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Bulk nucleation of crystalline Si at a supercooling of 505 K was observed following pulsed-
laser-induced melting of thin films. If the nucleation was homogeneous, the estimated nucleation rate of
10% events/m>:s implies a liquid-Si-crystalline-Si interfacial energy of 0.34 +0.02 J/m2. In addition,
observation of crystalline nucleation bounds the interface energy between amorphous Si and liquid Si to
be >0.20 J/m?2 This laser melting technique is applicable to nucleation studies in a wide variety of ma-

terials.

PACS numbers: 64.60.Qb, 64.70.Dv, 68.35.Rh

Recent studies of pulsed-laser irradiation of Si have
dramatically changed our understanding of rapid phase
transformations under large deviations from equilibri-
um.! For example, amorphous Si (a-Si) can be directly
quenched from the liquid phase at interface velocities
exceeding =15 m/s,%™* indicating an interesting com-
petition between the kinetic growth rate and nucleation
at a moving interface. More recently, investigations of
explosive crystallization of a-Si have led to the develop-
ment of quantitative models for the transformations
among amorphous, liquid, and crystalline phases.>™
Tsao and Peercy’ suggested that explosive crystallization
proceeds by nucleation of crystalline Si (¢-Si) at a mov-
ing amorphous-liquid interface, a model which can only
be valid if the interface energies, and hence the compet-
ing nucleation rates, fall within a limited range. Other
models®® suggest that homogeneous nucleation of c-Si
occurs during explosive crystallization at temperatures
near the melting temperature of a-Si (=250 K below
the crystalline melting temperature’). Evaluation of
these various models requires determination of the super-
cooling'® required for homogeneous nucleation and the
corresponding interfacial energies.

Homogeneous nucleation has been traditionally stud-
ied in droplet experiments, with typical volumes of <1
mm? and nucleation occurring on time scales of sec-
onds.'"!2 These conditions correspond to nucleation
rates of 108-10!2 events/m3-s. With use of known bulk
values for the enthalpy (AH,,) and temperature (T,,) of
melting, the energy associated with the liquid-solid inter-
face can be determined from measurements of the nu-
cleation rate and temperature. The nucleation rate is
normally assumed to increase so rapidly with supercool-
ing that a unique nucleation temperature can be
specified.

This Letter reports the first measurements of the su-
percooling required for bulk nucleation in Si at extreme-

ly high nucleation rates (=10% events/m?>-s). These
conditions are established by the rapid thermal quench
following pulsed-laser-induced melting. The supercool-
ing of 505 K required for nucleation under these condi-
tions greatly exceeds the 275-K supercooling achieved in
droplet experiments!® because of the different rates. If
the observed nucleation was homogeneous, these results
indicate a liquid-Si [/-Si/c-Si interface energy of 0.34
J/m? (0.16 eV/atom)]. These observations have implica-
tions for both the mechanism of direct quenching of a-Si
from the melt and the detailed mechanism which governs
explosive crystallization.

Thin films (<1 pum) of Si on suitable nonreactive
substrates were completely melted with a 30-ns Q-
switched pulsed ruby laser (A =694 nm). Conduction of
heat into the substrate results in a thermal quench of
=5x10° K/s and eventually leads to nucleation in the
liquid. During melting and nucleation, the thickness of
the liquid layer and the phases in the surface region were
monitored with transient conductance '# and surface opti-
cal reflectance' at 488 nm near Brewster’s angle. Vari-
ous Si-layer thicknesses and substrate materials were
studied, including films of 500- and 600-nm Si on sap-
phire, 300-nm polycrystalline Si (p-Si) on 250-nm ther-
mal SiO; on a Si substrate, and 300-nm zone-melt-
recrystallized (ZMR) Si ' on 250-nm thermal SiO; on a
Si substrate. Microstructures of the resultant films were
examined by planar and cross-sectional transmission
electron microscopy (TEM). All of these Si-layer
thicknesses and substrate materials yielded essentially
identical results.

Typical transient-conductance and optical-reflectance
data are shown in Fig. 1 for irradiation of a ZMR sam-
ple at 1.01 J/cm?. During irradiation, the Si-surface lay-
er is completely melted as indicated by the plateau at 5.8
mmbo in the conductance (equivalent to 304 nm of /-Si).
The film remains molten for =100 ns as the liquid cools
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FIG. 1. Transient-conductance and optical-reflectance

traces for irradiation of a 300-nm ZMR film at 1.01 J/cm?.
The entire Si film is melted, with subsequent nucleation indi-
cated by the arrow. The reflectance scale is approximate.

by thermal conduction into the substrate. Because of the
relatively high thermal conductivity of /-Si, the liquid
layer is essentially isothermal during the cooling period
(< 10-K difference across it). Following this delay,
there is a simultaneous and rapid decrease in both the
conductance and reflectance signals. These decreases are
interpreted as marking the onset of nucleation and re-
calescence (reheating to near T,,); the timing and mag-
nitude of this event can be related to the supercooling at
nucleation as discussed below. Following recalescence,
growth of the solid continues under steady-state condi-
tions as heat is conducted into the substrate. The sur-
face reflectance, a complex spatial average of the liquid
and solid phases present in the top 20 nm, remains ap-
proximately constant during the subsequent growth, indi-
cating that crystallization proceeds from the cooler sub-
strate region toward the surface.

