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Using a CO2 laser-equipped electromagnetic levitator, we carried out the
containerless crystallization of Si and Ge. From the point of interface mor-
phologies, the relation between growth velocities and undercoolings was
classified into three regions. In regions I and II, although the morphologies of
growing crystals are different: plate-like needle crystals in region I and fac-
etted dendrite at region II, the growth velocities in these two regions are
fundamentally scaled by the thermal diffusivities and the temperature
increase caused by the release of the latent heat. This result means that the
growth velocity can be expressed by the product of the thermal diffusivity and
the growth kinetics. An analysis of the dendrite morphologies revealed that
the kinetics of crystal growth in regions I and II represent two-dimensional
nucleation at the reentrant corner formed at the edge of the two parallel twins.
In region III, thermal diffusion-controlled interface attachment kinetics
control as described by a modified Wilson–Frenkel model.

INTRODUCTION

In recent years, with advances in levitation
techniques, research on solidification into the
undercooled melt1,2 has brought new insight into
the formation of metastable structures. Also, with
the increase of solar power utilization, industry has
shown interest in developing a process to form
spherical crystals of Si for solar cell applications.3 In
order to manufacture the spherical crystals, drop-
tube processing is commonly employed as the mass-
production method of choice. Here, the melt is
ejected into a drop tube and the stream breaks up
into numerous droplets that then solidify during
free fall. This process is very simple; however, the
yield of high-quality crystals that are suitable for
use in solar cells is much lower than that achieved
using conventional crystal growth techniques such
as Czochraiski (CZ) and Bridgeman methods. The
reason for this disadvantage can be simply attrib-
uted to the fact that the nucleation and growth of
crystals during free fall cannot be monitored. In
order to solve this problem, Aoyama, Takamura,
and Kuribayashi (hereafter referred to as ATK)4

carried out a series of experiments using an elec-
tromagnetic levitation furnace equipped with a

high-speed video camera, and they elucidated that
the crystallization process is distinguished into
three regions: In region I, which is under relatively
low undercooling less than 100 K, plate-like needle
crystals appear. In region II under medium und-
ercooling, from 100 K to 200 K, facetted dendrites
appear. In region III larger than 200 K, the crystal–
melt interface macroscopically looks flattened,
indicating that the microstructure was significantly
refined. In addition, analyzing the relation between
undercooling DT and the growth velocity V on the
basis of a dendrite growth model incorporating
linear kinetics,5 ATK reported that the kinetic
coefficient l is 0.4 m/sK. However, Watanabe,
Nagayama, and Kuribayashi (WNK),6 based on
precise measurement of the crystallization process
for levitated droplets, reported that the crystal
growth kinetics in regions I and II are not a linear
function, but rather they showed an exponential
increase, thus implying that the rate-controlling
kinetics are not interface attachment but rather
two-dimensional (2-D) nucleation. There remain
inconsistencies in that the morphology of the crys-
tal-melt interface in region I is quite different from
that in region II. Furthermore the relation between
DT and V, particularly in region II, appears too
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deviated for the rate-controlling kinetics to be
determined. The current investigation unifies the
interpretation of containerless crystallization of
semiconducting materials by expanding the analy-
sis to include both Ge and Si to resolve remaining
inconsistencies.

EXPERIMENTAL PROCEDURE

Containerless crystallization experiments on pure
samples of Ge and Si were carried out by using a
CO2 laser-equipped electromagnetic levitator (EML)
shown schematically in Fig. 1. Except for several
samples that unintentionally nucleated spontane-
ously, nucleation of crystals was forced by applica-
tion of a trigger-needle of molybdenum at the
predetermined undercooling. The growth velocity
was measured using a high-speed video camera
(HSV) with a maximum sampling rate of
640,000 frames/s; the Si-camera was color video,
whereas the Ge-camera was monochrome. The
temperature of the levitated samples was measured
with a monochromatic pyrometer. Since the emis-
sivity of the solid phase of Si and Ge greatly differs
from those of the liquid phase, the emissivity was
adjusted so that the temperature of the liquid phase
after the recalescence indicated the equilibrium
melting temperature (Fig. 2). In order to elucidate
the relationship between the microstructure and the
rate-determining process, the melt was dropped
onto an optically polished silicon plate and then
solidified under controlled temperature conditions.
The resulting surface morphology was analyzed
posttest with a laser-scanning microscope.

