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obtained by several groups. ' '
A frequency-doubled Nd laser followed by four

dichroic mirrors was used to provide a harmoni-
cally pure 532-nm beam with (18+ 1)-nsec pulse
duration. The laser was operated at fixed ampli-
fier gain to avoid slight gain-dependent changes
of second-harmonic pulse width; E, was varied
with lenses; a beam splitter was used for in-situ
monitoring of the energy of every laser shot;
a separate vacuum planar photodiode and storage
oscilloscope were used to monitor the temporal
shape of each pulse. Only laser pulse shapes
that were temporally nearly Gaussian were used
in the analyses. A cw HeNe probe laser beam,
incident at 10 to the sample normal and focused
to a. 35-p, m-diam (1/e) spot, a silicon avalanche
photodiode detector, and a storage oscilloscope
(time constant -1 nsec) were used to monitor the
time-resolved ref lectivity, R. The a-Si layers
were produced by implantation of 40-keV Si ions
a,t a dose of 6x10"/cm' into (100) &-type silicon
of 1-5 0 cm resistivity; the transmission elec-
tron microscopy showed the amorphous layer to
be slightly greater than 1000 A thick.

Figure 1 shows results for t as a function of
E, ; the data for c-Si were taken from Ref. 1.
These data were obtained by s imultaneously mon-
itoring the time evolution of the R signal and of
the incident 532-nm laser pulse and determining
t during the incident laser pulse. To further re-
duce errors due to slight variations in pulse
shape, the zero of time for these measurements
was taken to be the center of the incident laser
pulse; positive times correspond 'to melting be
fore the peak of the pulse. The experimental t
is defined as the time when the HRP is first
reached. As is expected intuitively, c-Si melts
only during the latter half of the laser pulse at
low &, , with t moving to the front of the laser
pulse with increasing &, (Fig. 1). i for &-Si ex-
hibits a similar qualitative dependence on &, but

In this Letter we report the results of time-re-
solved ref lectivity measurements and model cal-
culations which, together with transmission elec-
tron micrographs, allow us to study the trans-
formation of amorphous (~) silicon to the under-
cooled liquid (l) phase and the subsequent resolid-
ification process. The time -resolved measure. —

rnents employ both a recently developed' method
for measuring the time of the onset of melting,

, during an -18-nsec (full width at half maxi-
mum) heating laser pulse, and the older' ' meth-
od of measuring the duration, ~, , of the high-re-
flectivity phase (HRP) associated with surface
melting. The measured variations in t and T,
with the incident pulsed-laser energy density,
&, , yield detailed information about surface melt-
ing that serves as a guide for model calculations.
The transmission electron microscopy results
indicate that bulk nucleation occurs in the under-
cooled liquid and thus provide further informa-
tion for the modeling. With major features of the
model established, calculations that differ only
in the values assumed for thermal or optical prop-
erties of the irradiated material can be used to
determine the sensitivity of the melting dynamics
to the model parameters. 'The t measurements
and transmission electron microscopy results
provide particularly powerful constraints in con-
structing the model and in fixing the value of the
thermal conductivity, &, , of &-Si.

Qne of the principal results of our work is a
demonstration of the dominant role played by the
low value of &, in determining both the melting-
threshold value of F-, and the subsequent solid-
ification behavior of partially molten la,yers of
&-Si, at higher &, . Qur results show that the dy-
namics of melting and resolidification are rela-
tively insensitive to the values of the melting
temperature, T, , and latent heat, L, , of &-Si.
This result is particularly significant in. light of
apparently conflicting conclusions. regarding T,

It is demonstrated that the thermal conductivity of self-ion-implanted, amorphized sili-
con is an order of magnitude less than that of crystalline silicon and is by far the domi-
nant parameter determining the dynamical response of the ion-implanted silicon system to
pulsed-laser radiation; the latent heat and melting temperature of amorphous silicon are
relatively unimportant. Transmission electron microscopy indicates that bulk nucl. cation
occurs in the highly undercooled liquid phase; a model simulating this effect is presented.
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FIG. 1. Measured time of onset of melting (t ) for
g-Si (circles) and for c-Si (dots) vs E'&. Also shown
are the results of model calculations of t for c- and
~-Si. (see text).

a-Si, in contrast to c-Si, is never observed to
melt as late as the peak of the laser pulse. In
fact, for E, )0.6 J/cm', a-Si melts within the
first few nanoseconds of the laser pulse, some
12-13 nsec prior to its peak.

