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Transient nucleation following pulsed-laser melting of thin silicon films
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Thin Si films on thermally grown SiO, layers were completely melted by pulsed-laser irradiation.
The molten films cool very rapidly (> 10° K/s) until bulk nucleation initiates solidification. The
quench rate was varied by changing the thickness of the Si or the SiO, layers. For quenches below
~10'° K /s the supercooling prior to nucleation was constant and ~ 500 K; however, for more rapid
quenches, the supercooling increases significantly. This increase is attributed to embryo distribu-
tions that fall out of steady state during rapid quenches.

It has recently been shown that pulsed-laser melting of
thin films allows the study of nucleation phenomena in
various quench-rate and temperature regimes.' 3 Melt-
ing thin films on nonreactive substrates by pulsed-laser
radiation yields large thermal gradients in the underlying
substrate which cause the molten film film to cool very
rapidly (>10° K/s) until solid-phase nucleation and
solidification. As a result of the very high quench rates,
these experiments are sensitive to bulk nucleation rates of
~10% events/m?>s, some 20 orders of magnitude greater
than those in droplet nucleation experiments. Under
these conditions, Si films on SiO, underlayers have been
supercooled by ~500 K prior to uniform, bulk nu-
cleation of the crystalline phase. Analysis of these data
using steady-state homogeneous nucleation theory,* as-
suming spherical nuclei and bulk thermodynamic param-
eters, yields a liquid-crystal interfacial energy of
0.34+0.02 J/m?, in good agreement with Si droplet exper-
iments.® Theoretical estimates indicate that, for homo-
geneous nucleation, embryo equilibration occurs on a
nanosecond time scale.>* Since cooling and embryo
equilibration occur on similar time scales, effects due to
embryo equilibration processes are expected to be observ-
able in this quench-rate regime. In the following, we re-
port the observation of transient nucleation resulting
from extremely high quench rates in liquid Si.

The quench rate of a molten surface film is determined
by thermal flux to the substrate and the thermal capacity
of the film. For identical irradiation conditions, the
thermal flux out of the molten film is determined by the
thermal properties of the underlying structure. Comput-
er simulations show that for the substrates used in these
experiments (SiO, on Si), the heat transfer is strongly
dependent on the thickness of the SiO, layer. Thus, the
thermal flux out of the thin film can be varied by chang-
ing the thickness of the SiO, underlayer. Since the
thermal capacity of the film is proportional to its thick-
ness, the quench rate can be independently varied by
changing the thickness of the surface Si film or the SiO,
underlayer.

Polycrystalline Si films were deposited by chemical va-
por deposition to thicknesses from 200 to 400 nm onto
thermally grown layers of SiO, on a {100} Si substrate.
The thickness of the SiO, layer was varied between 77
and 330 nm. The Si films were then patterned to form
transient-conductance devices with aluminum contacts®
and were completely melted with a Q-switched ruby laser
(25-30-ns pulses at a wavelength of 694 nm). The melt-
ing and subsequent resolidification were monitored in situ
using transient electrical conductance and transient opti-
cal reflectance.’

Uniform, bulk nucleation in Si leads to rapid and
simultaneous decreases in both the conductance and
reflectance signals as the metallic liquid transforms to the
semiconducting solid. "> Nucleation is followed by rapid
growth into the highly cooled liquid, releasing enthalpy
and reheating the film to near the melting temperature of
the solid. Following recalescence, the rate of
solidification is determined by the thermal properties of
the underlying structure. The transition from recales-
cence to steady-state solidification is marked by a clear
break in slope of the conductance trace. Typical conduc-
tance and reflectance data are shown in Fig. 1, with all
pertinent regions labeled.

The volume fraction of solid present following recales-
cence (x,.) can be determined from the ratio of the con-
ductance following recalescence to the fully liquid value
by assuming a specific structure of the two-phase mixture
and knowledge of the relative conductivities of the two
phases.® A microstructural model of randomly distribut-
ed crystalline inclusions in a continuous liquid matrix® is
used and is consistent with in situ measurements and sub-
sequent microstructural analysis.? This model requires
a random distribution of inclusions in a continuous ma-
trix and makes no assumptions of the specific structure of
these inclusions. The requirement of a continuous matrix
becomes questionable for Y..=R0.52, as spherical in-
clusions would then begin touching. The volume fraction
of liquid consumed during recalescence can be used to
determine the temperature of the liquid prior to nu-
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FIG. 1. Transient conductance and reflectance traces for a
300-nm Si film on a 310-nm SiO, underlayer irradiated with 1.07
J/cm?. After melting, the film remains fully molten as it cools
by conduction to the substrate (Region I). Nucleation of the
crystalline phase initiates solidification and is indicated by the
arrows. Nucleation is followed by rapid solidification (Region
IT) as the enthalpy released heats the film to the steady-state
solidification temperature determined by the thermal properties
of the substrate. Recalescence is followed by steady-state
solidification (Region III). The film is fully solid at the end of
Region III.

