarizers Technique
We wish to rely on photoelastic effects to optically evaluate the
stresses developing in the silica cladding around a solidified sphere.
Here, we develop a model relating the stress in the silica cladding
with the measured light intensity in a crossed polarizer configu-
ration, to interpret our experimental data.
In photoelastic materials, there is a stress-induced birefringence

causing the index of refraction to be different for light polarized
along the different principal axes of the stress tensor. It is com-
monly accepted that this index of refraction difference is pro-
portional to the difference in the principal components of the stress
tensor, or similarly in a linear elastic solid to the difference in
principal components of the strain tensor. In the silica cladding
surrounding a solidified sphere, we thus have

Δnr,θðrÞ= nr − nθ =A
h
«Mrr ðrÞ− «MθθðrÞ

i
[S29]

Δnr,ϕðrÞ= nr − nϕ =A
h
«Mrr ðrÞ− «MϕϕðrÞ

i
=Δnr,θ [S30]

nrðrÞ= n0 +A«Mrr ðrÞ, nθðrÞ= n0 +A«MθθðrÞ, [S31]

where ni indicates the index of refraction for light polarized in
the i direction, and σii is the principal component of stress in
the i direction, which has been determined in SI Analytical
Derivation for the Ge Content Distribution in the Solid Phase for

the case of homogeneous solidification. The constant A is the
so-called photoelastic constant of the material evaluated at
A= 1.2 in silica (43), and n0 = 1.46 is the stress-free refractive
index of the material. Thus, the homogeneously solidified
sphere induces a spherically symmetric birefringence in the
silica cladding.
We consider now the situation in which we observe the sphere in

the fiber through a microscope in transmission geometry. The
natural coordinate system for the light propagation will be the
cylindrical coordinate system ½ρ, θ’, z�, where the z direction is
aligned with the wavevector k of the propagating light, perpen-
dicular to the fiber axis in the present configuration. Without loss
of generality, we can choose the θ’-direction to be collinear with
the θ-direction in the spherical coordinate system. We further-
more assume that the sample is placed between two crossed
polarizers P and A, and that the fiber has a diameter 2Rout. The
polarizer P is aligned along the direction θ= 0, and the analyzer A
is aligned along the direction θ= π =2. A schematic representation
of the setup with definition of the axes can be found in Fig. S4. We
make the first-order assumption that light propagates in a straight
line along the z direction. In particular, we neglect the refraction
at the air/cladding interface, and the bending of rays due to
nonuniform refractive indices.
We can write the electric field at a point ½ρ, θ, z� as

Eðρ, θ, z, tÞ=E
�
cos  θ  eρ − eiΓðρ, zÞ   sin  θ eθ

�
eiðkz−ωtÞ, [S32]

where Γðρ, zÞ is the phase shift between both components of the
electric field due to the stress-induced birefringence at this point.
Immediately after the polarizer P, the light is purely linearly po-
larized. As light progresses, both components of the light develop
a mutual phase shift because of the stress-induced birefrin-
gence. The phase shift between both components of the elec-
tric field is governed by the differential equation

∂Γ
∂z

=
2π
λ0

Δnρ,θ   ðρ, zÞ. [S33]

After passing through the whole sample, the electric field has
a form

E ðρ, θ, tÞ=E
�
cos  θ  eρ − eiΓðρÞ   sin  θ eθ

�
eið2kD−ωtÞ, [S34]

where ΓðρÞ is the total phase shift between both components of
the electric field, expressed as

ΓðρÞ=
ZRout

−Rout

∂Γ
∂z

dz=
ZRout

−Rout

2π
λ0

Δnρ,θðρ, zÞ  dz. [S35]

Therefore, we need to determine Δnρ,θ = nρ − nθ, the difference
in index of refraction for light polarized in the ρ and in the θ
direction. We can do so geometrically using the index ellipsoid
method. At a given position r in spherical coordinates, the index
ellipsoid will be a uniaxial ellipsoid with of its main axes aligned
with the r direction with semiaxis nrðrÞ, and another main axis
chosen to be in the θ-direction with semiaxis nθðrÞ, as repre-
sented in Fig. S5. For light propagating in the z direction,
the ellipse of refractive indices that the light will “sense” is
the intersection of the index ellipsoid with the ðρ, θÞ plane at
this point. This ellipse has one main axis along the θ-direction
with semiaxis nθðrÞ= nθðρ, zÞ, and another on along the ρ-direction
with semiaxis nρðρ, zÞ. From this geometric construction, we get
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nρðρ, zÞ= nrðrÞnθðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½nθðrÞcosφ�2 + ½nrðrÞsinφ�2

q =
nrðrÞnθðrÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

nθðrÞ ρr
�2 + �nrðrÞ zr�2

q ,

[S36]

where r=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2 + z2

p
. Finally, we deduce the birefringence felt by

the light propagating from P to A,

Δnðρ, zÞ= nρðρ, zÞ− nθðρ, zÞ= nθðrÞ
"
nrðrÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2 + z2

nθðrÞ2ρ2 + nrðrÞ2z2

s
− 1

#
.

[S37]

