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ABSTRACT

Recently available experimental data indicate that the solidification
of undercooled molten silicon prepared by pulsed laser melting of amorphous
silicon is a complex process. Time-resolved reflectivity and electrical
conductivity measurements provide information about near-surface melting and
suggest the presence of buried molten layers. Transmission electron micro-
graphs show the formation of both fine- and large-grained polycrystalline
regions if the melt front does not penetrate through the amorphous layer.
We have carried out extensive calculations using a newly developed computer
program based on an enthalpy formulation of the heat conduction problem.
The program provides the framework for a consistent treatment of the simul-
taneous formation of multiple states and phase-front propagation by allowing
material in each finite-difference cell to melt, undercool, nucleate, and
solidify under prescribed conditions. Calculations indicate possibilities
for a wide variety of solidification behavior. The new model and selected
results of calculations are discussed here and comparisons with recent
experimental data are made.

INTRODUCTION

It is now reasonably well established that Ta, the melting temperature
of amorphous (a) silicon, is approximately 200 ± 100 deg less than Tc, the
melting temperature of crystalline (c) silicon [1-3] and that the latent
heat La of a-Si is -75% of Lc, the latent heat of c-Si [1]. Therefore, when
a-Si is melted by pulsed laser irradiation, highly undercooled liquid (,z)
silicon can be formed. Also, after the pulsed laser melting of c-Si under
some conditions, the kinetic rate processes at the liquid-solid (1-s) inter-
face may become so sluggish compared to the heat-flow rate that the liquid
undercools significantly before solidification, with the result that amor-
phous silicon is formed. Processes in which large undercoolings of the
liquid (or superheating of the solid) occur before the phase change takes
place are difficult to treat by the mathematical modeling techniques devel-
oped for heat conduction problems in which undercooling does not play a
significant role [4,6]. In order to treat such processes more adequately, a
computer program based on an enthalpy formulation of the heat flow problem
has been developed and tested. The program is being used to study the
problem of the pulsed laser-induced ultrarapid melting and solidification of
a-Si layers formed in c-Si substrates by self-ion implantation. In this
paper, we describe the new model and some of the results to date of an
ongoing study of melting of amorphous layers in semiconductors.

Recent time-resolved reflectivity measurements, transmission electron
microscopy (TEM) studies, and model calculations for silicon samples con-
taining amorphous surface layers [5-9] have provided considerable insight
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into the role played by such layers in the laser-annealing process. The
work established that the thermal conductivity of a-Si is approximately an
order of magnitude less than that of c-Si (see also Goldsmid et al. [9]).
Furthermore, the calculations showed that the response of the amorphous
layer to the annealing laser pulse is determined primarily by this greatly
reduced thermal conductivity and that the reduction of Ta and La from Tc and
Lc are comparatively unimportant. However, since the a-Si melts at Ta,
laser melting of a-Si layers on c-Si substrates provides a unique method for
forming highly undercooled molten silicon. Transient electrical conduc-
tivity measurements have also proved to be a powerful tool for studying the
melting of a-Si layers [3].

The TEM carried out in connection with the time-resolved optical mea-
surements shows that if the melt front does not penetrate through the a-Si
layer, regions of fine-grained (FG) and large-grained (LG) polycrystalline
(p) Si are formed, depending on the energy density El of the laser pulse;
this is illustrated schematically in Fig. 1. The random orientation and
equiaxed nature of the fine grains suggests that bulk nucleation may have
occurred at some T e Tn, the nucleation temperature, lying between Ta and
Tc. When E, is low and the temperature of the undercooled liquid does not
exceed Tn, the FG region on Fig. 1 is found at the surface and there is no
LG material. As Et is increased the FG region moves into the sample and LG
material appears at the surface. At higher E9 the melt front penetrates
through the a-c interface and liquid phase epitaxy ensues.

Three distinct cases may arise in the pulsed laser melting of a well-
defined a-Si layer on a c-Si substrate.