RESULTS

Figure 3 shows the selected HSV images of Si
taken during recalescence, where DT is the bulk
undercooling just before the recalescence.6 The dark
and bright areas show the undercooled melt and the
solidified region, respectively. In Fig. 3a, typical
HSV images taken successively at low undercooling,

DT = 37 K, show the anisotropic line-shaped pattern
that forms a circumferential ring on the surface of
the sample. Note that this ring is discontinuous
suggesting that the line-shaped crystal is not a ‘‘line’’
crystal but rather a plate-like crystalline structure
that penetrates the interior of the sample. When the
undercooling is larger than 100 K, facetted dendrites
appear as seen in Fig. 3b. At an intermediate und-
ercooling, however, not only facetted dendrites but
also a mixed-mode of facetted dendrites and line-
shaped crystals are observed as shown in Fig. 3c. In
these images, the solidification front initially ad-
vances massively, and subsequently line-shaped
crystals protrude from facetted dendrites showing a
mixed mode of both morphologies.

In Ge, the morphological transition with an
increase in undercooling is similar to that of Si: that
is, at low, medium and intermediate undercoolings,
plate-like needle crystals, facetted dendrites and a
mixed-mode of facetted dendrites and plate-like
needle crystals form, respectively, as seen in Fig. 4.

Figure 5 shows the relations between V and DT for
both Si and Ge. Although the growth velocities of Si
present a curve of near-quadratic shape when plotted
as a function of DT, in Ge the relation deviates from
that of Si at undercoolings larger than 100 K. WNK6

reported that the Si crystal growth kinetics at low
and medium undercooling is not due to interface
attachment but 2-D nucleation as given by Eq. 1.

V ¼ b exp � e
kBDTk

� �
(1)

where b, e, and DTk are the rate for atoms to be
incorporated into interface, the energy barrier for
nucleation and growth of a crystal, and the kinetic
undercooling at the crystal–melt interface, respec-
tively. In Ge, on the other hand, introducing the
threshold undercooling DTth, Ishibashi, Nagayama
and Kuribayashi (INK)7 reported that at undercoo-
lings larger than 100 K the growth velocities is well
expressed by linear kinetics described by Eq. 2.

V ¼ l DTk � DTthð Þ (2)

It is readily apparent that there is an inconsistency
in behavior when comparing the V versus DT of Ge
to that of Si, although both are typical semicon-
ducting material that belong to Group IV. In order
to resolve this inconsistency, it is desirable to
normalize the data into dimensionless variables.
Figure 6 shows the relation between the dimen-
sionless growth velocity ~V and dimensionless
undercooling D ~T given by Eqs. 3 and 4.

~V ¼ Va
a

(3)

and

D ~T ¼ CPDT

DHf
(4)
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Fig. 1. Schematic illustration of the EML furnace. In order to apply
EML to semiconducting material, a CO2 laser serves as a preheater.
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where a, a, CP, and DHf, which are listed in Table I,
are the thermal diffusivity, the interatomic dis-
tance, the heat capacity under the constant pres-
sure, and the heat of fusion, respectively. Of
particular importance is the observation that in
regions I and II for both Si and Ge, crystal growth

