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Nonequilibrium model of laser-induced phase change processes in amorphous silicon thin films
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A mathematical model of nonequilibrium phase change processes in amorphous silicon induced by pulsed
lasers, which includes explosive crystallization, melting, evaporation, and crystallization from the solid/liquid
interface and takes into account the thermophysical properties of polycrystalline silicon in dependence on the
grain size, is formulated in the paper. The computational implementation of the model is used to simulate phase
changes in a typical case of XeCl excimer laser irradiation of 50 nm to 8mm thick amorphous silicon layers
deposited on the quartz substrate, where characteristic thermal and optical effects accompanying the irradiation
process are demonstrated. The experimental verification of the model is discussed, and a comparison of
simulated data with experimental measurements of various groups is performed. The model is shown to
achieve agreement with experimental data in a variety of experimental situations. It can also be employed to
provide estimated values of thermophysical and optical parameters of polycrystalline silicon in dependence on
the grain size.@S0163-1829~98!06001-9#
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I. INTRODUCTION

In the beginnings of mathematical modeling of pha
change processes in amorphous semiconductors, there w
lot of confusion about the values of the thermophysical a
optical parameters used. First models~see Refs. 1,2! em-
ployed the same thermophysical and optical data for am
phous silicon ~a-Si! and for the monocrystalline silicon
~c-Si!, and could not explain, for instance, the experime
tally measured significantly lower values of the melting o
set temperature3 and longer melt duration times4 for a-Si
compared to thec-Si specimens.

Webber, Cullis, and Chew5 made an important step to
wards a more correct physical model ofa-Si melting and
found two main reasons of considerable discrepancies
tween the modeled and experimental data, namely, impro
values of thermal conductivity and melting temperature
a-Si employed in the previous models. The thermal cond
tivity values fora-Si estimated in Ref. 5 were two orders
magnitude lower than those forc-Si as a logical consequenc
of the disordered structure ofa-Si and strong phonon sca
tering, and the melting temperature ofa-Si was estimated to
lie several hundreds of Kelvin under the melting temperat
of c-Si. The findings of Webber, Cullis, and Chew5 about the
thermophysical data ofa-Si were soon confirmed and sig
nificantly extended by the measurements and calculation
Lowndes, Wood, and Narayan.6

Further experimental investigations of laser-irradia
a-Si layers on thec-Si bulk using transmission electron m
croscopy and time-resolved conductivity7–9 revealed the ex-
istence of polycrystalline silicon~pc-Si! layers with various
structure and grain size which also varied in the depth p
file, depending on the energy density of the pulse and in
thickness of thea-Si layer. The complicated structure of th
pc-Si layers was ascribed to the explosive crystallizat
570163-1829/98/57~1!/194~9!/$15.00
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which was observed earlier by Leamyet al.10 for germa-
nium.

The increasing technological interest in pc-Si form
from amorphous layers in the last few years also led to
effort to improve the theoretical knowledge of various sta
of a-Si and its transient phases, and new structural model
a-Si appeared~see Refs. 11,12!, which made it possible to
express the contribution of defects to the thermodyna
properties ofa-Si, for instance. Owing to the fact how muc
extensive work on pc-Si has been done in the last few ye
it can be anticipated that more precisely formulated trans
mation mechanisms may appear in the near future.

Mathematical models of laser-induced melting and cr
tallization of a-Si layers which would take into account th
real physical properties of pc-Si were formulated on
sparsely in the past. The paper by Cˇ erný et al.13 belongs to
the very few attempts in this direction. The authors presen
here a model which takes variations of the grain size of
resulting pc-Si, depending on the type of the phase cha
process, into account. The unknown material properties
pc-Si such as the thermal conductivity and phase transi
temperatures were obtained as a result of matching the
perimentally determined and numerically simulated data
time-resolved reflectivity. However, solely the comparis
with the experimental data of the same research group
done here, and no extensions of the numerical model bey
this point were performed.