cleation (T, ) through the following heat balance:
TSS
tSinecAHm:tSi fT Cp(T)dT+Q1 ’ (1)

where fg; is the thickness of the silicon film, AH,, =4202
J/cm? is the enthalpy of melting, !° T is the steady-state
solidification temperature, cp(T)=2.005+0.000 29T7(K)
J/ecm’K is the temperature-dependent heat capacity of
the liquid, ! and Q| is the thermal leakage during recales-
cence. Equation (1) states that the total energy liberated
during recalescence either heats the film or is lost by con-
duction to the substrate.

During steady-state solidification, the heat loss to the
substrate is exactly balanced by the release of enthalpy in
the solidifying film. Thus, the thermal flux out of the
thin film following recalescence § may be obtained from
the slope of the conductance trace immediately following
recalescence. The slope of the conductance trace is a
convolution of the volumetric conservation rate of liquid
to solid with the specific microstructure and relative con-
ductivities. Hence, this slope coupled with the derivative
of the conductance versus composition evaluated at y,..
allows determination of the volumetric conversion rate of
liquid to solid immediately following recalescence. Since
this volumetric conversion rate is driven by the external
heat loss, it can be directly converted to a thermal flux
through the enthalpy of melting in a straightforward
fashion. Details of this procedure are given elsewhere.

For the structure under consideration, simulations
show that the heat transfer out of the surface film de-
pends primarily on the thickness of the oxide layer and
the temperature difference across it. These simulations

show that the temperature at the substrate-SiO, interface
remains nearly constant during the experiment after a
few tens of nanoseconds required to heat the oxide layer.
This is due to the large thermal conductivity of the rela-
tively cool Si substrate compared to the oxide layer. The
thermal flux following recalescence is an upper limit to
that during recalescence since, as will be shown, T is
substantially greater than 7,. More simply put, the sur-
face film is coolest immediately prior to nucleation, and
hence the heat transfer is slowest. As rapid solidification
heats the surface film, the heat transfer becomes more
rapid and approaches the steady-state value as the tem-

- perature of the film approaches T'qg. Thus, an upper lim-

it for the thermal leakage during recalescence can be
given as

aTrecZQl 4 2)

where 7. is the duration of the recalescence period.
This thermal flux can also be used to establish an upper
limit for the quench rate of the film prior to nucleation
(&) as follows:

9 z¢, 3)

Cplsi

where T, is the specific heat averaged over the tempera-
ture range of interest.

Finally, Tsg can be estimated from g@. In laser melting
experiments where single-crystal Si layers are partially
melted and then epitaxially regrown from the liquid, the
resolidification velocity is an approximately linear func-
tion of the deviation of the liquid-solid interface from the
melting temperature T, with a slope of approximately 15
K per m/s.!? An effective interface velocity v.; can be
defined as

__q
Veff AHm ’ (4)

and T is given by
Ks
TSSZTm—IS“'m—Veﬂe . (5)

In the present experiments, v .4 varies from 1.1 to 2.4
m/s, so steady-state solidification occurs very near T,,.
Values for v.; agree well with the actual resolidification
velocity when the surface Si films are only partially melt-
ed.

