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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 nmm&hick 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[S0163-18208)06001-9

l. INTRODUCTION which was observed earlier by Leanet all® for germa-
nium.

In the beginnings of mathematical modeling of phase The increasing technological interest in pc-Si formed
change processes in amorphous semiconductors, there wafr@am amorphous layers in the last few years also led to an
lot of confusion about the values of the thermophysical anceffort to improve the theoretical knowledge of various states
optical parameters used. First modédee Refs. 12em-  of a-Si and its transient phases, and new structural models of
ployed the same thermophysical and optical data for amora-Si appearedsee Refs. 11,12 which made it possible to
phous silicon(a-Si) and for the monocrystalline silicon express the contribution of defects to the thermodynamic
(c-Si), and could not explain, for instance, the experimen-Properties of-Si, for instance. Owing to the fact how much
tally measured significantly lower values of the melting on-&xtensive work on pc-Si has been done in the last few years,

set temperatufeand longer melt duration timédor a-Si it can be anticipated that more precisely formulated transfor-
compared to the-Si specimens. mation mechanisms may appear in the near future.

Webber, Cullis, and Chetvmade an important step to- . "Ma:hem‘?'c"g. |I”nodels orl:'l?]semnlgutcid '.””f'“”g andtct:]ys—
wards a more correct physical model afSi melting and allization ora-si layers which would take into account the

. . : : real physical properties of pc-Si were formulated only
found two main reasons of considerable discrepancies be arsely in the past. The paper bgréy et al’3 belongs to

i . )
tween the modeled and experimental data, namely, mpropqﬁoe very few attempts in this direction. The authors presented

values of thermal conductivity and melting temperature 0fhere a model which takes variations of the grain size of the

a-Si employed in the previous models. The thermal Conduc'resulting pc-Si, depending on the type of the phase change