into undercooled melt can be scaled by the thermal
diffusivity and the temperature increase caused by
the release of latent heat, although the crystal
morphology distinctly changed from the plate-like
needle crystals in region I to the facetted dendrites
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Fig. 2. Typical profile of temperature versus time of Si sample measured with a pyrometer.6 The temperature of the samples was determined by
adjusting the emissivity so that the temperature just after the recalescence is the equilibrium melting temperature of Si.
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Fig. 3. HSV images of Si taken during recalescence.6 The dark and bright areas, respectively, show the undercooled melt and the solidified
region. (a) HSV images taken at low undercooling, DT = 37 K, showing anisotropic line-shaped crystal that forms a circumference on the surface
of the sample. (b) HSV images taken at medium undercooling, DT = 114 K, showing a facetted dendrite. (c) Mixed mode of facetted dendrites
and line-shaped crystals. The solidification front initially advances massively, and subsequently line-shaped crystal protrudes from facetted
dendrites showing a mixed mode of both morphologies. The growth velocity of line-shaped crystals is much higher than that of facetted dendrites.
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in region II. This result implies that the growth
velocities in regions I and II are proportional to the
product of the thermal diffusive speed VT and the
kinetics term as a function of Gibbs free energy
difference between crystal and melt DG. Therefore,
if the linear approximation for the free energy dif-
ference DG = DHfDT/Tm (Tm is the equilibrium
melting temperature) is used and the kinetic term is
given by a linear function of the undercooling, then
the relationship between the growth velocity and
the undercooling is readily described by a modified
Wilson–Frenkel law8,9 at low undercoolings.

V / VT 1� exp
DG

kBT

� �� �
¼ VTDHf

kBT2
m

DT (5)

On the morphological characterization of the
growing crystal in semiconducting material, Lau
and Kui,10 carrying out the quasi-containerless
crystallization in Ge, in which the melt was sur-
rounded by oxide flux, reported that the twin-related
h110i and h211i dendrites appear at low and medium
undercoolings, and the twin-free h100i dendrites are
at high undercooling DT > 93 K. Furthermore,
Leung and Kui,11 extending their containerless
technique to Si, reported the similar results: at low
and medium undercooling, twin-related h110i and
h211i dendrites and at high undercooling, twin-free
h100i dendrites. Their conclusion is very clear, but
the electron-micrographs that were used as the evi-
dence for their conclusions are obscure. On this
point, Nagashio and Kuribayashi,12 on the basis of
scanning electron microscopy electron backscatter
diffraction pattern analysis, showed that the crys-
tallographic features of Si: h110i dendrites are

grown under the twin-related reentrant corner
mechanism, and h100i dendrites are under the twin-
free nucleation and growth mechanism. Thus, the
growth directions of primary and secondary arms of
the h110i dendrites are h110i, and those of the h100i
dendrites are h100i and h110i. On referring to their
results, it appears that the plate-like needle crystal
corresponds to h110i dendrites.

Figure 7 shows the typical images of facetted
dendrites of Ge: (I) solidified by dropping onto an
optically polished silicon plate at DT = 151 K show-
ing the h100i dendrite of four-fold symmetry, and (II)
solidified at the equilibrium melting temperatures
showing the twin-related h110i dendrite. Each

(a)

ΔΔT=72K ΔT=99K ΔT=115K

ΔT=220KΔT=170KΔT=152K

(b) (c)

(d) (e) (f)

Fig. 4. HSV images of Ge taken during recalescence.7 (a) and (b) HSV images taken at low undercooling, DT = 72 K and 99 K. (d) and (e) HSV
images taken at medium undercooling, DT = 152 K and 170 K. (c) Mixed mode of facetted dendrites and line-shaped crystals.
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Fig. 5. Relation between growth velocity V and DT. Open and closed
circles are for Si and Ge, respectively.
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image was taken by a laser-scanning microscope.
In containerless levitation experiments using a
drop-quench technique, the h211i dendrites have not
been observed in Ge although Lau and Kui reported
that those were formed within the range
60 K< DT< 90 K. However, the morphology of the
h211i dendrite that they present is different from
that of the Billig’s h211i dendrite13 and the azimuth
relation between triangular etch-pit on the surface
and the stem of the dendrite is also different from
that of the h211i dendrite. Furthermore, it was
reported that the growth of the h211i dendrite would
be caused by an impurity effect due to the presence
of the oxide flux.14 For formation of h211i dendrites
some geometrical restrictions such as unidirectional
pulling at very low undercooling are required
because multiple interactions among 2-D nuclei on
three adjoining reentrant corners are required for
the h211i dendrite to be formed. For the h110i den-
drites only, a single interaction between 2-D nuclei
is required on adjacent reentrant corners.15 Finally,
in Si and Ge, the direction of the interface stiffness
minimum corresponds to that of the interface free
energy maximum, that is, h100i,16 and dendrites are
known to grow preferentially in the direction of the
interface stiffness minimum.8