The conductance signal observed in Fig. 1 is also a
complex average of the conductivities and volume frac-
tions of the phases present. Although nonlinear, the con-
ductance decreases monotonically with the volume frac-
tion of solid present. The volume of material which
solidifies during recalescence is hence directly related to
the magnitude of the discontinuity in the conductance.
The ratio of the conductance level following recalescence
to the fully liquid value is approximately constant at
0.64 £0.03 over an incident energy-density range of
1.0-2.5 J/cm?, where the uncertainty reflects the stan-
dard deviation of the twenty samples studied. This result
indicates that a constant volume fraction of Si is con-
sumed during recalescence. Since the heat released in
recalescence raises the temperature of the film from the
nucleation temperature (7,) to the steady-state growth
temperature (near T,,), nucleation occurred at approxi-
mately the same temperature in all cases.

The volume fraction of solid remaining after recales-
cence, X, may be obtained by our assuming two-phase
conduction of spherical solid particles dispersed in a con-
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FIG. 2. (a) Planar TEM view of a ZMR sample after nu-
cleation and solidification. The microstructure shows uniform
150-250-nm grains. (b) Planar view of a nucleation site.

tinuous liquid matrix.!” The observed conductance ratio
of 0.64 indicates solidification of =29%. The nucleation
temperature is estimated by our equating the enthalpy
released during recalescence to the heat required to raise
the liquid from T, to the steady-state temperature, T 'g:

Ty .
. “cis(r)ar =xaH,.

With bulk parameters of Si,'® the supercooling prior to
nucleation is 505 45 K. Similar estimates may also be
obtained if we numerically model the heat transfer prior
to nucleation. Numerical simulations for solid-on-solid
films indicate that nucleation occurred at 550-K super-
cooling, approximately 45 K greater than estimated
above. Heat transfer through SiO; at high temperatures
could not be accurately modeled because of scatter in ex-
perimentally measured thermal parameters,'® and the
possibility of a phase transition near the melting temper-
ature of Si. The heat-balance result of 505 K is con-
sidered to be more accurate and, at worst, provides a
lower estimate for the supercooling required for nu-
cleation.

A planar TEM view, Fig. 2(a), reveals that the mi-
crostructure after solidification consists of uniform po-
lycrystallites 150-250 nm in diameter. An example of a
site where nucleation appears to have occurred is shown
in Fig. 2(b). Electron diffraction confirms that the grain
in this region is a single crystal, apparently originating
from a single nucleation site with no observable second-
phase particles. Cross-sectional views of similar samples
show the microstructure to be uniform in depth also with
no evidence of preferential nucleation at either the free
surface or the Si-substrate interface.

These TEM and time-resolved measurements provide
strong evidence for bulk nucleation. First, the surface
reflectance qualitatively indicates that a partial phase
transformation occurred at the surface during recales-
cence. Preferential nucleation at either the free surface
or the buried interface would result in either a complete
drop in the reflectance to the crystalline value or no
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change at all, respectively. Secondly, TEM shows uni-
formly distributed grains throughout the Si film with no
evidence of particles associated with the nucleation
events. Furthermore, since nucleation occurred at the
same temperature for all film thicknesses and substrate
materials, we conclude that the nucleation occurred uni-
formly and possibly homogeneously throughout the film.

An estimate of the nucleation rate observed in this ex-
periment may be obtained by determination of the grain
density and the approximate time scale for nucleation.
First, a nucleation density of =2Xx 1020 events/m? is es-
timated if each grain in the final microstructure results
from a separate nucleation event. Since the enthalpy
released by crystallization heats the surrounding liquid,
thus suppressing further nucleation, the estimated nu-
cleation density requires all nucleation to occur within a
time scale on the order of a nanosecond. Thus, the es-
timated nucleation rate is =10%° events/m3-s. This is
an upper limit on the homogeneous nucleation rate since
either dynamic nucleation effects?® or crystallite fracture
during growth may result in numerous grains associated
with a single homogeneous nucleation event. If we as-
sume spherical nuclei, classical nucleation theory21 esti-
mates the homogeneous nucleation rate, I', as

= 10%e ~26"/kT eyents/m3-s,
where
AG* =167T2c/3AHAAT?,

and o is the interface energy, AT is the supercooling, T
is absolute temperature, and k is Boltzmann’s constant.
Since AH,, and T,, are well known, a nucleation rate of
10% events/m?-s at 505 + 45 K supercooling implies an
interface energy (o..;) of 0.34+0.2 J/m? (0.16 eV/
atom).?