Going back to Eq. S35, we can express the total phase shift
between the two components of the light after propagation
through the sample,

ΓðρÞ= 2π
λ0

ZRout

−Rout

8><
>:
 
n0 +

U

2ðρ2 + z2Þ3=2
!264
 
n0 −

U

ðρ2 + z2Þ3=2
!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ2 + z2�

n0+ U
2ðρ2 + z2Þ3=2

�2
ρ2+

�
n0 − U

ðρ2 + z2Þ3=2

�2
z2

vuuut −1

3
75
9>=
>;dz,

[S38]

where U =APR3=2GM, with A as the photoelastic constant, P as
the pressure inside the solidified sphere, and R as the radius of
the sphere.
At the end of the optical path, the analyzer A lets through only

the component that is parallel to θ= π=2. Hence,

Eout ðρ, θ, tÞ=E
�
cos θsinθ− eiΓðρÞ sin θcosθ

�
eiωt. [S39]

Finally, the light intensity observed through the transmission mi-
croscope will be

I = Ep
out · Eout =

1
2
  E2 sin2 θ½1− cosΓðρÞ�. [S40]

The intensity I has fourfold symmetry in θ and a number of
radial fringes correspondent to the magnitude of U, which de-
pends both on the sphere size and on the pressure applied by it
on the surrounding silica.
Fig. S6A depicts the intensity distribution for selected samples

(highlighted in Table S2) as observed through a transmission
optical microscope in crossed polarizer configuration, compared
with the calculated intensity distributions based on the model in
Eq. S40. Radial stress at the sphere surface is the fitting parameter
tuned to obtain the right number of radial fringes for a given
sphere size. Fig. S6B shows the upper limit of radial stress
resulting from the same calculation for all of the samples in Table
S2, compared with the radial stress at the sphere surface predicted
by Eqs. S26−S28.
In the following paragraphs, we discuss how residual stresses

arising from differential thermal expansion between the core and
the cladding materials would be expressed in the continuous core
region.
Assuming a stressed core, there should be cylindrically sym-

metrical stress in the cladding. This stress would have an opposite
sign for axial direction compared with the radial direction: If, for
instance, the core is compressed due to differential expansion upon
cooling starting from the core solidification temperature to room
temperature, then the cladding will be compressed radially, but

tensed axially (along the core). This inevitably would express itself
in cladding birefringence in the vicinity of the core, similarly to the
spherical case discussed above. For cylindrical symmetry, the bi-
refringence is cylindrically symmetric.
The polarizers’ orientation described in Fig. 5 was chosen to

coincide with the index ellipsoid axis, which explains the lack of
transmission around the core, even in the presence of bi-
refringence. More simply put, looking at the sphere on Fig. 5B,
the dark lines in the fourfold symmetry coincide with the axis of
symmetry of the continuous core.
An additional measurement at an arbitrary crossed polarizers’

orientation, where the polarizers are not allied in parallel or in
perpendicular to the core, is needed to support the absence of
stress in the continuous core.
Such a measurement for the sample used for Raman mea-

surement presented in Fig. 5 (35-μm-sized spheres) is shown in
Fig. S7; the shown results supports the claim that the continuous
core section is unstressed, to the extent detectable by optical
means.

SI Materials and Methods
Fiber Drawing. The fiber is fabricated using a thermal draw
technique. A preform (a macroscopic version of the fiber) is
prepared, and then it is heated in the furnace and drawn into a
fiber. In the first step, the pure Si or Ge powder or a mixture of Ge
and Si powder with a certain mass ratio is placed inside a fused
quartz tube. The tube has an inner diameter of 1 mm and an outer
diameter of 6 mm. The tube is inserted into another larger tube
with an inner diameter of 6 mm. To prevent any oxidization of the
core material (Si, Ge, or SixGe1-x) during the thermal draw, the
core is capped on both ends with silica rods. The core region is
pumped to vacuum, and the silica rods on both ends are sealed
with the propane/oxygen flame. In this way, a preform of 13-mm
outer diameter and 1-mm core is prepared. When the preform
is ready, it is fed at a rate of 1 mm/s through a thermal draw fur-
nace, which is heated to about 1,600 °C to melt the powder so
that the core material is dense during the draw. In the last step,
the preform is fed into the furnace at a rate of 1 mm/min and
heated to about 2,000 °C; at this temperature, the preform com-
ponents melt/soften and a fiber forms. The fibers are drawn at
a speed of ∼1 m/min, which results in a fiber with a 400-μm
diameter.