tivity yalues fora-Si estimated in_Ref. 5 were two orders of process, into account. The unknown material properties of
magnitude lower than those forSi as a logical consequence pc-sj such as the thermal conductivity and phase transition
of the disordered structure @FSi and strong phonon scat- temperatures were obtained as a result of matching the ex-
tering, and the melting temperature &fSi was estimated to  perimentally determined and numerically simulated data of
lie several hundreds of Kelvin under the melting temperaturgime-resolved reflectivity. However, solely the comparison
of ¢-Si. The findings of Webber, Cullis, and Cheabout the  with the experimental data of the same research group was
thermophysical data o@-Si were soon confirmed and sig- done here, and no extensions of the numerical model beyond
nificantly extended by the measurements and calculations iyis point were performed.
Lowndes, Wood, and Naray&n. In this paper, we employ basically the same model as in
Further experimental investigations of laser-irradiatedRef. 13, with only slight modifications in the physical justi-
a-Si layers on thec-Si bulk using transmission electron mi- fication, namely, the explosive crystallization front is defined
croscopy and time-resolved conductiVity revealed the ex- more correctly as a discontinuity surface representing the
istence of polycrystalline silicoipc-Si layers with various  thin liquid layer propagating into tha-Si layer (we talked
structure and grain size which also varied in the depth proabout the solid-state crystallization process in this respect in
file, depending on the energy density of the pulse and initiaRef. 13, and the material parameters of pc-Si employed are
thickness of the-Si layer. The complicated structure of the specified more accurately than in Ref. 13, which was
pc-Si layers was ascribed to the explosive crystallizatiorachieved as a result of further optimization work done within
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the last two years. Therefore, this paper has two main aimsion of laser light and release bfc, leads to the melting of
The first is to demonstrate the ability of the model to simu-the FG pc-Si layer formed by XC, which is modeled in a
late a relatively wide range of experimental situations and tGimilar way as the melting of monocrystalline silicésee
give some numerical results which might be useful to theref. 15 for details We employ a nonequilibrium model of
experimentalists, such as the temperature fields, time devegbc-Sil-Si phase transition here as well and introduce the
opment of interface positions, and velocities andequilibrium melting temperature of pc-Siy, pc, defined as
overheatings/undercoolings. The second is a comparison @he temperature at which the pciSBi interface velocity is
our results with independent experimental data measured yqual to zero.
other experimental groups and a verification of the model for The vaporization from the surface, which takes place at
other experimental situations. sufficiently high temperatures, is modeled using a simple ki-
netic theory of evaporation into vacuum as most of the ex-
perimental work is performed under vacuum conditions. This
process can also be considered as a nonequilibrium one in
The theoretical model of pulsed-laser induced phaséhe sense of how the nonequilibrium processes in the other
change processes &Si employed in our simulations was phase transitions were defined since the vapor pressure is a
briefly described in Ref. 13, but without any detailed physi-function of the surface temperatulg, and therefore the
cal justification. Therefore, we give some more physical deinterface velocity is a function of as well.
tails here. A brief version of the mathematical model already When the position of thé-Si/pc-Si interface reaches its
introduced in Ref. 13 is included in the Appendix for the maximum value, the melting process stops due to the de-
convenience of the reader. crease of the absorbed laser energy, and the crystallization
We assume the following mechanism of phase changéom the |-Si/pc-Si interface begins. The grain size of the
processes ira-Si. The solid material is heated without a newly formed pc-Si may differ from that of pc-Si bulk since
phase transition until the surface reaches the temperatuibe process may be running at a different temperature and a
which is high enough to initiate melting of a thin layer near different velocity of the interface than XC. Therefore, the
the surface. This liquid layer begins to resolidify as pc-Sivalues of thermal conductivity, density, and specific heat
immediately, and, as the latent heat released during resolidimay be different from those used before. Also, the latent heat
fication is higher than that of melting @-Si, the tempera- of crystallization,L ., released during this process need not
ture of the newly formed pc-Si layer increases above thée generally equal to the latent heat of melting of pc-Si,
melting temperature o&-Si. The amorphous material thus Lm ., and, similarly, the equiliborium temperature of the
begins to melt. However, this new liquid layer is severelyl-Si—pc-Si transition need not be generally equal to that of
undercooled with respect to the pc-Si state and resolidifiethe opposite phase transition. The newly formed pc-Si de-
immediately as fine graifFG) pc-Si. This mechanism of scribed above will be called large graibG) pc-Si.
phase transitions results in the propagation of a very thin Eventually, thel-Si/pc-Si interface reaches the surface
liquid layer through the amorphous material as a result of theind the crystallization is completed. In the general case, we
difference between the latent heaf, , of melting of a-Si ~ then arrive at the following structure of the sample: just be-
and the latent hedt , of crystallization of pc-Si. This pro- low the surface, i Zgfin,Z1 mad, WhereZq g, is the final
cess is called explosive crystallizatiodC). position of the surfaceZ; max is the maximum thickness of
The absorption of the laser energy near to the surface dhe molten layer, we have the secondary pc-Si layer created
the sample leads to a further fast increase of the surfackom the melt pool. The underlying primary pc-Si layer
temperature of pc-Si, which reaches the melting temperatureriginating from the explosive crystallization, which can
of pc-Si soon. Thus, a phase interface betwe&nand pc-Si  generally have a different grain size, occupies the region
appears which moves into the sample. With the temperatueZ1 max.Z2,maxd, WhereZ, na«is the final position of the XC
increase of the surface due to the intensive absorption dfont. The remaininga-Si and the substrat@isually quarty
laser energy in the liquid, as compared with that in the solidie beyondZ; ..
material, the evaporation from the surface may become im-
portant as welt’ , , , IIl. NUMERICAL SIMULATIONS
In the mathematical formulation of explosive crystalliza-
tion, we utilize the fact that the propagating liquid layer is  The computational implementation of the mathematical
very thin, and replace it by a discontinuity surface where thenodel was done using the Galerkin finite element method
difference between the latent heat of crystallization of pc-Sisee, e.g., Ref. 36and a computer code FORTRAN 77was
and the latent heat of melting @-Si, Lyc=Lpc—Lma, is  developed. In the numerical calculations, we simulated the
released. In what follows, this discontinuity surface will be irradiation of a-Si layers on fused quartz substrate by an
called the XC front. The process of XC has a nonequilibriumXeCl laser{ 28 ns full width at half maximuntFWHM), 308
character as it is quite apparent that the temperature of them]. The initial thickness of tha-Si layerA varied from 50
thin liquid layer depends on its propagation velocity which isto 8000 nm, the laser energy densEywas in the range
proportional to the amount of heat released during XC[0.05—1.00 J cn].
Therefore, we employ a nonequilibrium model in describing The material parameters ¢fSi anda-Si in our math-
the movement of the XC front, and introduce an “equilib- ematical mode(see Appendixwere taken from the follow-
rium explosive crystallization temperatur@c at which the  ing sourcesi(a) ¢, from Ref. 17,(b) p, and all the optical
velocity of the XC front is equal to zero. parameters of-Si from Ref. 18,(c) K,(T) from Ref. 19,(d)
Further surface temperature increase, due to both absorghe parameteré,B,C from Ref. 20,(e) L, from Ref. 21,(f)

II. PHYSICAL MODEL
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FIG. 1. Time histories of the surface temperatures for
=100 nm and various energy densities.