In this paper, we employ basically the same model as
Ref. 13, with only slight modifications in the physical just
fication, namely, the explosive crystallization front is defin
more correctly as a discontinuity surface representing
thin liquid layer propagating into thea-Si layer ~we talked
about the solid-state crystallization process in this respec
Ref. 13!, and the material parameters of pc-Si employed
specified more accurately than in Ref. 13, which w
achieved as a result of further optimization work done with
194 © 1998 The American Physical Society
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57 195NONEQUILIBRIUM MODEL OF LASER-INDUCED PHASE . . .
the last two years. Therefore, this paper has two main a
The first is to demonstrate the ability of the model to sim
late a relatively wide range of experimental situations and
give some numerical results which might be useful to
experimentalists, such as the temperature fields, time de
opment of interface positions, and velocities a
overheatings/undercoolings. The second is a compariso
our results with independent experimental data measure
other experimental groups and a verification of the model
other experimental situations.

II. PHYSICAL MODEL

The theoretical model of pulsed-laser induced ph
change processes ina-Si employed in our simulations wa
briefly described in Ref. 13, but without any detailed phy
cal justification. Therefore, we give some more physical
tails here. A brief version of the mathematical model alrea
introduced in Ref. 13 is included in the Appendix for th
convenience of the reader.

We assume the following mechanism of phase cha
processes ina-Si. The solid material is heated without
phase transition until the surface reaches the tempera
which is high enough to initiate melting of a thin layer ne
the surface. This liquid layer begins to resolidify as pc
immediately, and, as the latent heat released during reso
fication is higher than that of melting ofa-Si, the tempera-
ture of the newly formed pc-Si layer increases above
melting temperature ofa-Si. The amorphous material thu
begins to melt. However, this new liquid layer is severe
undercooled with respect to the pc-Si state and resolid
immediately as fine grain~FG! pc-Si. This mechanism o
phase transitions results in the propagation of a very
liquid layer through the amorphous material as a result of
difference between the latent heatLm,a of melting of a-Si
and the latent heatLpc of crystallization of pc-Si. This pro-
cess is called explosive crystallization~XC!.

The absorption of the laser energy near to the surfac
the sample leads to a further fast increase of the sur
temperature of pc-Si, which reaches the melting tempera
of pc-Si soon. Thus, a phase interface betweenl -Si and pc-Si
appears which moves into the sample. With the tempera
increase of the surface due to the intensive absorption
laser energy in the liquid, as compared with that in the so
material, the evaporation from the surface may become
portant as well.14

In the mathematical formulation of explosive crystalliz
tion, we utilize the fact that the propagating liquid layer
very thin, and replace it by a discontinuity surface where
difference between the latent heat of crystallization of pc
and the latent heat of melting ofa-Si, LXC5Lpc2Lm,a , is
released. In what follows, this discontinuity surface will
called the XC front. The process of XC has a nonequilibriu
character as it is quite apparent that the temperature of
thin liquid layer depends on its propagation velocity which
proportional to the amount of heat released during X
Therefore, we employ a nonequilibrium model in describi
the movement of the XC front, and introduce an ‘‘equili
rium explosive crystallization temperature’’TXC at which the
velocity of the XC front is equal to zero.

Further surface temperature increase, due to both abs
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tion of laser light and release ofLXC , leads to the melting of
the FG pc-Si layer formed by XC, which is modeled in
similar way as the melting of monocrystalline silicon~see
Ref. 15 for details!. We employ a nonequilibrium model o
pc-Si/l -Si phase transition here as well and introduce
equilibrium melting temperature of pc-Si,Tm,pc, defined as
the temperature at which the pc-Si/l -Si interface velocity is
equal to zero.

The vaporization from the surface, which takes place
sufficiently high temperatures, is modeled using a simple
netic theory of evaporation into vacuum as most of the
perimental work is performed under vacuum conditions. T
process can also be considered as a nonequilibrium on
the sense of how the nonequilibrium processes in the o
phase transitions were defined since the vapor pressure
function of the surface temperatureTs , and therefore the
interface velocity is a function ofTs as well.