Flame Breakup. For the samples in Fig. 1, the breakup was per-
formed using a hydrogen−oxygen torch with outlet diameter of
0.020” and by feeding the fiber through a flame resulting from
0.4 L/min flow of H2 and 0.15 L/min flow of O2 at an offset of
15 mm from the torch outlet. The core composition was Si0.5Ge0.5
in Fig. 1, and the feeding velocities through the flame were 2 μm/s.
For the core of Si0.75Ge0.25 (Fig. 3A) and Si0.95Ge0.05 (Fig. 3D), the
velocity of the feed was 10 μm/s, and the flame conditions were the
same as for the Fig. 1 spheres.
The spheres used for birefringence measurements in Fig. 5C

were made by feeding a fiber through the flame produced by a
flow of 0.3 L/min and 0.2 L/min of H2 and O2, respectively. The
fiber was held at the distance of 6 mm from the orifice of the
torch. The feed speed through the flame was 20 μm/s. The sphere
on Fig. 5D is made by feeding a fiber through the flame produced
by a flow of 0.55 L/m and 0.22 L/m of H2 and O2, respectively. The
fiber was held at a distance of 6 mm from the orifice of the torch.
The feed speed through the flame was 10 μm/s.

SEM Sample Preparation, Imaging, and EDS Image Analysis. Fibers
containing spheres that underwent different thermal processing
treatments (either flame or laser breakup) were encapsulated in a
cold mounting epoxy (Struers Epofix) and polished until the
spheres were exposed at the surface of the sample, approximately at
the midplane of the spheres. Samples were gold-sputtered before

Gumennik et al. www.pnas.org/cgi/content/short/1707778114 4 of 9

www.pnas.org/cgi/content/short/1707778114


imaging. SEMmicrographs (Zeiss Merlin) in backscattered mode
and EDS analysis (Octane Super; EDAX) were obtained with the
polished samples. The solid light green/red lines in Fig. 1F cor-
respond to a single pixel linescan, that is, a 0.7-μm-wide analysis
area. The solid dark green/red lines correspond to the same
linescan with a 14.7-μm-wide analysis area, and are calculated by
having the 2D image filtered using a 10-pixel radius disk [see the
function fspecial(’disk’,10) in MATLAB].

Laser Recrystallization. Controlled recrystallization of spheres was
obtained by feeding a fiber containing spheres through a laser
heating setup. The fiber was heated locally by focusing an illu-
mination (spot size of ∼50 μm, power 2 W) from a fiber-coupled
diode laser (L4-2495; JDSU) emitting light with a peak wave-
length of 808 nm. The diode was operated in a pulsed mode
with a pulse rate of 5 kHz, controlled by a function generator

(Tektronix AFG3252), where the duty cycle was precisely tuned
through a Labview program, to induce a controlled solidification
rate.
Additionally, the silica cladding of the fibers was locally pre-

heated by focusing the radiation of a pulsed CO2 laser (DEOS
GEM-25L; Coherent), controlled through the previously men-
tioned function generator (pulse rate of 5 kHz). The beam was
split into two for even heating of the fiber from two opposite
directions. Each delivered beam was focused with a cylindrical
lens to a spot size of ∼3 × 1 mm2 with ∼2 W average power.
The positioning of the fiber was achieved by moving with a

motorized stepper actuator (ZFS25B; Thorlabs) and rotating with
a motorized rotary stage (RT-2D-10-S; Newark Systems) the fiber
in the setup, while observing the location of the sphere relative to
the laser beams, through a custom-built microscope.

A B 

C D 

E 

Fig. S1. Analytical derivation results for the Ge content distribution in the solid phase. (A) The Ge-Si liquidus (solid) and solidus (dashed) lines in accordance
with the equilibrium phase diagram from ref. 16. (B) The Ge content in the solidified phase, ζs, as a function of the Ge content in the liquid phase ζL. (C) The
fraction of the solid phase as a function of the Ge content in the liquid phase. (D) The derived melting point of the remaining liquid phase in the droplet as a
function of the fraction solid phase, g. (E) The Ge content distribution in the solid phase as a function of z/r0, analytically derived assuming axial symmetry
solidification; z is the symmetry axis of the droplet such that the droplet center is at z = 0, and r0 is the droplet radius.
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BA

DC

Fig. S2. Schematic representation of volume expansion and stresses in spheres homogeneously solidifying in different matrices. The dark gray circles indicate
the reference liquid state, and the light gray circles represent the final solid state; GM denotes the shear modulus of the matrix. (A and B) Limit cases, with
(A) solidification in free space, or infinitely compliant matrix, and (B) solidification in an infinitely rigid matrix. (D) A more realistic case of solidification in a
finite compliance matrix. (C) A sketch of a silica fiber containing four pressurized solid spheres.