K, andc, from Ref. 5,(h) p, from Ref. 22,(i) the refraction
indexn,(T) and the extinction coefficiemd,(T) from Ref. 9,
(j) Ly q from Ref. 23.

Since, to our knowledge, no analogous data for pc-Si hav

been published in the open literature, we had to use estF
mated values in the model calculations. We assumed th
density and specific heat of pc-Si to be equal to the values 0
monocrystalline Si and took them from Ref. 17, the same.
e

approximation was also used for the refraction index and th
extinction coefficient at 308 nm and the data were take
from Ref. 18. Fon,. andk,. at 633 nm of FG and LG pc-Si,
the estimates by Lowndet al® were used. For the coeffi-
cientsC,, C, of the interface response functions from Egs.
(A6), (A8), we took the measured values for pc-Si from Ref.
24 and fora-Si from Ref. 25, respectively. The equilibrium
explosive crystallization temperatuiig,c was chosen to be
equal to the melting temperature of as-implan&e8i from
Ref. 26, Txc=1200 K. The remaining material parameters
Kpcs Lpe: andLyc, which may also change with the varying
grain size of pc-Si, were determined by a fitting procedur

with the model described in the Appendix. The main crite-
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FIG. 2. Time histories of the substrate temperatures Aor
=100 nm and various energy densities.

the figure. The sharp peaks in the first part of thgt)
curves forE=0.10 J cm? correspond to the onset of explo-
sive crystallization, which is accompanied by a fast release
Bf latent heat contributing temporarily in the near-surface
egion to the main heat source, which is the absorption of
ser light.

The histories of the substrate temperatures in Fig. 2 can
Ip us to monitor the extent of the phase change processes
in the thin silicon layer. We can see here that fér
=0.15 Jcm? the whole a-Si layer underwent explosive
crystallization to pc-Si during the pulse as the substrate sur-
face temperature exceedég-. The development of the ex-
plosive crystallization in the-Si film is illustrated in Fig. 3
more clearly, where the histories of the XC front position are
plotted in dependence on the energy density.

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

rion in our fitting procedure was to achieve the agreement

with the experimental data in the melt duratidhsithin the
margin of £5%. The results of our fitting procedure can be
summarized as follows. In the XC phase, we obtained for th
FG pc-Si Lxc=185 J/g, Lyc=LxctLma=1505 J/g, Ky
=0.05 W/emK, T,.=1500 K, while for the LG pc-Si
formed by the crystallization from the melt pool we have
Lpc=1700 J/g,Kpc=0.10 W/emK, T,.= 1500 K.

The evaluation of our computational experiments can b

conveniently split in two basic parts characterizing the influ-
ence of the two most important parameters of the process,

the pulse energy density and the initial thickness of the
a-Si layerA. For the illustration of the influence & on the
basic characteristic parameters of the prodeseh as the

temperature field, interface positions and velocities, melt du-

ration, etc) we have chose®\=100 nm which is a usual
experimental value.
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Figure 1 shows the time histories of the surface tempera-

turesT¢(t) for low values ofE. The explosive crystallization
thresholdEyc=0.10 J cm? can be clearly distinguished in

FIG. 3. Dependence of the position of the XC front on the
energy density foA=100 nm.
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FIG. 4. Dependence of the velocity of the XC front on the  FIG. 6. Time histories of the surface temperatures Eor
energy density foA=100 nm. =0.45J/cd and the initial thickness ofa-Si layer A
€[50 nm,350 nnh.
tioned. The sudden decrease of interface velocities following
this peak is due to the fact that the XC front quickly moves