When the position of thel -Si/pc-Si interface reaches it
maximum value, the melting process stops due to the
crease of the absorbed laser energy, and the crystalliza
from the l -Si/pc-Si interface begins. The grain size of th
newly formed pc-Si may differ from that of pc-Si bulk sinc
the process may be running at a different temperature a
different velocity of the interface than XC. Therefore, th
values of thermal conductivity, density, and specific h
may be different from those used before. Also, the latent h
of crystallization,Lpc, released during this process need n
be generally equal to the latent heat of melting of pc-
Lm,pc, and, similarly, the equilibrium temperature of th
l -Si→pc-Si transition need not be generally equal to that
the opposite phase transition. The newly formed pc-Si
scribed above will be called large grain~LG! pc-Si.

Eventually, thel -Si/pc-Si interface reaches the surfa
and the crystallization is completed. In the general case,
then arrive at the following structure of the sample: just b
low the surface, in@Z0,fin,Z1,max#, where Z0,fin is the final
position of the surface,Z1,max is the maximum thickness o
the molten layer, we have the secondary pc-Si layer crea
from the melt pool. The underlying primary pc-Si laye
originating from the explosive crystallization, which ca
generally have a different grain size, occupies the reg
@Z1,max,Z2,max#, whereZ2,max is the final position of the XC
front. The remaininga-Si and the substrate~usually quartz!
lie beyondZ2,max.

III. NUMERICAL SIMULATIONS

The computational implementation of the mathemati
model was done using the Galerkin finite element meth
~see, e.g., Ref. 16!, and a computer code inFORTRAN 77was
developed. In the numerical calculations, we simulated
irradiation of a-Si layers on fused quartz substrate by
XeCl laser@28 ns full width at half maximum~FWHM!, 308
nm#. The initial thickness of thea-Si layerA varied from 50
to 8000 nm, the laser energy densityE was in the range
@0.05– 1.00 J cm22#.

The material parameters ofl -Si and a-Si in our math-
ematical model~see Appendix! were taken from the follow-
ing sources:~a! cl from Ref. 17,~b! r l and all the optical
parameters ofl -Si from Ref. 18,~c! Kl(T) from Ref. 19,~d!
the parametersA,B,C from Ref. 20,~e! Lv from Ref. 21,~f!
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196 57R. ČERNÝ AND P. PŘIKRYL
Ka andca from Ref. 5,~h! ra from Ref. 22,~i! the refraction
indexna(T) and the extinction coefficientka(T) from Ref. 9,
~j! Lm,a from Ref. 23.

Since, to our knowledge, no analogous data for pc-Si h
been published in the open literature, we had to use e
mated values in the model calculations. We assumed
density and specific heat of pc-Si to be equal to the value
monocrystalline Si and took them from Ref. 17, the sa
approximation was also used for the refraction index and
extinction coefficient at 308 nm and the data were tak
from Ref. 18. Fornpc andkpc at 633 nm of FG and LG pc-Si
the estimates by Lowndeset al.9 were used. For the coeffi
cientsC1 , C2 of the interface response functions from Eq
~A6!, ~A8!, we took the measured values for pc-Si from R
24 and fora-Si from Ref. 25, respectively. The equilibrium
explosive crystallization temperatureTXC was chosen to be
equal to the melting temperature of as-implanteda-Si from
Ref. 26,TXC51200 K. The remaining material paramete
Kpc, Lpc, andLXC , which may also change with the varyin
grain size of pc-Si, were determined by a fitting proced
with the model described in the Appendix. The main cri
rion in our fitting procedure was to achieve the agreem
with the experimental data in the melt durations27 within the
margin of65%. The results of our fitting procedure can
summarized as follows. In the XC phase, we obtained for
FG pc-Si LXC5185 J/g, Lpc5LXC1Lm,a51505 J/g, Kpc
50.05 W/cmK, Tpc51500 K, while for the LG pc-Si
formed by the crystallization from the melt pool we ha
Lpc51700 J/g,Kpc50.10 W/cmK,Tpc51500 K.

The evaluation of our computational experiments can
conveniently split in two basic parts characterizing the infl
ence of the two most important parameters of the proc
the pulse energy densityE and the initial thickness of the
a-Si layerA. For the illustration of the influence ofE on the
basic characteristic parameters of the process~such as the
temperature field, interface positions and velocities, melt
ration, etc.! we have chosenA5100 nm which is a usua
experimental value.