200 µm

Fig. S3. Photograph of a silica cladding fiber displaying cracks around Si0.5Ge0.5 spheres, indicating a pressure buildup due to anomalous expansion of the
alloy upon solidification.
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θ

Fig. S4. The polarization evolution of the light propagating around the sphere in cross-polarized setup. (A) View normal to the fiber axis z. (B) View on to the
side of the fiber, normal to the radial direction, x or ρ.

Fig. S5. The birefringence felt by the light propagating around the sphere at arbitrary point. (A) View normal to the fiber axis z. (B) View on to the side of the
fiber, normal to the radial direction, x or ρ.

Gumennik et al. www.pnas.org/cgi/content/short/1707778114 7 of 9

www.pnas.org/cgi/content/short/1707778114


A

B

10 100 1000
0.1

1

10

σS
iO

2

rr
(R

) (
G

Pa
)

2R (μm)

0.1

1

10

2R (μm)

σSi
O

2

rr
(R

) (
G

P
a)

Si Ge

Fig. S6. Stress evaluation in the cladding of the sphere through the birefringence measurement. (A) Intensity distribution for selected samples with (from left
to right) R = 3 μm (scale bar, 3 μm), R = 95 μm (scale bar, 100 μm), and R = 225 μm (scale bar, 200 μm), as is observed through (Top) a transmission optical
microscope in crossed polarizers configuration compared with (Bottom) the calculated intensity distributions based on model in SI Homogeneous Solidification
Scenario; the upper limit for the radial stresses is determined based on the fact that, for the sphere with R = 3 μm, the number of fringes N≤ 1; for R = 95 μm,
N≤ 2; and, for R = 225 μm,N≤3. The ellipsoidal shape of the spheres in Top is due to the refraction of light as it propagates through the cylindrical cladding; it is
thus a pure artifact of the imaging process. (B) Upper limit (black square) and lower limit (red circle) of radial stresses (bars) for Si (Left) and Ge (Right) samples
in Table S2, compared with the radial stresses at the sphere surface predicted by Eq. S28 (solid line). For the spheres for which no lower limit is represented, the
lower limit is 0 GPa.

200 µm200 µm

50 µm

Fig. S7. Cross-polarizer imaging of the 35-μm-sized spheres sample used for Raman measurements in Fig. 5F at an arbitrary crossed polarizers’ orientation,
where the polarizers are not aligned in parallel or perpendicular to the core. These findings support the absence of stress in the continuous core.
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Table S1. List of parameters used in the numerical simulation results

Parameter Expression Value

Sphere radius, μm rS 50
Fiber radius, μm rF 225
Half the modeled section length, μm L 2,500
Diode-laser spot size radius, μm rD 25
Initial diode-laser power, W P0 2
Absorption coefficient of Si at 808 nm, L·μm−1 αSi 0.079
Density of Si in the liquid phase, kg·cm−3 ρSi,L 2,530
Density of Si in the solid phase, kg·cm−3 ρSi,S 2,311
Density of silica, kg·cm−3 ρsilica 2,218
Heat capacity of Si in the liquid phase, J·kg−1·K−1 CSi,L 909
Heat capacity of Si in the solid phase, J·kg−1·K−1 CSi,S 995
Heat capacity of silica, J·kg−1·K−1 Csilica 1,350
Thermal conductivity of Si in the liquid phase, W·m−1·K−1 kSi,L 59
Thermal conductivity of Si in the solid phase, W·m−1·K−1 kSi,S 22
Thermal conductivity of silica, W·m−1·K−1 ksilica 10
Silicon melting temperature, K Tm 1,687
Silicon latent heat, J·kg−1 HSi 1.8·106

Transition interval between the liquid phase and the solid phase, K ΔTL−S 5
Axial convective heat flux coefficient, W·m−1·K−1 haxial 15,000
Radial convective heat flux coefficient, W·m−1·K−1 hradial 300

Table S2. Breakup conditions and resulting sphere sizes

Core
material

Fiber diameter,
μm

Core diameter,
μm

H flow,
L/min

O flow,
L/min

Distance from the torch
outlet to the fiber, mm

Feed speed,
μm/s

Sphere diameter,
μm

Si 1,230 183 0.55 0.23 6 10 450
Si 670 82 0.36 0.13 6 10 230
Si 760 63 0.41 0.15 6 10 190
Si 1,670 45 0.52 0.2 6 10 160
Si 280 4 0.3 0.2 10 20 26
Si 56 0.8 0.3 0.2 10 20 6
Si 280 4 1.0 ± 0.2 0 54 ± 2 10 35.0 ± 0.4
Ge 480 111 0.43 0.15 10 10 250
Ge 700 10 0.34 0.11 10 10 35

The boldfaced lines correspond to the samples used for visual representation of stress evaluation by birefringence measurements in
Fig. S6A.
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