T o ~2
deeper into the film and the latent heat release is shift%%urve for the energy densitg=E,. For E=0.40 J cm*,

somewhere into the region near to the absorption length e maximum thickness of the molten Iayer ex_ceAdsand
therefore the quartz substrate melts. In Fig. 5, it may also be

the XeCl laser [,..s~42 nm), where the intensity of laser i .
loc s ) y seen that forE=0.60 J cm? the final parts of theZ,(t)

light absorption significantly decreases. This is also docus e . L
g P g 4 urves do not coincide with zero. This is a consequence of

mented by the small step in the increasing part of the XCCh . . le of on for higher | )
front position vs time curve foE=0.10 J cm? in Fig. 3, the increasing role of evaporation for higher laser energies.

which roughly equals the value 6f.s. Belowl . heat The influence of the initial thickness of tleSi layer A

conduction together with the release of latent heat becom@” the course of the phase change processes is shown in the

the only heating mechanisms, the movement of the crystalli-s_egarédJ/gr%OUp of figures for the energy densify

zation front slows thus down, and later stops as the heaf “:|

sources are insufficient to keep the interface temperature "19ure 6 shows the surface temperatures for low values of

aboveTyc . A. Th_e temperature maxima increase S|gn|f|canftly Wlth_de-
Figure 5, showing the positions of the pciS®i inter-  CréasingA for A<150 nm. This fact can be explained using

face, can help us to identify the melting threshBld, which f[he histories of pc-SifSi interface positions in Fig. 7 show-

for the chosen value of the initial thickness of thei layer ~ Ng that forA<150 nm the quartz substrate melts. The melt-

was E,,=0.15 J cm2. This can also be observed in Fig. 1 ing temperature of quartz is higher than that of silicon, and
wherema small pIateéu appears at about 1500 K orTtfie " therefore the entire process takes place at higher tempera-
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FIG. 5. Dependence of the position of the pctS#i interface FIG. 7. Dependence of the position of the pctS#i interface

on the energy density fok=100 nm. on thea-Si layer thickness foE=0.45 J/cr.
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layer thickness foE = 0.45 J/crA. FIG. 9. Melt duration as a function of energy densityand

initial thickness of thea-Si layerA.

tures. In addition, the latent heat of melting of quartz is ap-
proximately seven times lower than that of pc-Si and mor
laser energy absorbed in the material can be spent for heati

ain reason for this behavior lies in the fact that the thermal
Ig:émductivities ofa-Si and quartz are apparently very similar.

the liquid. The logical consequence is the fast temperature It is useful to_ know some of the characteristic paramef[ers
increase in the liquid documented in Fig. 6. This explanatiorPf the process in dependence on both the energy deBsity
is also supported by Fig. 7 showing that the maximum thick-and the initial thickness of tha-Si layerA, mainly for tech.-
ness of the molten layer does not increase dramatically witffological reasons. To these parameters, the melt durggion
decreasing\ despite the low latent heat of melting of quartz. SPOWn in Fig. 9 belongs, for instance. S

The computational results for higherSi layer thick- In the region of low-energy densitie§=<0.60 J cm*,
nesses show that the surface temperature histories are uni}€ surface melt duration increases with decreasimggner-
fected by the initiab-Si layer thickness foA>1000 nmand ~ ally: However, we can see that tig,(E) curve for A

the substrate temperatures become independeAt fof A =100 nm is above the remaining ones in the whole range of
>2000 nm. The value oA=1000 nm is roughly consistent low-energy densities, while the curves fae=230 and 500
with the heat-diffusion length nm almost coincide folE<0.30 Jcm?, and those forA