Figure 1 shows the time histories of the surface tempe
turesTs(t) for low values ofE. The explosive crystallization
thresholdEXC50.10 J cm22 can be clearly distinguished i

FIG. 1. Time histories of the surface temperatures forA
5100 nm and various energy densities.
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the figure. The sharp peaks in the first part of theTs(t)
curves forE>0.10 J cm22 correspond to the onset of explo
sive crystallization, which is accompanied by a fast rele
of latent heat contributing temporarily in the near-surfa
region to the main heat source, which is the absorption
laser light.

The histories of the substrate temperatures in Fig. 2
help us to monitor the extent of the phase change proce
in the thin silicon layer. We can see here that forE
>0.15 J cm22 the whole a-Si layer underwent explosive
crystallization to pc-Si during the pulse as the substrate
face temperature exceededTXC . The development of the ex
plosive crystallization in thea-Si film is illustrated in Fig. 3
more clearly, where the histories of the XC front position a
plotted in dependence on the energy density.

Figure 4 shows the velocities of the XC front for lo
values ofE and provides additional information on the he
transfer in the thin film. The first peak corresponds to t
simultaneous heat release due to both laser light absorp
and explosive crystallization, which was previously me

FIG. 2. Time histories of the substrate temperatures forA
5100 nm and various energy densities.

FIG. 3. Dependence of the position of the XC front on t
energy density forA5100 nm.
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57 197NONEQUILIBRIUM MODEL OF LASER-INDUCED PHASE . . .
tioned. The sudden decrease of interface velocities follow
this peak is due to the fact that the XC front quickly mov
deeper into the film and the latent heat release is shi
somewhere into the region near to the absorption length
the XeCl laser (l pc-Si'42 nm), where the intensity of lase
light absorption significantly decreases. This is also do
mented by the small step in the increasing part of the
front position vs time curve forE50.10 J cm22 in Fig. 3,
which roughly equals the value ofl pc-Si. Below l pc-Si, heat
conduction together with the release of latent heat beco
the only heating mechanisms, the movement of the cryst
zation front slows thus down, and later stops as the h
sources are insufficient to keep the interface tempera
aboveTXC .

Figure 5, showing the positions of the pc-Si/l -Si inter-
face, can help us to identify the melting thresholdEm, which
for the chosen value of the initial thickness of thea-Si layer
was Em50.15 J cm22. This can also be observed in Fig.
where a small plateau appears at about 1500 K on theTs(t)

FIG. 4. Dependence of the velocity of the XC front on t
energy density forA5100 nm.

FIG. 5. Dependence of the position of the pc-Si/l -Si interface
on the energy density forA5100 nm.
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curve for the energy densityE5Em . For E>0.40 J cm22,
the maximum thickness of the molten layer exceedsA, and
therefore the quartz substrate melts. In Fig. 5, it may also
seen that forE>0.60 J cm22 the final parts of theZ1(t)
curves do not coincide with zero. This is a consequence
the increasing role of evaporation for higher laser energi

The influence of the initial thickness of thea-Si layerA
on the course of the phase change processes is shown i
second group of figures for the energy densityE
50.45 J/cm2.

Figure 6 shows the surface temperatures for low value
A. The temperature maxima increase significantly with d
creasingA for A,150 nm. This fact can be explained usin
the histories of pc-Si/l -Si interface positions in Fig. 7 show
ing that forA,150 nm the quartz substrate melts. The me
ing temperature of quartz is higher than that of silicon, a
therefore the entire process takes place at higher temp

FIG. 6. Time histories of the surface temperatures forE
50.45 J/cm2 and the initial thickness of a-Si layer A
P@50 nm,350 nm#.

