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Undercooling measurement and nucleation study of silicon

droplet solidification

M.G. Tsoutsouva®?, T. Duﬁ‘arz’*, C. Garnier?, and G. Fournier®

The most efficient method to investigate nucleation phe-
nomena is to measure the undercooling temperature at the
beginning of the solidification process since it gives in-
formation about whether or not a certain substrate favors
the heterogeneous nucleation. In this work a suitable ex-
perimental setup has been designed and developed for the
study of nucleation phenomena, where a silicon droplet

is directly placed and melted on a substrate. The melting-
solidification process was filmed and the undercooling
tem-perature was simultaneously measured by
monochromatic and bichromatic pyrometers. For all the
studied substrates the melting process started from the
bottom of the sample where there was a contact with the
substrate. In the case of zyarock and fused silica substrates,
on which we focalize in the present paper, the temperature
profile of the silicon sample presented a temperature
plateau during melting and a typical cooling curve showing
undercooling, recalescence and a plateau denoting that
solidification occurred under isothermal conditions. It was
also found that the nature of the substrates influences the
measured undercooling values and the shape of the
solidified silicon droplets.

1 Introduction

The most popular commercial method for producing sil-
icon based solar cells involves a process in which molten
silicon is directly cast into a mould and allowed to solidify
into an ingot. However, the fact that molten silicon reacts
with almost every known materials creates severe obsta-
cles to the photovoltaic (PV) technology. The interfacial
interactions between the molten silicon and the mould
and the subsequent heterogeneous nucleation that takes
place on the crucible surface are determinant for the be-
ginning of solidification. Grains nucleate on the crucible
walls and elongate from the periphery towards the center

of the ingot, leading to a polycrystalline material. Grains
and grain boundaries play a crucial role in PV technology
since they directly determine the electrical performance
of the solar cell.

In literature there are some research teams who have
investigated the silicon-crucible interaction by measur-
ing the wetting angle between a silicon droplet and
the nucleating substrate (sessile drop experiments) [1-
3]. This technique gives interesting information mainly
about adhesion and infiltration phenomena rather than
nucleation. Unfortunately there has not been found yet a
way to directly relate the nucleation process to the wet-
ting results.

Concerning the investigation of nucleation phenom-
ena, a more efficient method is to measure the under-
cooling temperature during the solidification process
since it gives information about whether or not a certain
material favors the heterogeneous nucleation. In bibliog-
raphy there are some research works dealing with under-
cooling measurements in an electromagnetic levitation
setup either concerning pure silicon or silicon contain-
ing a controlled percentage of impurities. Those kinds
of experiments give information about the role that the
presence of nucleation centers, inside the droplet, has
on the final microstructure of silicon but do not take un-
der consideration the role that the substrate (crucible or
mould walls) plays on the nucleation of silicon [4-9].

The influence that the substrate has on the under-
cooling of silicon has not been studied thoroughly, but
some investigations in the area have been done. Appapil-
lai et al. [10, 11] determined the nucleation properties
using differential scanning calorimetry to measure the
undercooling below the melting temperature of molten
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silicon in contact with silicon oxides and nitrides. Vari-
ous coatings on the silicon samples were tested for their
influence on nucleation. Both dry and wet oxides coat-
ings presented higher interfacial stability resulting in
higher undercooling values than the nitrides coatings.
However the undercooling measurements presented sig-
nificant variations probably due to the coatings non-
uniformity and the overall samples deformations during
melting and solidification process.

A scientific research closely related to the present
work has been done by Brynjulfsen and Arnberg [12].
They studied the nucleation undercooling phenomena
during the solidification of silicon on SiO,, coated with
oxidized Si3N,, and Al,O3; by the sessile drop method.
Substrates provided by the commercial crucible pro-
ducer for photovoltaic applications, Vesuvius, were also
investigated. They concluded that the coating parame-
ters such as thickness, roughness and the amount of oxy-
gen in the coating have no significant influence on the
undercooling of silicon. However they used a thermo-
couple placed below the sample holder in order to mea-
sure the undercooling temperature and this method can-
not give such precise values of the undercooling. In the
present work, it is planned to improve these experiments
in three directions: a silicon piece is placed and melted
directly on a substrate (this avoids the problems of non-
uniformity of the coating and the deformation of the
sample), use of pyrometers for measuring the tempera-
ture directly on the silicon and in addition the melting-
solidification process is visualized in-situ. The final crys-
talline structure of the solidified silicon droplet is also
investigated.

In order to perform these experiments a special in-
stallation has been designed, developed and optimized
and is presented extensively in the experimental part.
Representative results concerning the solidification of
silicon on zyarock and silica substrates are discussed in
the second part of the article.