DISCUSSION

As mentioned above, WNK reported that the rate-
controlling kinetics for crystal growth in regions I
and II for Si is not linear, which would imply
interface attachment kinetics, but rather exponen-
tial in character, which would indicate 2-D nucle-
ation and growth is controlling. INK also reported
the similar result in Ge. Based on these results, the
growth velocities of semiconducting material previ-
ously expressed in Eq. 1 can be modified to a new
form as seen in Eq. 6.

V ¼ b0a exp � e
kBDTk

� �
(6)

where b¢ is the adhesive probability for atoms that
are adhered on the surface to be incorporated into
the crystal lattice. In fact, the relation between the
growth velocity and the undercooling in Ge, which
was presented by Hamilton and Seidensticker,17

implied that the crystal growth kinetics is not due to
linear kinetics because if the crystal growth is ex-
pressed in this manner, the growth velocity is in-
versely proportional to the spacing between two
parallel twins (see Appendix).

At region III, which corresponds to the undercool-
ing larger than approximately 100 K in Ge and 200 K
in Si, the growth kinetics is seen to be the linear in
character. Figure 8 shows a micrograph of a section
of Si solidified at DT = 292 K.18 In this experiment, a
small amount of boron was doped to accentuate the
contrast of the interface of the initially formed den-
drite. In this figure, cross-like morphologies show the
fragments broken up from the initially formed den-
drite due to the capillary force that acts on the
interface. The fourfold axial symmetry of the frag-
ments indicates that the initial growth direction
indicates formation of h100i dendrites. Nagashio
et al.18 reported that in Si when the undercooling
exceeds 100 K, fragmentation of dendrites occurs
resulting in significant grain refinement with
increase of undercooling until DT > 200 K when
grain size becomes relatively constant. This effect is
due to the cross-like fragments acting as a ‘‘seed’’ for
new grains. If the surfaces of the primary and sec-
ondary dendrite arms are assumed to consist of {111}
planes, then the interfacial energy of which is mini-
mum, the surface morphology of the h100i dendrite
arms should appear as a wavy pattern that consists of
paired chevron and groove couples, whereas that of
h110i dendrite is flat and parallel to the dendrite axis.
Therefore, in h100i dendrites, the arms characterized
by the wavy pattern are easily broken. At undercoo-
lings higher than this, dendrite breakup will occur
and observed growth velocities would deviate down-
ward from the prediction using the dendrite growth
model, due to the interference caused by the over-
lapping diffusion fields built up around the
fragmented dendrites. Thus, the apparent diffu-
sion length dd = a/V is elongated. Furthermore,
electro-magnetic stirring facilitates dendrite frag-
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Fig. 6. Relation between dimensionless growth velocity ~V and
dimensionless undercooling D ~T , which are normalized by the ther-
mal diffusive speed a/a and the temperature increase due to the
release of latent heat DHf/CP. Open and closed circles are for Si and
Ge.

Table I. Physical Properties Used in the
Calculation of Dimensionless Quantities4

Si Ge

a (m2/s) 0.000013 0.000002
a (m) 1.9 9 10�10 1.9 9 10�10

DHf (J/mol) 50,600 33,900
Cp (J/mol K) 25.6 28
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mentation.19 On the other hand, Devaud and Turn-
bull,20 and Lau and Kui reported that in Ge the grain
refinement occurred at DT > 300 K and DT � 230 K.
This is because for Ge the value of ~V at D ~T > 0:15
differs from that of Si.