FIG. 7. Dependence of the position of the pc-Si/l -Si interface
on thea-Si layer thickness forE50.45 J/cm2.
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198 57R. ČERNÝ AND P. PŘIKRYL
tures. In addition, the latent heat of melting of quartz is a
proximately seven times lower than that of pc-Si and m
laser energy absorbed in the material can be spent for he
the liquid. The logical consequence is the fast tempera
increase in the liquid documented in Fig. 6. This explanat
is also supported by Fig. 7 showing that the maximum thi
ness of the molten layer does not increase dramatically w
decreasingA despite the low latent heat of melting of quart

The computational results for highera-Si layer thick-
nesses show that the surface temperature histories are
fected by the initiala-Si layer thickness forA.1000 nm and
the substrate temperatures become independent ofA for A
.2000 nm. The value ofA51000 nm is roughly consisten
with the heat-diffusion length

l H5AK

rc
tp,

where tp is the time interval (tp'500 ns), which is
;1100 nm for pc-Si and;3000 nm forl -Si ~the maximum
thickness of the molten layer is;150 nm for these values o
A!. The difference in the limiting values ofA for the sub-
strate and for the surface temperatures can be explaine
the release of latent heat during XC deeper in the lay
Figure 8 shows that the explosive crystallization front alwa
reaches the substrate surface forA<500 nm, whereas for
A>1000 nm it stops at aboutZ25600 nm. Therefore, for
higher values ofA the deeper layers are heated only by t
heat conduction which is slower ina-Si and quartz than in
pc-Si. Taking into account that in this case the heat-diffus
length for a-Si is ;500 nm, it can be stated that also th
substrate temperatures are consistent with the concep
heat-diffusion length as forA51000 nm we haveA2Z2
'400 nm, which is still withinl H , while for A52000 nm
we have A2Z2'1600 nm, which is already three time
larger thanl H .

Regarding the study of the dependence of other impor
parameters on the initial thickness of thea-Si layer A, our
calculations showed that both the explosive crystallizat
and melting threshold were basically independent ofA. The

FIG. 8. Dependence of the position of the XC front on thea-Si
layer thickness forE50.45 J/cm2.
-
e
ing
re
n
-
th

af-

by
r.
s

n

of

nt

n

main reason for this behavior lies in the fact that the therm
conductivities ofa-Si and quartz are apparently very simila

It is useful to know some of the characteristic paramet
of the process in dependence on both the energy densiE
and the initial thickness of thea-Si layerA, mainly for tech-
nological reasons. To these parameters, the melt duratiotm
shown in Fig. 9 belongs, for instance.

In the region of low-energy densities,E&0.60 J cm22,
the surface melt duration increases with decreasingA gener-
ally. However, we can see that thetm(E) curve for A
5100 nm is above the remaining ones in the whole range
low-energy densities, while the curves forA5230 and 500
nm almost coincide forE&0.30 J cm22, and those forA
5500 andA51000 nm coincide even up to;0.60 J cm22.
This fact can be explained by the extent of explosive cr
tallization. For a lowA, the explosive crystallization is fin
ished very fast~see Fig. 8! because the wholea-Si layer is
crystallized; for higherA it takes logically a longer time. The
thickness of the pc-Si layer is then the decisive factor
heat transfer in the heating phase as the thermal conduct
of pc-Si is several times higher than that of the quartz s
strate. Consequently, in a certain range of energy densi
for low values ofA the quartz substrate prevents the fast h
removal from the near-surface region, the temperature in
region increases, the melting process is faster~see Fig. 7!,
and also surface melt duration is longer.

For E*0.60 J cm22, the situation is changed. We can s
that the tm(E) curve for A5100 nm looses its increasin
character and the melt duration begins even to decre
slowly with E increasing. The main reason for this behav
can be found in the increasing effect of evaporation. As
latent heat of evaporation of Si is approximately eight tim
higher than the latent heat of melting ofa-Si, the evaporation
process is very demanding energetically and a substa
part of laser energy is spent for evaporation. In a combi
tion with the low thermal conductivity of the quartz substra
this results in slowing down the melting process, which
these laser energies and in the key time interval of;50 to
;100 ns, when evaporation is most important, occurs d
in the quartz substrate~Fig. 5!.