Case a. El is sufficiently low that the melt front does not penetrate
through the a-Si layer. This means that a pool of highly undercooled molten
Si is formed, separated from the c-Si substrate by an a-Si layer of low
thermal conductivity.

Case b. E, is sufficient for the melt front to penetrate to the a-c
interface. The melt front will pause at the interface until the heat flow
adjusts to the differences in latent heats, AL = Lc-La, and melting tem-
peratures, AT = Tc-Ta, in the a and c regions. Further complicating the
calculations is the behavior of the thermal conductivity, which changes by
about an order of magnitude at the a-c interface. In this case, as in case
a, a pool of undercooled Z-Si will be present in the sample.

Case c. The melt front penetrates beyond the a-c interface. In this
case, significant undercooling of the molten Si is not expected for any pro-
longed periods, and the physical conditions are closely similar to those
that exist when c-Si melts and resolidifies. For a given EZ, the difference
in latent heat between a- and c-Si acts as an additional heat source to
increase the melt-front penetration when an amorphous layer is present.
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Fig. 1. Schematic of the results of pulsed laser melting and
solidification of an a-Si layer on c-Si substrate.
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It appears that conventional melting model calculations [4] can deal
reasonably satisfactorily with case c, but it is not apparent how to deal
with solidification from a highly undercooled melt in which either bulk
nucleation or nucleation at the t-a interface occurs. The major conceptual
difficulty is to find a satisfactory way to include the effects of nuclea-
tion of the crystalline phase. The major computational difficulties are
those of including solidification at a temperature other than the melting
temperature and of introducing three-dimensional volume nucleation and
growth effects into a calculation which, if it is to be tractable, must
remain essentially one dimensional. In the following, we will describe how
these effects have been approximately introduced into a one-dimensional
treatment.

FORMULATION OF THE MODEL

The semiconductor sample is modeled as a slab composed of layers with
various thermal and optical properties. All the material properties may be
functions of temperature and state. The left boundary of the slab is
assumed to be insulated because, for laser pulses of nanosecond duration,
detectable convection and radiation losses do not occur at the surface [4].
The slab is semi-infinite, with the right boundary at x = infinity assumed
to be at the ambient temperature. For practical purposes the slab must be
assigned a finite width or the back boundary otherwise taken into account.
The laser pulse is modeled by an internal heat generation function in the
near-surface region of the slab. The amount of heat generated may be a
function of position, time, temperature, and state.

a) Energy and Enthalpy Equations

We consider an elementary volume of the material and derive the enthalpy
equation. For energy conservation the rate of change of the internal energy
must equal the generation rate minus the rate at which energy is conducted
away, i.e.,

d f pe dv = f S dv - f KvT • n dA . (1)d v v A

e is the internal energy, p is the density, S is the generation rate due to
the laser pulse, K is the thermal conductivity, vT is the gradient of the
temperature, dv and dA are volume and surface differentials and +n is an out-
wardly drawn unit vector normal to dA. Recalling that the thermodynamic
relationship for enthalpy h is

h = e + pp- 1 
, (2)

we get

d f ph dv - d pdv = f S dv - f KT.n dA , (3)v v v A

in which p is the pressure. Since the pressure is constant during an iso-
baric process and the density change is reasonably small for melting of
silicon, the second term on the left hand side can be neglected. By fol-
lowing straightforward manipulations found in many texts [11], we obtain

p •- h = V.KVT + S, (4)
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which in the case of one-dimensional heat transfer reduces to

h • (K 6T +-h =ax 6x (5)

This is the starting point for the discretization to be introduced in the
finite-difference approach. Notice that if we apply the relation

dh = Cp dT , (6)

in which Cp is the specific heat at constant pressure, the enthalpy may be
eliminated, leaving us with the familiar parabolic differential equation for
heat conduction without phase change,

pCp -T- = -ý- (K ax) + S (7)

Thus the formulations in terms of the time rate of change of h and T are
identical.