The results of these experiments are summarized in
Table I. Of particular interest are the final two
columns—the supercooling prior to nucleation and the
quench rate—shown graphically in Fig. 2. As shown,
the supercooling prior to nucleation is nearly constant
and ~500 K for quench rates below ~ 10!° K/s; howev-
er, it increases significantly for more rapid quenches,
reaching 655+80 K at ~2X10'° K/s. While the error
bars on the data are significant, a clear trend toward in-
creased supercoolings at higher quench rates is present.
Uncertainty in the nucleation temperature of ~40 K at
relatively low quench rates is due to the slightly different
values of ... obtained in multiple experiments. This un-
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TABLE I. Compiled data for Si/SiO, melt-through experiments.
Thicknesses Trec q Quench rate AT
Group (nm) No. of samples Xrec (ns) (J/cm?s) (K/s) (K)
A 310/250 11 0.31+0.02 12+2 4.6X10° 6.3X10° 485140
B 400/330 17 0.31+0.02 15+3 4.5X10° 4.7Xx10° 490+40
C 280/330 17 0.34+0.02 12+2 5.5X10° 8.2X10° 520440
D 200/330 15 0.38+0.03 12+2 6.1X10° 1.3x 10" 54060
E 300/310 7 0.31+0.02 1242 5.1X10° 7.1X10° 480+40
F 300/220 8 0.341+0.01 12+2 7.1X10° 9.8X10° 510+30
G 300/150 5 0.4110.03 14+3 1.0X 106 1.4X10% 570+70
H 300/77 7 0.44+0.03 14+3 1.1x10° 1.5Xx 10 605180
I 200/310 12 0.46+0.01 1242 8.2X10° 1.7 10 605160
J 200/220 5 0.52+0.02 15+3 1.0X 10° 2.2X 10 655+80
K 200/150 7 ~1.5X10° ~3.1X10" ?
L 200/77 5 ~1.7X10° ~3.5X10!° ?
certainty increases at higher quench rates due to distribution remains static after melting. Whether ele-

difficulties in evaluating the thermal leakage, as will be
discussed. For this reason, analysis of the most rapid
quenches (groups K and L) was not possible using the
techniques outlined here, and quench rates were estimat-
ed by scaling the thermal fluxes from similar samples
with thicker Si layers. The supercooling values are con-
sidered conservative, since an upper limit for the thermal
leakage was used in evaluation of Eq. (1).

Increased supercoolings at higher quench rates are
consistent with a nucleation process limited by embryo
equilibration processes. The data in Fig. 2 suggest that,
under these experimental conditions, embryo distribu-
tions are able to remain in steady-state only for quench
rates slower than ~10'© K/s. For more rapid quenches,
the embryos cannot grow at a sufficient rate to maintain a
steady-state distribution. This results in fewer embryos
of critical size at a supercooling of ~500 K, hence cool-
ing continues until a sufficient number of critical nuclei
are encountered at some lower temperature. The limiting
case to this behavior is a quench so rapid that the embryo
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FIG. 2. Supercooling prior to nucleation as a function of
quench rate. Note that the quench rate presented here is an
upper limit and the supercooling is a lower limit.

mental glasses can be formed under these conditions, or
whether nucleation of a thermodynamically stable or
metastable phase occurs, depends critically on the distri-
butions of very small embryos (=~ten atoms) in a su-
perheated liquid—a case where spherical clusters and
bulk thermodynamic parameters are not expected to ac-
curately describe these distributions.

While more rapid quenches are easily attainable in
these experiments, analysis using the techniques outlined
above is hampered by the very large volume fraction of
the liquid which is consumed during recalescence. This
creates a continuous solid layer prior to steady-state
solidification, causing a drastic decrease in the conduc-
tance level. An example of such data is given in Fig. 3.
These data lack the well-defined transition from recales-
cence to steady-state solidification apparent in Fig. 1,
making accurate determination of Y, and 7., difficult

and leading to larger uncertainties in Q;. These
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FIG. 3. Transient conductance trace of a 200-nm Si film on a
150-nm SiO; layer (sample group K). Note the dramatic de-
crease in conductance following nucleation and the absence of a
break in slope associated with the transition to steady-state
solidification apparent in Fig. 1.
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difficulties are responsible for larger uncertainties in the
supercooling at higher quench rates, and ultimately limit
the experimental techniques outlined here.

While temperature determination using the techniques
outlined previously is not possible for the most rapid
quenches examined, useful information can be obtained
from microstructural examination. Previous examina-
tions"? have shown microstructures consisting of ran-
domly oriented grains of size comparable to the film
thickness. This was also the case in these experiments ex-
cept for the most rapidly quenched samples (groups K
and L). Like previous studies, no evidence of preferential
nucleation at either the free surface or at the Si/SiO, in-
terface was observed; however, substantial volume frac-
tions of extremely fine-grained (5-10 nm) material were
present in addition to the fairly large grains. Figures 4
and 5 show planar and cross-sectional transmission elec-
tron micrographs from sample group I, showing a mi-
crostructure typical of the more slowly quenched sam-
ples; and from sample group L, showing a distinctly
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FIG. 4. Bright-field, planar transmission electron micro-
graphs from (a) sample group I which was cooled at ~1.7 X 10'°
K/s and (b) sample group L which was cooled at ~3.5X10'°
K/s. Note the uniform grain size in (a) compared with (b) and
the distinct regions of very fine-grained material in (b).
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different one. Note the regions of very fine-grained ma-
terial interspersed among the relatively coarse grains in
Figs. 4(b) and 5(b). This fine-grained material is the dis-
tinctive signature of explosive crystallization of the meta-
stable amorphous phase. '