FIG. 9. Melt duration as a function of energy densityE and
initial thickness of thea-Si layerA.
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IV. DISCUSSION

Numerical experiments with pulsed-laser-induced ph
change processes in amorphous silicon can provide infor
tion about some parameters which cannot be obtained
perimentally. Among these, the temperature fields and
interface velocities are the most important. On the ot
hand, the lack of appropriate experimental data makes
verification of the model more complicated.

In the laser-controlled processes where phase cha
take place, the most frequently used experimental techniq
which might lead to results directly comparable with comp
tational models are the time-resolved reflectivity~TRR! and
time-resolved conductivity~TRC! measurements. TRR mea
surements can be simulated numerically with only slig
modifications of our mathematical model. It is sufficient ju
to modify the procedure for calculating the reflectivity of th
primary laser~see Appendix! for the wavelength of the prob
laser beam~a HeNe laser, 633 nm, in most experimen
setups!. The simulation of TRC measurements is al
straightforward. It consists in utilizing the Kirchhoff Law
together with the calculated melt depths and tempera
fields. Both TRR and TRC provide similar information an
they can identify the appearance and duration of the mo
phase. The measured melting thresholds and melt dura
can then be compared with the numerical results.

TRR measurements may also help us to identify the
pearance of pc-Si after transformation from the amorph
phase since the optical properties ofa-Si and pc-Si differ
significantly. Under these conditions, the jump changes
the complex refraction index in the region just below t
sample surface can lead to substantial additional reflect
which are well within the detection limits.

In mathematical modeling of processes where various
con phases appear, it is necessary to take into accoun
significant uncertainty in the thermophysical data that
pend on the grain size, which may not be known with
sufficient accuracy. It was already mentioned in the beg
ning of the previous section that some of the pc-Si data
our model were obtained by a fitting procedure on the ba
of our experimental TRR data. These data need not gene
characterize all situations which can appear in the laser
diation of a-Si because the final grain size might depend
energy density and initiala-Si layer thickness, and possibl
also on the substrate.

Therefore, the application of our model to the experime
tal setups which differ from that of Ref. 13 significantly, i.e
for other substrates, other lasers, etc., should be accompa
by repeating the fitting procedure to get appropriate therm
physical data.

We will illustrate such an application of our model
different experimental conditions for the experimental d
of Im, Kim, and Thompson28 which were obtained fora-Si
layers of thickness 100 nm deposited onto oxidized Si s
strates with 100 nm thick SiO2 layer, and almost the sam
XeCl excimer laser~30 ns FWHM, 308 nm! as in our nu-
merical experiments.

Figure 10 shows the simulated TRR curves forA
5100 nm and low-energy densities. All curves clearly e
hibit the initial oscillations indicating the explosive crysta
lization observed experimentally in Ref. 28 and also
e
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shape of the curves is in good qualitative agreement with
experimental TRR curves from Ref. 28. Also, the melti
thresholdEm50.15 J/cm2 obtained in our numerical experi
ments is in very good agreement with the measured va
from Ref. 28, which wasEm50.16 J/cm2.

We achieved, however, very poor agreement in the m
durationstm as shown in Fig. 11, which is not very surpri
ing as the explosive crystallization front reaches the subst
surface already atEm50.15 J/cm2 and after that the differ-
ences in the thermophysical properties of the substrate m
become important.

Therefore, we performed the numerical experiments w
exactly the same substrate as in Ref. 28. However, als
this case the differences in melt durations were still rema
able, typically 20–30% for most energy densities as sho
in Fig. 11. As we already noted, one of the possible reas
for this might be the difference in the grain size of pc-

FIG. 10. Simulated TRR curves for HeNe probe laser beam
A5100 nm.