2 Experimental procedure

A special experimental setup has been implemented, as
shown in figure 1, to measure the undercooling temper-
ature and give access to the investigation of the nucle-
ation phenomena during the solidification of silicon on
a substrate. An electronic grade silicon square piece is
placed on a substrate which is housed in a silica cru-
cible. The silica crucible has been chosen among other
materials since it is known that it does not favor sili-
con nucleation [13]. The substrate is hold and centered
on the bottom of the crucible and its dimensions are 10
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Fig.1 Schematicillustration of the experimental set-up. a) Central
part of the setup. b) General view of the experiment with measure-
ment facilities.

x 10 mm. The silicon mass is 0.8 + 0.2 gr, depending
on the material of the substrate so as after total melt-
ing it becomes hemispherically shaped and covers the
whole surface of the substrate. This is in order to keep
the Si/substrate area constant from one experiment to
another. The heating and thus the melting of silicon is
realized by electromagnetic induction with the aid of a
Celes Generator with 50 kW power operating at 50 kHz.
Since silicon and silica are bad conductors of electricity
at room temperature, a graphite susceptor is used in or-
der to heat the silicon by conduction through the silica
crucible and the substrate and also by radiation through
the crucible. As it can be seen in figure 1a the height of
the graphite susceptor is smaller than the height of the
silica crucible. This choice has been made for the two
following reasons: i) C propagation inside the silica cru-
cible, that would cause silicon sample pollution, should
be avoided. It is well known that C interacts with Si lead-
ing either to the precipitation of SiC or to carbon solidifi-
cation in interstitial positions in the silicon, affecting the



nucleation process in both cases [14]. ii) Graphite cru-
cible radiates when heated above 700 °C. The reflection
of the graphite radiation on the surface of the hemispher-
ical melted silicon affects the temperature measurement
by pyrometers as will be discussed below. The decrease
of the graphite height eliminates this non desired vertical
reflection of the radiation on the silicon surface, allowing
the measurement of the exact Si temperature during the
whole process.

The above described system is housed inside a wa-
ter cooled stainless steel vacuum chamber evacuated
to a pressure of 3 x 10~% mbar with a turbomolecular
pump (TMP on figure 1b) and backfilled with ultra high
purity argon gas (99.999%) to a pressure of 1000 mbar
(figure 1b). The temperature inside the graphite crucible
is measured during the whole process by two mobile type
C thermocouples (W5%Re — W26%Re) operating in the
range of temperature 0 °C to 2320 °C. As already men-
tioned, these thermocouples are placed too far from the
silicon sample to measure precisely the rapid temper-
ature recalescence significant of nucleation. Then, sili-
con temperature during the melting-solidification pro-
cess and the undercooling is measured in parallel by
means of an IRCON Modline 5 52—-2020 monochromatic
pyrometer operating in the temperature range 600 °C to
2000 °C (spectral range 0.85 um to 1.1 um) and an IR-
CON Modline 5 5R-1810 bichromatic pyrometer operat-
ing in the temperature range 700 °C to 1800 °C (spec-
tral range 0.75 um to 1.05 um). They are both placed
on a window at the top of the vacuum chamber. The
use of two different pyrometers helps in estimating accu-
rately the actual temperature of the silicon. A monochro-
matic pyrometer gives the mean temperature value,
influenced by the emissivity factor specified to the py-
rometer [15]. In case of silicon the temperature value
given by the monochromatic pyrometer can vary signifi-
cantly since the emissivity of solid silicon is 0.6, greater
than that of liquid silicon, 0.2 [16]. In these experi-
ments, the emissivity of the monochromatic pyrometer
has been adjusted to 0.6. On the other hand a bichro-
matic pyrometer gives the maximum sample tempera-
ture value without having to take into account the emis-
sivity variation [15].

From the first experiments, it became obvious that
the silicon surface change, from solid to liquid and
vice-versa, influences significantly the temperature val-
ues given by the pyrometers. Thus a camera was in-
stalled above the monochromatic pyrometer as shown in
figure 1b and the whole melting-solidification process
has been recorded in real time, through the pyrometer
viewing window.

T Lt T % T L T

-0 1
Argon 2|10 °Crmin.

] l I/. 30 °C/min |

*—0-9@ L] 4

1600
1400

ot

[

=

(=]
i

1000 4 ?
800+
600 ~
400 -
200 ~

0-

Cooling rate

. 300 °C/min
35 'C/min

Temperature ("C)

10 °C/min

1 2 3 a4 5
Time (hrs)

Fig.2 Schematic temperature profile as measured by the thermo-
couple placed inside the graphite susceptor.
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Figure 2 presents the experimental melting-
solidification procedure giving the heating and cooling
rates in the different process steps.