We chose the enthalpy formulation because of the convenient and easily
visualized properties it has when modeling change-of-phase problems. This
is illustrated by Fig. 2 which shows for silicon what we shall refer to as
a state graph. The state graph is nothing more than a plot of temperature
versus enthalpy for the various states involved. For an isobaric process
it shows clearly the thermodynamic conditions under which a material can
undergo various changes of phase and state.

b) Source Term

In the calculations to be discussed here, the absorption of laser
energy is assumed to have the usual exponential form appropriate to a
constant absorption coefficient a. Thus, the amount of radiant energy
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Fig. 2. State diagram for Si. The enthalpy is on the abscissa
because it is regarded as the fundamental quantity

and temperature as the derived quantity.
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penetrating to a particular depth x is given by

S = P(t) ae-x , (8)

where P(t) is the variation in intensity of the laser pulse with time. In
order to determine the internal heat generation in a finite region of the
sample, Eq. (8) is integrated with respect to x to give

X2 {X2f P(t) e-ax dx = -P(t)e-(' x1  (9)

Xl

The equations can easily be generalized to nonconstant absorption coef-
ficients.

c) Discretization

Equation (5) was discretized using the classic backwards difference
scheme. This gives an explicit method for updating the enthalpies at each
new time step by way of the equation

1 = 1 r _1(1
h]~ hn L Ki+-K i- i Tn ITn (10

At AX
2  + (Til-Ti) + i (2 i i I i

in which the superscripts and subscripts refer to the time and space incre-
ments, respectively. More complex discretization schemes were tried (for
example Crank-Nicholson), but they did not seem to offer any significant
advantages and actually caused some problems in implementing the state array
described next.

d) The State Array

Multi-state capabilities are conveniently incorporated into the
modeling by a state array. The rows and columns of the state array are
labeled with the names of the various phases and states that may occur.
The diagonal elements represent no change in state. The off-diagonal blocks
can be used to prescribe the set of conditions under which any state can
transform into another state. Since the model presently requires changes of
state to occur essentially instantaneously (i.e., within one time step of
O.5xlO- 12 sec in the finite difference formulation), it was found desirable
to explicitly introduce transition states through which the material of a
given finite-difference cell passes during a phase change. For example,
during a i+s phase transition the material may exist in a "mushy" or "slush"
state for prolonged periods, with the cell containing solid and liquid in
proportions dictated by the changing enthalpy content of the cell (see Fig.
2). It also proved useful to explictly recognize FG-, LG-, and c-Si as
three distinct states. In fact, in its present form, the state array pro-
vides for nine different states, i.e., C, FG, LG, a, mushy amorphous (ma),
mushy crystalline (mc), mushy FG (mFG), supercooled (T<Tc) liquid (sct), and
normal (T)Tc) liquid. A complete description of the state array and the
conditions required for each transition cannot be given here because of
space limitations, but we will illustrate how the array functions by two
examples.

The first example is the transition from a mushy crystal state to a
single crystal state. The first condition to be met is that the enthalpy
in the cell must be less than the minimum enthalpy required for a liquid
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fraction to exist in the cell. The second condition is that the neighboring
cell to the right, i.e., toward the a-c interface (see Fig. 1) must already
be in a single crystal state; otherwise, this cell does not have a crystal-
line interface on which to nucleate. If this second condition is not met
the mc cell transforms to an LG cell.

In the second example we consider three of the transitions that a
supercooled liquid cell can undergo. First is the change from supercooled
to mushy amorphous state. This occurs when the enthalpy falls below the
minimum enthalpy that a cell can have and still be entirely liquid. The
second transition is from supercooled liquid to m FG material; this is the
path taken when the liquid nucleates as FG p-Si. Two conditions must be met.
First the enthalpy must be less than the enthalpy above which nucleation is
improbable, and secondly a nucleation timer (described below) must be
greater than the assigned nucleation time tn. Physically tn can be thought
of roughly as the average time it takes for a nucleus of critical radius to
form. In other words, the nucleation timer keeps track of the time a cell
has been undercooled below Tn. The third transition is simply from under-
cooled to normal liquid, which occurs when the temperature of the liquid
exceeds the melt temperature of the crystalline state.