FIG. 11. Calculated melt duration as a function of laser ene
density for the oxidized silicon substrate as in Ref. 28 and vari
values of thermal conductivity of pc-Si, compared to the expe
mental data of Im, Kim, and Thompson~Ref. 28! and to the calcu-
lations with the quartz substrate.
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200 57R. ČERNÝ AND P. PŘIKRYL
between the experiments done by Cha´b27 ~which were
employed for fitting the thermophysical properties! and those
performed by Im, Kim, and Thompson.28 Hence, we also
show three additionaltm(E) curves in Fig. 11 calculated fo
higher thermal conductivities of pc-Si,Kpc50.10 W/cm K,
0.20 W/cm K, and 0.30 W/cm K. Least-squares based c
parisons of experimental (tm,e,i) and calculated (tm,i) melt
durations show that the representative deviationDKpc

51/nA( i 51
n (tm,i2tm,e,i)

2 is really better for Kpc

50.10 W/cm K than forKpc50.05 W/cm K ~D0.1054.08,
D0.0556.31! but remains almost the same forKpc
50.20 W/cm K (D0.2054.01), since the computations wit
Kpc50.10 W/cm K achieve better agreement with expe
ments for low E (E<0.25 J/cm2), while those withKpc
50.20 W/cm K are better for higherE. Calculations with
Kpc50.30 W/cm K ~which is almost equal to the high
temperature thermal conductivity of monocrystalline silico!
resulted in only slight differences as compared with those
Kpc50.20 W/cm K (D0.3054.55).

The sudden increase of melt duration betweenE
50.38 J/cm2 andE50.40 J/cm2 observed in the experiment
of Im, Kim, and Thompson28 could not be reproduced by an
simple data fitting in our model. To explain this fact w
employ the calculated pc-Si/l -Si interface position histories
depicted in Fig. 12, where it is shown that forE
50.40 J/cm2 the melt front reaches the substrate surface
the whole Si layer is fully melted. This confirms well th
hypothesis of Im, Kim, and Thompson28 that the range of
energy densities just belowE50.40 J/cm2, where this sud-
den change oftm appears, is the region of near-comple
melting of the film. As the unmelted Si film can no longer
considered as a continuous layer in this situation and sig
cant lateral growth may occur due to the existence of sm
solid seeds near to the substrate,28 the one-dimensiona
model employed in this paper cannot be applied success
to reproduce experimental data in this case.

As follows from the physical and mathematical formul
tion of the model described in this paper, it has two m

FIG. 12. Calculated position of the pc-Si/l -Si interface for the
oxidized silicon substrate as in Ref. 28 andE
P@0.20 J/cm2,0.40 J/cm2#, Kpc50.05 W cm21 K21.
-

-

r

d

fi-
ll

lly

n

limiting features generally: it is constructed as on
dimensional and assumes the solidification of the melt p
only in the form of crystallization from the phase interfac

The one dimensionality originates from the physical si
ation in most experimental setups for laser irradiation
semiconductors: the laser spot has the area of several m2,
while the laser-affected depth usually does not exceed
eral mm. For well homogeneous laser beams used in rec
experiments it looks like a reasonable approximation. Ho
ever, for the situations where a remarkable lateral growth
be initiated, as were those in Ref. 28, this approximation
no longer valid.

The solidification from the interface is a good approxim
tion for the processes where the undercooled liquid does
stay at the low temperatures long enough for initiating
nucleation process. This need not be true for instance in
region of high-energy densities, where thel -Si layer can stay
at the undercooled temperatures for several hundreds
nanoseconds, which may be sufficient for starting nucleat

It has been shown experimentally~see Refs. 29,30!, also
that heterogeneous nucleation can appear in certain s
tions, which can result in the solidification from the surfac
where it is initiated at the residual impurities. Nor is th
situation included in our model, which does not take a
form of nucleation into account.

V. CONCLUSION

The nonequilibrium mathematical model of laser-induc
phase change processes ina-Si thin films formulated in this
paper can describe explosive crystallization, melting, eva
ration, and solidification from the solid/liquid interface.

The model can reproduce a variety of experimental d
measured at laser irradiation of amorphous silicon laye
such as the explosive crystallization threshold, melti
threshold, surface melt duration, and maximum thickness
the molten layer for various experimental setups. It can a
provide some data which cannot be obtained experiment
although they are very important both for experimentali
and theoretical physicists, e.g., the temperature field in
layer, the time history of melting, and solidification veloc
ties and the temperature of the phase interfaces.