=500 andA= 1000 nm coincide even up to0.60 J cm?2.
This fact can be explained by the extent of explosive crys-
ly=\/—t tallization. For a lowA, the explosive crystallization is fin-
pc ished very fas{see Fig. 8 because the whola-Si layer is
crystallized; for higheA it takes logically a longer time. The
where t, is the time interval {,~500 ns), which is thickness of the pc-Si layer is then the decisive factor for
~1100 nm for pc-Si and-3000 nm forl-Si (the maximum  heat transfer in the heating phase as the thermal conductivity
thickness of the molten layer is150 nm for these values of of pc-Si is several times higher than that of the quartz sub-
A). The difference in the limiting values &k for the sub- strate. Consequently, in a certain range of energy densities,
strate and for the surface temperatures can be explained ligr low values ofA the quartz substrate prevents the fast heat
the release of latent heat during XC deeper in the layememoval from the near-surface region, the temperature in this
Figure 8 shows that the explosive crystallization front alwaysegion increases, the melting process is fagsee Fig. 7,
reaches the substrate surface fo=500 nm, whereas for and also surface melt duration is longer.
A=1000 nm it stops at abow,=600 nm. Therefore, for ForE=0.60 J cm?, the situation is changed. We can see
higher values ofA the deeper layers are heated only by thethat thet,,(E) curve for A=100 nm looses its increasing
heat conduction which is slower &Si and quartz than in character and the melt duration begins even to decrease
pc-Si. Taking into account that in this case the heat-diffusiorslowly with E increasing. The main reason for this behavior
length fora-Si is ~500 nm, it can be stated that also the can be found in the increasing effect of evaporation. As the
substrate temperatures are consistent with the concept &itent heat of evaporation of Si is approximately eight times
heat-diffusion length as foA=1000 nm we haveA—Z, higher than the latent heat of meltinga{Si, the evaporation
~400 nm, which is still withinl,;, while for A=2000 nm  process is very demanding energetically and a substantial
we have A—Z,~1600 nm, which is already three times part of laser energy is spent for evaporation. In a combina-
larger thanl . tion with the low thermal conductivity of the quartz substrate
Regarding the study of the dependence of other importarthis results in slowing down the melting process, which for
parameters on the initial thickness of theSi layer A, our  these laser energies and in the key time intervat-&0 to
calculations showed that both the explosive crystallization~100 ns, when evaporation is most important, occurs deep
and melting threshold were basically independenfofThe  in the quartz substratd=ig. 5.



IV. DISCUSSION

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

In the laser-controlled processes where phase changes
take place, the most frequently used experimental techniques
which might lead to results directly comparable with compu-
tational models are the time-resolved reflecti\ifRR) and
time-resolved conductivityTRC) measurements. TRR mea-
surements can be simulated numerically with only slight
modifications of our mathematical model. It is sufficient just
to modify the procedure for calculating the reflectivity of the
primary lasersee Appendixfor the wavelength of the probe

0.80

ity

1V1

0.70

0.60

HeNe laser reflect

laser beam(a HeNe laser, 633 nm, in most experimental A=100 nm.

setups. The simulation of TRC measurements is also
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FIG. 10. Simulated TRR curves for HeNe probe laser beam and

straightforward. It consists in utilizing the Kirchhoff Laws shape of the curves is in good qualitative agreement with the
together with the calculated melt depths and temperaturexperimental TRR curves from Ref. 28. Also, the melting
fields. Both TRR and TRC provide similar information and thresholdE,,=0.15 J/cn obtained in our numerical experi-

they can identify the appearance and duration of the moltefents is in very good agreement with the measured value
phase. The measured melting thresholds and melt duratiofgom Ref. 28, which wa&,,=0.16 J/cm.

can then be compared with the numerical results.

We achieved, however, very poor agreement in the melt

TRR measurements may also help us to identify the apgurationst,, as shown in Fig. 11, which is not very surpris-
pearance of pc-Si after transformation from the amorphougg as the explosive crystallization front reaches the substrate

phase since the optical properties @fSi and pc-Si differ

surface already & ,=0.15 J/cm and after that the differ-

significantly. Under these conditions, the jump changes onces in the thermophysical properties of the substrate must
the complex refraction index in the region just below thepecome important.

sample surface can lead to substantial additional reflections Therefore, we performed the numerical experiments with

which are well within the detection limits.

exactly the same substrate as in Ref. 28. However, also in

In mathematical modeling of processes where various silithjs case the differences in melt durations were still remark-
con phases appear, it is necessary to take into account th@le, typically 20-30% for most energy densities as shown
significant uncertainty in the thermophysical data that dejn Fig. 11. As we already noted, one of the possible reasons
pend on the grain size, which may not be known with afor this might be the difference in the grain size of pc-Si

sufficient accuracy. It was already mentioned in the begin-
ning of the previous section that some of the pc-Si data for
our model were obtained by a fitting procedure on the basis
of our experimental TRR data. These data need not generally
characterize all situations which can appear in the laser irra-
diation of a-Si because the final grain size might depend on
energy density and initisd-Si layer thickness, and possibly
also on the substrate.

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

We will illustrate such an application of our model to
different experimental conditions for the experimental data
of Im, Kim, and Thompsof? which were obtained foa-Si
layers of thickness 100 nm deposited onto oxidized Si sub-
strates with 100 nm thick SiQOlayer, and almost the same
XeCl excimer lase(30 ns FWHM, 308 nmas in our nu-
merical experiments.