The nucleation rate versus temperature for o..; =0.34
J/m? is shown in Fig. 3. Experimental results from this
work and from a droplet examined by Devaud and Turn-
bull'® are also shown. While the nucleation rate is a
very steep function of temperature, a difference of
=102 in nucleation rate required markedly different su-
percoolings. The agreement between these experiments
appears excellent; however, more careful consideration of
the nucleation conditions in the laser experiment are
necessary before detailed comparisons can be made.

The 505-K interfacial undercooling immediately fol-
lowing nucleation observed in these experiments is sub-
stantially greater than any undercooling previously ob-
served at a /-Si interface. Indeed, the undercooling
exceeds the =250 K obtained during a-Si quenching
directly from /-Si.* Under these extreme undercoolings,
a-Si is expected to form during solidification. However,
TEM investigations reveal no evidence either of a-Si or
of very fine-grained (10 nm) p-Si, a usual signature of
explosive crystallization of a-Si. These observations im-
ply that the rate of crystalline nucleation exceeds that of
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FIG. 3. Nucleation rate vs temperature for o.., =0.34 J/m?.
Nucleation rates and temperatures for this work and Ref. 13
are shown. Dashed curve indicates maximum nucleation rate
for a-Si consistent with ¢-Si nucleation in this experiment.

the amorphous phase under these experimental condi-
tions. With bulk parameters for ¢-Si in the nucleation
rate equation, a minimum a-Si//-Si interfacial energy
(64-1) of =0.20 J/m? is required for the amorphous nu-
cleation rate to be less than 10%° events/m>-s at T,. The
dashed curve in Fig. 3 shows this maximum permissible
rate.

Since the /-Si temperature during explosive crystalli-
zation is never below the melting temperature of a-Si,
our observation of a 505-K supercooling firmly rules out
homogeneous or surface nucleation during explosive cry-
stallization.®® The measured surface energies are, how-
ever, consistent with the mechanism suggested by Tsao
and Peercy.’

These experiments, however, do pose several subtle
questions for the conventional interpretation of laser
amorphization of Si. As noted above, a /-Si to a-Si
transformation is expected because of the severe under-
cooling present. If we assume that the interface response
function is single valued for ¢-Si, the ¢-Si//-Si interface
must pass through conditions comparable to those
present when a-Si is formed from /-Si. However, no mi-
crostructural evidence for a-Si formation was observed,
leading to two possible explanations. Either a-Si did not
form, or any a-Si which formed transformed to ¢-Si epi-
taxially during recalescence. Close examination of the
time-resolved reflectance during recalescence reveals a
dip followed by a rise to the steady-state value which
may be related to this question.

It has been suggested that there is an incubation time
for a-Si formation from [-Si,* perhaps representing a
period of interface growth during which defects coalesce.
Under this hypothesis, the interface may pass through
the conditions for a-Si formation in a time short com-
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pared with this incubation period, preventing a-Si forma-
tion. Additionally, the presence of grain edges in the
neighborhood of the growing particle may prevent the
agglomeration of defects, further preventing a-Si forma-
tion.

Secondly, it is possible that following ¢-Si formation,
a-Si is indeed formed, but transforms epitaxially by a
liquid-phase process to ¢-Si within the recalescence time.
Solid-phase regrowth kinetics are too slow to explain
such a transformation (=0.03 nm/ns at 1600 K), but
energy released in slight solid-phase regrowth may nu-
cleate a secondary liquid phase. In this scenario, the ini-
tial deep drop in surface reflectance could correspond to
surface a-Si formation with the subsequent increase cor-
responding to the conversion of some a-Si to /-Si. Fur-
ther experiments are necessary to resolve this question.

In conclusion, it has been shown that bulk nucleation
of elemental materials can be readily studied in laser
melting experiments. An interface energy of 0.34 +0.02
J/m? has been estimated for the ¢-Si//-Si interface, and
a lower bound of 0.20 J/m? has been determined for the
a-Si/I-Si interface. Although interface temperature con-
ditions suggest that a-Si should have been formed from
the liquid during recalescence, no microstructural evi-
dence of such a transformation was observed. This sug-
gests that solidification proceeds by more complex sce-
narios than had previously been appreciated.
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FIG. 2. (a) Planar TEM view of a ZMR sample after nu-

cleation and solidification. The microstructure shows uniform
150-250-nm grains. (b) Planar view of a nucleation site.