Figure 2 shows the results of our measure-
ments of ~, vs &, for &-Si. Also shown for com-
parison are results of recent r, measurements,
under nearly identical conditions, for c-Si.' The
most apparent differences between the two sets
of results are that (i) ~-Si melts at a significantly
lower value of &, (-0.15 J/cm') than does c-Si
(E, =0.35 J/cm'), and (ii) ~, for a-Si displays a
quasiplateau from -0.25 to -0.4 J/cm'.

For c-Si, we recently found that melting-model
calculations of 7', and 7 are quite sensitive, near
the melting threshold, to the values used for the
optical and thermal properties of c-Si. ' This re-
sult provides confidence that the process may be
inverted, i.e. , that the observed behavior of t
vs &, may be used as a constraint in order to
infer thermophysical or optical properties of in-
terest for &-Si; we now demonstrate that this is
indeed the case.

The optical properties of a-Si at the wavelength

and intensities used in the experiments appear

FIG. 2. Measured duration of the high-ref lectivity
phase (surface melt duration, 7 ) for g-Si (circles)
and for c-Si (dots) vs g&. The error bars are derived
from the measured rms precision of the g& calibrations.
Also shown are the results of model calculations of

for a-Si (see text).

not to differ significantly from those used in the
calculations of Ref. 1. We used a ref lectivity B,
=0.42 and absorption coefficient o.'= 5x10' cm ',
independent of T in the solid'; on melting of the

0

first cell (-100 A) in the finite-difference calcula-
tions, R is increased to 70% and n to 10' cm '.
Exploratory calculations were made with many
different values of L, and T, of a-Si, but our
baseline calculations assumed L,, = 1320 J/g and
T, = 1150 C, in close agreement with the recent
results of Donovan et &/. ' The thermal conduc-
tivities &, and &, , for c - and l -Si, were ob-
tained as in Ref. 1.

The initial calculations assumed that ~, of a-
Si was constant with T and equal to the high-tem-
perature crystalline value, K, =0.25 W/cm-K, '0

but our earliest mea, surements of t showed that
this a.ssumption could not be correct. E, wa, s
then successively halved until it was in the range
0.01-0.03 W/cm-K, whereupon satisfactory
agreement with experiment was finally obtained.
In the calculations described below, we took ~,
= 0.02 W/cm-K unless otherwise stated; this val-
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ue represents an average over the weakly T-de-
pendent &, (T) expected for an amorphous semi-
conductor between 300 K and T, . The agreement
that can be obtained between experiment and cal-
culations of t vs ~, is shown in Fig. 1 by the
two solid curves falling within or close to the
measured data for a-Si and c-Si. The dashed
curve in the c-Si region shows the results of cal-
culations in which we took T, = 1150 C and L,
= 1320 J/g, but put &. = If', . lt is apparent that
the reduction of L, and T, from the correspond-
ing crystalline values (L, = 1799 J/g and T,
= 1410 'C) has a relatively minor effect on & (&, ).
As another example, the dashed curve in the -
Si region of Fig. 1 was obtained by putting T,
= T, = 1410'C and L, = 1320 J/g, and keeping &,
= 0.02 W/cm-K. These results provide convinc-
ing evidence for the dominant role of E, in de-
termining t .

The value I|, =0.02 W/cm-K established here
for implantation-amorphized Si is quite reason-
able. Goldsmid, Kaila, and Paul" recently ob-
tained the value &, (293 K) = 0.026 W/cm-K for a
1.15-pm-thick deposited film of &-Si on sapphire,
while an estimate of the lattice thermal conduc-
tivity, using a Debye phonon spectrum for -Si,
gives K, (300 K) = 0.011 W/cm-K.

Calculations of the type discussed in Ref. 1
should be adequate for determining the onset of
melting t but lt ls not clear that they can be
modified to describe subsequent solidification
from a highly undercooled melt. More specifical-
ly, such calculations in the past have generally
assumed that the material gives up latent heat
at the same temperature at which it is absorbed.
In the case of an &-Si layer with T, = 1150 C, the
material would have to cool to 1150 C before
solidifying. This is an unnecessarily restrictive
condition which, if valid, would seem to imply
from thermodynamic considerations that the
material could only resolidify as ~Si. However,
typical transmission electron micrographs show
that if the melt front does not penetrate the &-Si
layer, fine-grained polycrystalline Si is formed,
followed by a region of large-grained material
extending to the front surface; this is an impor-
tant result whose implications will be discussed
at a later time. This suggests, and we will as-
sume it to be the case, that the fine-grained
material marks a region in which homogeneous
bulk nucleation has occurred at some T( T„,the
nucleation temperature, lying between T, and T, .
The volumetric release of latent heat on bulk nu-
cleation of the c phase is accompanied by either

a very rapid solidification or the creation of a
"slush" zone"' "from which solidification sub-
sequently proceeds at a rapid rate; during this
time it may be that no well defined melt front
exists .Nucleation does not occur (or occurs
very slowly) in the molten Si with T) T„,until
a melt front is reestablished at the interface with
the fine-grained material.