e) Nucleation Timers

The model contains two timers which were introduced to simulate nuclea-
tion times. One timer has been used extensively in connection with bulk
nucleation of FG material while the other has been used to control growth of
LG material off the FG p-Si. Although there is a question as to whether
nucleation occurs in the bulk (not necessarily homogeneously) or at the Y-a
interface, we emphasize that as long as the melt-front does not contact the
a-c interface, a nucleation event must occur for growth of the FG and/or LG
material to proceed.

RESULTS OF THE CALCULATIONS

Two somewhat different models have been suggested to explain the solid-
ification behavior of laser-melted a-Si. One model [5-7] emphasizes volume
(bulk) nucleation over a spatially extended region at low values of Ej. The
other model [3] does not address the question of nucleation but emphasizes
the important role of "explosive crystallization," a well-known phenomenon
often discussed in the literature. Both models recognize the importance of
the release of latent heat in determining the penetration of the crystalli-
zation front and both models predict that buried molten layers are a likely
occurrence. Since some nucleation event is required to initiate conversion
of a-Si to c-Si and since crystal growth can proceed very rapidly once
nucleation occurs, it would seem that a synthesis of the two models is
needed. The computer program described here is sufficiently flexible to
provide such a synthesis.

The initial goal of the modeling has been a better understanding of the
experimental and theoretical results described in Refs. 3-7. Figure 3 shows
a schematic illustration of the complex behavior of melting and solidifica-
tion revealed by a wide variety of test calculations. The details of this
behavior depend critically on the energy density of the laser pulse and many
of the parameters of the model; specific examples will be discussed shortly.
The undercooled region on Fig. 3 occurs because of the melting of a-Si at a
temperature Ta < Tc by the laser pulse or by the release of latent heat.
The region labeled "slush" is that part of the sample in which bulk nuclea-
tion has occurred in some cells but not others, so that the region is a mix-
ture of liquid and small crystallites. We note that the release of latent
heat due to nucleation in one cell may raise the temperature of neighboring
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Schematic Results of Solidification of a-Si Layers
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Fig. 3. Schematic illustration of the results of simulations
of melting and solidification of an a-Si layer on a c-Sisubstrate. The diagram is not meant to represent strict

relationships between the various states and phases.

cells above Tn and prevent nucleation from occurring in them. If then TTc in this region for any period, growth of crystalline material may be
slowed or stopped entirely. The "liquid" region on Fig. 3 representsmaterial in the molten state with temperature > Tc. For low values of Eýthis region may be absent. The region marked "Fine Grain Poly" is materialwhich has solidified as a result of bulk nucleation or by explosive crystal-lization off of FG material. Large-grained p-Si can begin to grow off FGp-Si if the temperature in a cell of molten (undercooled or liquid) Si imme-diately adjacent to a FG p-Si cell is greater than Tn for a time tlg.Roughly speaking, tig may be viewed as a delay time required to establish
growth of the random'y oriented fine grains in the preferred directioncharacteristic of the LG p-Si. We now turn to a consideration of some spe-
cific results.