Although the application of the model is limited to th
homogeneous phase change processes which can be co
ered in the one-dimensional approximation and the mo
does not take nucleation effects into account, it has b
shown that it can achieve a good agreement with meas
data in a variety of experimental situations.

In connection with experimental data from TRR and TR
measurements, the model is also capable of providing
sonable estimates of such not commonly measured ther
physical and optical parameters of pc-Si layers as are
thermal conductivity, latent heat of solidification, and refle
tivity in dependence on the grain size.
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APPENDIX A: MATHEMATICAL MODEL

The mathematical model of phase change processe
a-Si employed in this paper can be formulated in the follo
ing way ~see Ref. 13!:

Supposing the one-dimensional heat conduction to be
dominant mode of energy transfer~see Refs. 15,31 for a
detailed justification of this treatment!, we can write the en-
ergy balance in the form

r ici

]Ti

]t
5

]

]x S Ki

]Ti

]x D1Si~x,t !, i 5 l ,pc,a,sb,

~A1!

wherer is the density,c the specific heat,T the temperature
K the thermal conductivity, the indices pc,a,l mean the
polycrystalline, amorphous and liquid phases, respectiv
the indexsb means the substrate~usually fused quartz!.

The volume heating termSi arising due to the laser irra
diation can be expressed in the form15

Si~x,t !5@12R~ t !#a~x!I 0~ t !3expS 2E
Z0~ t !

x

a~h!dh D ,

~A2!

whereI 0(t) is the power density of the pulse~power per unit
area!, a5a(x) is the optical absorption coefficient,R
5R(t) is the reflectivity calculated using the known valu
of the refractive indicesni and extinction coefficientski
~which are temperature dependent! according to the proce
dure described in Ref. 32, andZ0(t) is the time-dependen
position of the surface of the sample~liquid/vapor interface!.

The heat balance condition on the liquid/vapor interfa
can be expressed as

r lLv

dZ0

dt
5Kl S ]Tl

]x D
x5Z0~ t !1

2esSB~TZ0

4 2Te
4!, ~A3!

whereLv is the latent heat of evaporation,e is the emissivity
from the liquid surface,sSB is the Stefan-Boltzmann con
stant, TZ0

is the temperature of the liquid/vapor interfac

and Te is the temperature of the surroundings. The kine
theory of evaporation into vacuum yields the condition33
ys

y

tt.

M
e

in
-

he

y,

e

,

c

dZ0

dt
5

1

r l
A M

2pRg
TZ0

C20.53102~A/TZ0
!1B, ~A4!

whereRg is the universal gas constant,M is the molar mass,
andA,B,C are constants determined experimentally.

On the pc-Si/l -Si interface we have the heat balance co
dition

rpcLm,pc

dZ1

dt
5KpcS ]Tpc

]x D
x5Z1~ t !1

2Kl S ]Tl

]x D
x5Z1~ t !2

,

~A5!

whereLm,pc is the latent heat of melting of pc-Si,Z1(t) the
position of the pc-Si/l -Si interface, and the kinetic conditio
can be expressed schematically in the form

dZ1

dt
5C1~TZ1

2Tm,pc!, ~A6!

whereTZ1
is temperature of the pc-Si/l -Si interface,C1 is a

constant, andTm,pc is understood as the equilibrium meltin
temperature of pc-Si.

Finally, on the XC front we can write the conditions

raLXC

dZ2

dt
5KpcS ]Tpc

]x D
x5Z2~ t !2

2KaS ]Ta

]x D
x5Z2~ t !1

,

~A7!

dZ2

dt
5C2~TZ2

2TXC!>0, ~A8!

whereLXC is the heat released during explosive crystalliz
tion ~see the description of the physical model!, Z2(t) is the
position of the XC front,TZ2

is the temperature of the XC

front, C2 is a constant, andTXC is the equilibrium crystalli-
zation temperature. The velocitydZ2 /dt of the XC front is
assumed to be always positive because the character o
described in the paper excludes the reverse transition f
pc-Si to a-Si in this way. The other boundary condition
and initial conditions are formulated in a standard way
cording to the experimental setup.
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