With the foregoing in mind, the calculations
were modified from those of Ref. 1 to include not
only the presence of the +-Si layer but also a
simulation of the effects of bulk nucleation. We
emphasize that only one physical and mathemati-
cal model of an +-Si layer on a c-Si substrate
was used in all of the calculations discussed in
this paper. We discussed the results for t be-
fore considering the need to include undercool-
ing and bulk nucleation in the model only because
these two effects are not expected to have any
significant influence on t, whereas they may
greatly influence &, . While the melt front is still
advancing into the &-Si layer, L, , T„and~, ,&„or &, are used depending on the phase of the
material in a given finite-difference cell. 'The

latent heat is always switched from L, to I-, as
soon as an a-Si cell has melted; this is the sim-
plest assumption consistent with the transmission
electron microscopy observations. If the melt
front does not penetrate to the -c interface, a
layer of &-Si with its low thermal conductivity
remains. The l-Si in a given cell is allowed to
solidify at the temperature of that cell, provided
that this T is less than T„and that the melt front
has begun to recede from its point of maximum
penetration. For those molten cells in which T
is initially & T„but & T, , crystallization cannot
occur until T drops below T„oruntil the rapidly
growing region of fine-grained Si can provide nu-
cleation sites for the liquid with T) 2'„. When the
melt front initially contacts the &-c interface, the
temperature of the interface, T„,will be T, .
The melt front cannot penetrate further until T„
rises to T, and enough latent heat is supplied to
begin to melt the c-Si region. If E, is not great
enough for T„to reach T, , crystallization will
occur at temperatures between 2', and T, . A thin
layer of fine-grained Si may be formed if T„
& T„butotherwise only large-grained c-Si will
be forIQed. FlnaH. y~ when ~ ac Tc &

epltaxlal
regrowth of single-crystal Si from the c-Si sub-
strate can proceed just as it mould for an entire-
ly c-Si sample.

'She results of the calculations of ~, are shown
in Fig. 2. The solid curve in the c-Si region was
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taken from Ref. 1 and demonstrates that accept-
able agreement can be obtained with the experi-
mental w, for e-Si. The origin of the apparent
displacement of the calculated curve from the ex-
perimental points at higher values of E, is not
clear at this time (however, note the experimen-
tal error bars). The short-dashed curve in the
-Si region was obtained from calculations with
T, = 1150 C, L, = 1320 J/g, and &, = 0.02 W/cm-
K, while the long-dashed curve used the same
values of I-, and K, but I, = T, =1410'C. Both
curves give reasonably good agreement with ex-
periment, given the experimental error bars;
thus, a choice between the two sets of parameters
is not obvious. In fact, a series of calculations
in which Z, was gradually increased to T, simply
gave a family of curves lying between the two
shown. Since all of these pairs of T, , L, values
also give satisfactory agreement with the t (E, )
curves of Fig. 1, we again see that it is &„not
T, or I-, , which strongly influences the results.
The peak in the short d-ashed curve at 0.5 J/cm'
may be an artifact of the present modeling; how-
ever, both the calculations and 'TEM results show
that this is approximately the value of E, for
which the melt front contacts the -c interface.

In summary, we have measured the time of on-
set of melting and the duration of surface melting

o
of a -1000-A-thick layer of &-Si formed in c-Si
by self -ion implantation. Transmission electron
microscopy results suggest that bulk nucleation
of c -Si in the highly undercooled l -Si is impor-
tant, and melting-model calculations were mod-
ified to simulate this effect. The calculations
establish that the observed onset of melting of
&-Si at very low energy densities, as well as the
measured times of onset of melting versus ener-
gy density, can only be explained by an order-of-
magnitude decrease in the thermal conductivity
of &-Si, from the c-Si value, to a value &, = 0.02
W/cm-K. Neither the onset of melting nor the
duration of surface melting are particularly sensi-
tive to the melting temperature or latent heat of

&-Si.
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