In the previous section, we showed that the
crystal growth velocities at regions I and II in both
Si and Ge are expressed by the thermal diffusion-
controlled growth model. It is common to evaluate
growth of other nonsemiconductor pure materials
using the ‘‘Collision-limited growth model.’’21 The
reason for this is that in the atomic diffusion-con-
trolled growth model, a diffusive velocity given by
VD = D/a (D is the self-diffusion coefficient) is at
most 10–20 m/s, which is much less than the growth
velocities measured in pure Ni samples.22 However,

the growth velocity predicted by the collision-
limited growth model is much larger than that
simulated by molecular dynamics and density-
functional theory.23 We must use the diffusion-
controlled growth model because for semiconduc-
tors, the larger entropy difference between the melt
and the crystal requires a massive scale of the
thermal diffusion from the interface to the under-
cooled melt.

CONCLUSION

Using Si and Ge as the model material, we carried
out the undercooled solidification of the semicon-
ducting material. From the point of the interface
morphologies, the relation between growth velocities

Fig. 7. Typical images of facetted dendrites in Ge samples: (a) containerlessly solidified at DT = 151 K showing h100i dendrite and (b) solidified
by dropping onto the optically polished silicon plate at the equilibrium melting temperatures showing h110i dendrite. Each image was taken by
laser scanning microscopy.7

Fig. 8. (a) Optical micrograph of the cross section of the Si sample solidified at DT = 292 K. (b) Optical micrograph of the magnified region of a
typical fragmented cross-like dendrite.18
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and undercoolings was classified into three regions.
The morphologies of the growing crystals at regions
I, II, and III are plate-like needle crystals, facetted
dendrites, and massive dendrites, respectively.
Normalization of the relation between growth
velocities and undercoolings into dimensionless
quantities revealed that the growth velocities in
regions I and II can be scaled by the thermal diffu-
sivity and the temperature increase caused by the
release of the latent heat, indicating that the growth
velocities are proportional to the product of the ther-
mal diffusive speed and the kinetics term as a function
of Gibbs free energy difference. Analyzing the growth
velocities on the basis of this dendrite growth model, it
was found that at low undercooling, the rate-control-
ling process is two-dimensional nucleation kinetics,
and at high undercooling thermal diffusion-controlled
interface attachment kinetics.
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APPENDIX

If the tip of a growing crystal can be assumed to
be hemispherical in shape, then the diffusion
equation at the steady state for heat conduction into
undercooled melt is expressed by

d2TðrÞ
dr2

þ 2

r

dTðrÞ
dr

¼ 0 (A1)

where T(r) is the temperature at r, the distance
from the centroid of the tip. If the boundary condi-
tion is given by T = T1 at r = 1, then T(r) is
expressed by

TðrÞ ¼ A

r
þ T1 (A2)

If the growth velocity is assumed to be proportional
to the temperature gradient and also undercooling
at the crystal-melt interface, r = ri, then the growth
velocity is given by

V ¼ � CPa
DHf

dT

dr

����
r¼ri

¼ � CPa
DHf

A

r2
i

¼ l Tm �
2C
ri

� �
� T1 þ

A

ri

� �� �

(A3)

Therefore the constant of integration A is expressed by

A ¼
ri Tm � T1 � 2C

ri

	 

lk þ ri

(A4)

where lk is a kinetics length given by lk ¼ CPa=lDHf

and C is Gibbs-Thomson coefficient C ¼ c=DSf . Then
the thermal diffusion-controlled crystal growth
velocity into the undercooled melt is given by

~V ¼ aD ~Tk

ri þ lk
1� r�n

ri

� �
(A5)

where ri, lk, and r�n are the tip radius, kinetic length
given by r�n ¼ 2c=DSfDTk.

In the case of the crystal growth based on the twin-
related reentrant corner growth model, ri can be
assumed to be less than the spacing between two par-
allel twins. Therefore, Eq. A5 can be approximated by

~V � aD ~Tk

ri
(A6)

because ri � lk and ri � r�n. Thus, the growth
velocity is inversely proportional to the spacing
between two parallel twins.
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