It is believed that these microstructures evolved
through substantially different resolidification scenarios,
consistent with nucleation at different temperatures.
Specifically, it is believed that the very fine-grained ma-
terial was originally amorphous and was subsequently
transformed to crystalline material via explosive crystalli-
zation, as has previously been observed in similar experi-
ments with germanium.> Whether the amorphous phase
nucleated directly from the liquid or at a highly under-
cooled liquid-crystal interface during the initial stages of
solidification cannot be determined unambiguously from
the microstructure; however, extensive analysis by
transmission electron microscopy has revealed separate
sites where it appears that bulk nucleation of the amor-
phous and crystalline phases has occurred. Competitive

Shnm

S0nm

FIG. 5. Dark field, cross-sectional transmission electron mi-
crographs from (a) sample group I and (b) sample group L. The
cooling rates were ~1.7X10'© K/s and ~3.5X 10" K/s, re-
spectively. Note no evidence of preferential nucleation at either
the free surface or the Si/SiO, interface in either sample and the
very fine-grained regions in (b).
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nucleation between these phases is not unexpected in this
temperature range, based upon recent estimates of the
amorphous-liquid interfacial energy in silicon.'® In fact,
Sameshima and co-workers!®!7 recently reported com-
plete amorphization of very thin silicon films (20—-40 nm)
on quartz substrates following melting with 30-ns exci-
mer laser pulses. It is estimated that these films were
quenched at rates slightly greater than the most rapid
cases in the present work. These films were determined
to be the semiconducting, amorphous phase, as opposed
to a configurationally frozen liquid or glassy structure,
which would be metallic. '®

While the various experiments examining the
solidification of silicon at different rates’>>!>!” have yield-
ed different results, together they generate a consistent
scenario regarding the nucleation of a solid phase (crys-
talline or amorphous) in the highly cooled liquid. If care
is taken to eliminate heterogeneous nucleation, at slow’
to moderate' cooling rates, solidification is initiated by
bulk solidification of the crystalline phase. As a result of
the different cooling rates and volumes of liquid, the su-
percooling prior to nucleation in these experiments was
285 K (Ref. 5) and 500 K (Ref. 1); however, analysis us-
ing steady-state homogeneous nucleation theory yields
nearly identical values for the liquid-crystal interfacial
energy. As the quench rate is further increased to near
10! K/s, the supercooling prior to nucleation increases
in a manner inconsistent with steady-state nucleation.
Associated with this increased supercooling is a distinctly
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different microstructure, indicating that the amorphous
phase was present at some time during the solidification
process. Based on the results of Evans et al.,!’ it is be-
lieved that this microstructure results from competitive
nucleation between the crystalline and amorphous phases
due to the deeper supercoolings associated with transient
nucleation. As the quench rate is further increased, 16,17
or as the nucleating volume is decreased, '° nucleation of
the amorphous phase initiates solidification. Whether
further increases in the quench rate will produce a
configurationally frozed liquid remains to be seen.

In conclusion, experiments examining the quench-rate
dependence of solid phase nucleation in liquid Si show
that the supercooling prior to nucleation remains nearly
constant below a quench rate of ~10'© K/s. For more
rapid quenches, the supercooling prior to nucleation in-
creases significantly, providing the first experimental in-
formation on the rate of embryo equilibrium processes in
elemental liquids. For the most rapid quench rates,
analysis shows a substantially different microstructure,
consistent with nucleation in a cooler liquid.
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FIG. 4. Bright-field, planar transmission electron micro-
graphs from (a) sample group I which was cooled at ~1.7X 10"
K/s and (b) sample group L which was cooled at ~3.5X10'"
K/s. Note the uniform grain size in (a) compared with (b) and
the distinct regions of very fine-grained material in (b).
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FIG. 5. Dark field, cross-sectional transmission electron mi-
crographs from (a) sample group I and (b) sample group L. The
cooling rates were ~1.7X10" K/s and ~3.5%X10'" K/s, re-
spectively. Note no evidence of preferential nucleation at either
the free surface or the Si/SiO, interface in either sample and the
very fine-grained regions in (b).