Figure 10 shows the simulated TRR curves far
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FIG. 11. Calculated melt duration as a function of laser energy
density for the oxidized silicon substrate as in Ref. 28 and various

=100 nm and low-energy densities. All curves clearly ex-values of thermal conductivity of pc-Si, compared to the experi-
hibit the initial oscillations indicating the explosive crystal- mental data of Im, Kim, and ThompsdRef. 28 and to the calcu-
lization observed experimentally in Ref. 28 and also theations with the quartz substrate.
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limiting features generally: it is constructed as one-
dimensional and assumes the solidification of the melt pool
only in the form of crystallization from the phase interface.

—
o
(=]

— 040 Jcmj The one dimensionality originates from the physical situ-

00t @~ 0.38 Jem ation in most experimental setups for laser irradiation of
g'gg jzﬁz semiconductors: the laser spot has the area of severd) mm
80 - 0.25 Jem® while the laser-affected depth usually does not exceed sev-
..... 0.20 Jem™ eral um. For well homogeneous laser beams used in recent

experiments it looks like a reasonable approximation. How-
ever, for the situations where a remarkable lateral growth can
be initiated, as were those in Ref. 28, this approximation is
no longer valid.

The solidification from the interface is a good approxima-
tion for the processes where the undercooled liquid does not
stay at the low temperatures long enough for initiating the

=
—

(=]
=4

pc-Si/l-Si interface position (nm)
(=)
(—]

0 : nucleation process. This need not be true for instance in the
0 50. 100 150 region of high-energy densities, where th8i layer can stay
Time (ns) at the undercooled temperatures for several hundreds of
nanoseconds, which may be sufficient for starting nucleation.
FIG. 12. Calculated position of the pc-BiBi interface for the It has been shown experimentallyee Refs. 29,30also
oxidized silicon substrate as in Ref. 28 andE  that heterogeneous nucleation can appear in certain situa-
€[0.20 J/cd,0.40 J/crA], K,;=0.05 W cmi K™%, tions, which can result in the solidification from the surface,

) , ) where it is initiated at the residual impurities. Nor is this
between the experiments done by @ﬁa(Wthh were  sjtuation included in our model, which does not take any
employed for fitting the thermophysical properiiesnd those  form of nucleation into account.
performed by Im, Kim, and Thompsdf.Hence, we also
show three additiondl,(E) curves in Fig. 11 calculated for
higher thermal conductivities of pc-SK,.=0.10 W/icm K, V. CONCLUSION
0.20 W/em K, and 0.30 W/em K. Least-squares based com- g nonequilibrium mathematical model of laser-induced

parisons of experimentaly,.;) and calculatedtt,;) melt  yhaqe change processesairsi thin films formulated in this
durations show that the representative deviatiD — paper can describe explosive crystallization, melting, evapo-
=1UnVE" (tmi—tmei)? is really better for Kpe  ration, and solidification from the solid/liquid interface.
=0.10 W/cm K than forK,.=0.05 W/cm K (D¢ 1,=4.08, The model can reproduce a variety of experimental data
Doos=6.3) but remains almost the same foK,. measured at laser irradiation of amorphous silicon layers,
=0.20 W/cm K Dg,;=4.01), since the computations with such as the explosive crystallization threshold, melting,
Kpe=0.10 W/cm K achieve better agreement with experi-threshold, surface melt duration, and maximum thickness of
ments for low E (E<0.25 J/crd), while those with Kpe the molten layer for various experimental setups. It can also
=0.20 W/cm K are better for higheE. Calculations with  provide some data which cannot be obtained experimentally
Kpe=0.30 W/em K (which is almost equal to the high- although they are very important both for experimentalists
temperature thermal conductivity of monocrystalline silicon and theoretical physicists, e.g., the temperature field in the
resulted in only slight differences as compared with those fotayer, the time history of melting, and solidification veloci-
Kpe=0.20 W/icm K D¢ 30=4.55). ties and the temperature of the phase interfaces.