Two degassing steps are taking place, the first one
at 150 °C and the second one at 1000 °C. At 1000 °C
the chamber is rinsed twice and then is backfilled to at-
mospheric pressure with Ar in order to start the melt-
ing process. Approaching the silicon melting tempera-
ture the heating rate is decreased in order to detect the
melting plateau due to the enthalpy of melting absorbed
by the Si. After melting the residual power gives an in-
crease of temperature up to [110 °C to 200 °C] which de-
pends on the material of the substrate. Then the sam-
ple is maintained about 5-10 min at this temperature in
order to assure its full melting. The electrical power is
cut abruptly and the silicon droplet starts to cool down
at 300 °C/min, reproducibly from one substrate to the
other.

In summary, the output of each experiment is the two
recorded temperature profiles, the video film showing
the melting and solidification process and the solidified
silicon droplets samples. In the frame of this research dif-
ferent substrates (oxides, carbides, borides and nitrides)
have been studied, however, in the present paper we
focalize on the results obtained after the solidification
of Si on zyarock and fused silica substrates. Zyarock is
the standard material used for the industrial crucibles
in the photovoltaic industry. It is a fused silica product
with the following typical composition: silica 99.6%, alu-
mina 0.12%, iron oxide 0.10%, titania 0.027%, magnesia
0.013% sodium oxide 0.008%, calcia 0.007% and potas-
sium oxide 0.005% [17].
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3 Results and discussion

Figure 3 illustrates a top view of the melting process of
silicon on a zyarock substrate as recorded by the camera.
Since the cameralooks at the sample through the pyrom-
eter window, the black ring that appears in all images is
the monochromatic pyrometer measurement spot. The
solid Si appears in black, the liquid silicon in white and
the square substrate in grey. As it can be seen in the sec-
ond image (b) the melting process starts from the bot-
tom where the sample is in contact with the substrate. In
the third image (c), a floating solid piece of silicon can
be seen on the top surface of the droplet. In the last im-
age (d) when the specimen is totally melted it can be re-
marked a bright zone around the black spot in the mid-
dle of the droplet. Silicon in a liquid state behaves as a
mirror and thus this bright zone is due to the vertical re-
flection of the graphite radiation on the droplet surface.
On the contrary, the dark central circle is the reflection of
the crucible opening. It can be seen in image (d) that the
pyrometer spot is inside this circle, assuring the correct-
ness of the temperature measurement values. The whole
melting process of silicon was found to be the same in
the case of the fused silica substrates.

Figure 4a shows a representative temperature profile
of the silicon sample during the melting and solidifica-
tion process on a zyarock substrate as recorded by both
the monochromatic and the bichromatic pyrometers.

Zyarock is the material of the crucible that the PV
industry uses but it needs to be mentioned that in the
present case it is not coated with the anti-adherent SizN,
coating. During melting the sample absorbs the heating
energy, due to the needed enthalpy of fusion, and the
temperature remains constant as it can be seen from the
presence of a temperature plateau in the bichromatic py-
rometer temperature curve. However, in the monochro-
matic temperature curve the beginning of the melting
process is detected by the decrease in the slope of the
curve, despite the fact that the heating rate provided
by the external supply remains constant. The fact that

Fig. 3 Melting process of silicon on a
zyarock substrate as recorded by the
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Fig. 4 Temperature profile of the silicon sample during the melt-
ing and solidification process on a zyarock substrate.

the monochromatic temperature curve does not present
a melting plateau is probably due to the smaller spot
size compared to the bichromatic one. This means that
the given temperature represents the temperature of the
solid silicon that floats on the surface of the liquid, as
presented in figure 3c. At the end of the plateau some
temperature fluctuations can be observed. As confirmed
by the recorded video, this is due to the fact that the non
melted solid pieces of silicon are moving on the top of



the droplet and thus the viewing field of the pyrometers
is partially occupied with some varying solid and liquid
phases.

After complete melting of the solid, a successive tem-
perature increase is detected at about 20 min due to the
fact that the enthalpy of fusion is no more absorbed by
the sample. The temperature is stabilized and after 7
minutes the electrical power is cut abruptly and the sili-
con stars to cool down. The abrupt temperature rise ob-
served at 28 min is the recalescence event caused by the
latent heat of solidification release during the nucleation
and growth of the silicon crystal.