Figure 4 shows the transient reflectivity signal of a 633 nm cw HeNeprobe beam for a 0.2 J/cm2 heating pulse incident on a 190-nm a-Si layer.It can be seen that the reflectivity signal, R, reaches a maximum value Rm xwhere it persists for only a few nanoseconds before beginning to fall slowlyto approximately its initial value Ro. The calculations for this case whichseem to best agree with the reflectivity trace indicate that the near-surface region melts to a depth of 200-300 A, nucleation events then occurin this region or at the x-a interface, and the latent heat that is releasedsubsequently forces the crystallization front into the solid while the ini-tially melted material resolidifies. The molten zone that continues topropagate into the solid as a buried layer is only a few hundred angstromswide and the process can probably be characterized as "explosive crystalli-zation." The gradual fall of the reflectivity signal (Fig. 4) may be attri-buted to bulk nucleation, or to a slow receding of the buried layer from thesurface. The existence of a buried molten layer is confirmed by experimentsusing an infrared probe beam reported by Lowndes et al. [12] in theseProceedings. We note here that these results are not inconsistent with themodel proposed by Thompson et al. [3] if the requirement for nucleation
events is explicitly taken into account. The accuracy of the experiments
and modeling do not allow us to distinguish between volume and interface
nucleation events.
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Fig. 4. Time-resolved reflectivity signal for a 0.2 J/cm2 KrF
laser pulse incident on a 190-nm a-Si layer.

Figure 5 shows the reflectivity trace for a pulse with EX = 0.7 J/cm2 .
The well-developed high reflectivity phase and sharply falling trailing edge
of this trace are apparent. The model calculations for this value of Ej
show that (1) the liquid region of Fig. 3 is deep, (2) the undercooled
region is very narrow because of the rapid heating by the laser pulse, and
(3) the slush region is practically nonexistent. The melt front does not
quite reach the a-c interface. The calculations give -1400 A of LG and 400
A of FG p-Si after solidification, with only -100 A of a-Si remaining.
These results are in satisfactory agreement with values obtained from TEM.

Figure 6 shows a comparison between the experimentally measured and
calculated values of the time of onset of melting for both a- and c-Si that
can be obtained with an appropriate choice of parameters. The most impor-
tant parameters are Ka, the thermal conductivity, and Ra, the reflectivity
of a-Si. We used Ka = 0.015 W/cm deg and Ra = 0.58, both values well within

Fig. 5. Time-resolved reflectivity signal (upper curve)
for a pulse of -0.7 J/cm2 (lower curve).
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Fig. 6. Onset of melting as a function of energy density.
The solid curves are the calculated results obtained

for a 190-nm a-Si layer.

the ranges established for these quantities. A much more severe test for
the modeling is presented when the duration of surface melting must be
determined because the calculations then involve knowledge of the physical
properties of all of the various phases and states of the material (e.g.,
mush, FG p-Si, LG p-Si) that occur during melting and resolidification. As
can be seen from Fig. 7, the agreement between experiment and theory
requires further improvement, although the general features of the experi-
mental data are reproduced by the calculations. In particular, the calcula-
tions indicate that the dip in the melt duration at E£ = 0.7 J/cm2 is caused
by the rapid increase in thermal conductance as the melt front approaches
the a-c interface and the amount of a-Si (with its low value of K,) is
reduced. We anticipate that improvement in the fit between experiment and
modeling will be achieved as more data about the optical and thermal proper-
ties is obtained and the calculations are optimized.

SUMMARY AND CONCLUSIONS

We have briefly described a newly developed model for heat flow calcu-
lations and phase changes that is especially suited to conditions encoun-
tered during pulsed laser irradiation of a-Si layers. The model is extreme-
ly flexible and allows for the inclusion of such effects as undercooling,
bulk and interface nucleation of polycrystalline silicon, and explosive
crystallization. In spite of the flexibility of the model (or perhaps
because of it), we have not yet obtained a completely satisfactory fit to
all of the available experimental data. We have also not yet completed a
synthesis of the two models proposed to explain the solidification of laser-
melted a-Si. We believe that there is good evidence from the modeling that
explosive crystallization can occur under the conditions of the experiments.
Whatever the exact nature of the crystallization processes may be, nuclea-
tion events must initiate them. We recognize that metallurgists are reluc-
tant to invoke the concept of homogeneous bulk nucleation, except in most
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Fig. 7. Surface melt duration as a function of pulse energy density.

unusual and extreme situations. Although we feel that some of the experi-
mental data and the modeling suggests that bulk nucleation occurs, it may be
unnecessary to ascribe this to homogeneous nucleation.
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