The sudden increase of melt duration betweEn Although the application of the model is limited to the
=0.38 J/crd andE = 0.40 J/crd observed in the experiments homogeneous phase change processes which can be consid-
of Im, Kim, and Thompsogrﬁ‘ could not be reproduced by any ered in the one-dimensional approximation and the model
simple data fitting in our model. To explain this fact we does not take nucleation effects into account, it has been
employ the calculated pc-$iSi interface position histories Shown that it can achieve a good agreement with measured
depicted in Fig. 12, where it is shown that fdE data in a variety of experimental situations.
=0.40 J/crf the melt front reaches the substrate surface and In connection with experimental data from TRR and TRC
the whole Si layer is fully melted. This confirms well the measurements, the model is also capable of providing rea-
hypothesis of Im, Kim, and Thompsththat the range of sonable estimates of such not commonly measured thermo-
energy densities just belo#=0.40 J/crd, where this sud- Physical and optical parameters of pc-Si layers as are the
den change ot,, appears, is the region of near-completeth?fm_a| conductivity, latent hea‘g of ;olldlflcatlon, and reflec-
melting of the film. As the unmelted Si film can no longer be tivity in dependence on the grain size.
considered as a continuous layer in this situation and signifi-
cant lateral growth may occur due to the existence c_)f small ACKNOWLEDGMENTS
solid seeds near to the substrétethe one-dimensional
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APPENDIX A: MATHEMATICAL MODEL dz, 1 M

220 _ C-05 —(A/Tz )+B
The mathematical model of phase change processes in dt p 2mRy Tzo x10 o (A4)
a-Si employed in this paper can be formulated in the follow-
ing way (see Ref. 18

Supposing the one-dimensional heat conduction to be th

dominant mode of energy transfésee Refs. 15,31 for a

whereRy is the universal gas constaiM, is the molar mass,
andA,B,C are constants determined experimentally.
On the pc-Sil-Si interface we have the heat balance con-

detailed justification of this treatmentwe can write the en- dition
ergy balance in the form dz, T aT,
aT, . i - X Ppcl-m,pcﬁ: el “gx R =K X o )
Ci— = — i — |+ = R ALY =40
piCi—r = o | Ki 7| +S(x.1), i=l,pca,sh, (A5)
(A1)

whereL, o is the latent heat of melting of pc-S£,(t) the

wherep is the densityc the specific heafl the temperature, position of the pc-SI-Si interface, and the kinetic condition
K the thermal CondUCUVlty, the indices pa,l mean the can be expressed Schematica”y in the form

polycrystalline, amorphous and liquid phases, respectively,
the indexsb means the substratesually fused quarjz dz,
The volume heating terng, arising due to the laser irra- chl(Tzl_Tm,pc)’ (A6)
diation can be expressed in the fdfm
whereTz1 is temperature of the pc-$i/Si interface,C; is a

X . - . .
S(xt)=[1— R(t)]a(x)lo(t)Xexp( _f a 77)d77>, constant, and , . is _understood as the equilibrium melting
Zo(1) temperature of pc-Si.
(A2) Finally, on the XC front we can write the conditions
wherel o(t) is the power density of the pulgpower per unit dz JT JT
ared, a=a(Xx) is the optical absorption coefficien®R PaLXC_2: pc( pc) — Ka(_a) ,
=R(t) is the reflectivity calculated using the known values dt IX |y 7 ) 24 x=Z,(1).,
of the refractive indicem; and extinction coefficient; (A7)
(which are temperature dependentcording to the proce-
dure described in Ref. 32, arg}(t) is the time-dependent dz,
position of the surface of the samglajuid/vapor interface at Cz(TZZ_Txc)BO’ (A8)
The heat balance condition on the liquid/vapor interface
can be expressed as whereLyc is the heat released during explosive crystalliza-
tion (see the description of the physical modéel,(t) is the

_ GO'SB(TL%O_T;‘): (A3) position of the XC front,Tz2 is the temperature of the XC

X=Z(t) front, C, is a constant, andiyc is the equilibrium crystalli-

zation temperature. The velocitlZ,/dt of the XC front is
whereL, is the latent heat of evaporatioais the emissivity  assumed to be always positive because the character of XC
from the liquid surfacegsg is the Stefan-Boltzmann con- described in the paper excludes the reverse transition from
stant, Tz, is the temperature of the liquid/vapor interface, pc-Si to a-Si in this way. The other boundary conditions
and T, is the temperature of the surroundings. The kineticand initial conditions are formulated in a standard way ac-
theory of evaporation into vacuum yields the condition cording to the experimental setup.
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