Figure 4b shows in more details the solidification
period. Concerning the bichromatic pyrometer mea-
surements, it can be seen a typical isothermal plateau
during solidification. Nucleation occurs at temperature
T, = 1318 °C, at the beginning of the recalescence. After
recalescence the sample remains almost isothermal for
approximately 35 sec at Ty = 1370 °C until the solidifica-
tion process is completed. This duration is in agreement
with the recorded video during solidification as it will be
discussed below. The thermal plateau after recalescence
corresponds to the solidification temperature of the nu-
cleated crystals, which is theoretically 1410 °C. The maxi-
mum nucleation undercooling temperature (AT) can be
approximated as the difference between T, and T,, and
thus in the present experiment AT = 53 °C. There should
be no further nucleation event after T,,, and further solid-
ification can only be achieved by crystal growth. The ex-
periments have been repeated three times and the mea-
sured undercooling values were in the range of 41 °C to
53 °C. In the same figure, the monochromatic pyrome-
ter curve does not present this abrupt increase of tem-
perature caused by the creation of the first nucleus in
the melted silicon as observed in the previous case. This
is not surprisingly at all since, as it has already been
discussed, the monochromatic pyrometer measures the
mean value of sample temperature, then averaging the
light emitted by the liquid and solid phases However,
there is an obvious correlation between the two curves
and both measurements are needed in order to better
understand the nucleation and crystal growth phenom-
ena and verify the measured undercooling temperature
and solidification time.

The temperature profile is found to present a simi-
lar tendency, when the silicon sample is melted and so-
lidified on a fused silica substrate (figure 5). However,
the measured undecooling value is 89 °C and it is higher
in comparison to the case of silicon solidification on a
zyarock substrate.

Figure 6 shows the morphologies of the growing crys-
tal during the solidification of silicon on zyarock and
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Fig.5 Temperature profile of the silicon sample during the melting
and solidification process on a fused silica substrate.

fused silica substrates as observed by the installed cam-
era. The dark gray and bright parts in the figures are the
undercooled liquid and the solid that has been solidified
from the undercooled liquid, respectively. At the begin-
ning of solidification, thin solid strips crossing the whole
droplet can be observed. They develop to several con-
tinuous lines as time goes on. Jian et al. [18] have ob-
served similar structures performing rapid solidification
experiments in an electromagnetic levitation setup. They
suggested that the crystal growth depends on the nucle-
ation undercooling and in the nucleation undercooling
region from 40 to 100 + 10 K (similar to the present study)
the initial crystal seed solidifies as dendrites that form a
number of plates. Apparently the process is the same in
case of solidification on a substrate. The “horn” appear-
ing at the end of solidification is due to the 10% decrease
of density between molten and solid silicon.

Figure 7 shows the macroscopic views of silicon
droplets solidified on fused silica and zyarock, sub-
strates.
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The undercooling measurements for a zyarock sub-
strate ranged from [41 to 49 K], while, in the case of
polished fused silica, the range was [45 to 89 K]. It can
be seen that the nature of the material of the substrate
plays a role on the solidification process and droplet for-
mation. These experiments confirm that silica is a bad
nucleating agent for Si, then validating the choice of
a silica crucible in order to protect the molten droplet
from external contamination. The significantly smaller
undercooling in the case of zyarock also shows that the
chemical and/or roughness of the substrate impact the
nucleation behavior of Si. Experimental results are cur-
rently under interpretation. A correlation between the
measured undercooling temperature, the microstruc-
ture of the solidified droplet, the interactions at the sil-
icon/substrate interface and the precipitation that takes

Fig. 6 Morphologies of growing crystals
during the solidification of silicon on a
zyarock and fused silica substrates.
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place and the grain competition during the initial stage
of the solidification process of the droplets will be dis-
cussed in details in a forthcoming paper.

4 Conclusions

An experimental setup has been designed and developed
in order to investigate the nucleation phenomena dur-
ing the solidification of electronic grade silicon on differ-
ent substrates. It has been found that the melting pro-
cess starts from the bottom of the sample where there
is a contact with the substrate. The temperature pro-
file of the silicon sample during the melting and so-
lidification process on a zyarock substrate presented a
temperature plateau during melting and a typical cool-
ing curve, with undercooling, recalescence and plateau,
during solidification. The thermal plateau after recales-
cence denotes that the solidification is carried out under
isothermal conditions. As during experiments per-
formed under electromagnetic levitation, the forma-
tion of continuous strips, presumably dendrite tips
intersecting the drop surface, was observed at the
beginning of solidification and they develop to sev-
eral continuous lines as time goes on. Finally, the
macroscopic views of the solidified silicon droplets
showed the important influence that the material of
the substrate has on the nucleation and solidifica-
tion process. This research is still in progress. The
crystalline structure, the microstructure and the grain
competition during the initial stage of the solidification
process of the droplets is currently under investigation.
As the present results show that the set-up and experi-
mental procedure allow emphasizing differences in nu-
cleating power of different substrates, the investigation



will be extended to other substrate materials such as car-
bides, borides, nitrides and Si3N4-coated zyarock.

We strongly believe that the interpretation of the ob-
tained experimental results and sample characterization
will give supplementary information to better under-
stand the heterogeneous nucleation of silicon and its im-
pact on the ingot grain structure.
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