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We propose a simple and versatile model to understand the deviations from the well-known
Kolmogorov—Johnson—Mehl—-Avrami kinetics theory found in metal recrystallization and
amorphous semiconductor crystallization. We analyze the kinetics of the transformation and the
grain-size distribution of the product material, finding a good overall agreement between our model
and available experimental data. The information so obtained could help to relate the mentioned
experimental deviations due to preexisting anisotropy along some regions, to a certain degree of
crystallinity of the amorphous phases during deposition, or more generally, to impurities or
roughness of the substrate. 99 American Institute of Physid$S0003-695(99)02641-§

The interest in thin-film transistors made of polycrystal- transformatiorf. Therefore, a theory of homogeneous nucle-
line silicon and silicon germanium has been driven by theation and growth is not entirely applicable to the referred
technological development of active matrix-addressed flatexperiments.
panel displaysand thin-film solar cellé.In this context, the The transformation kinetics is also problematic. It is
capability to engineer the size and geometry of grains begenerally accepted that the fraction of transformed material
comes crucial to design materials with the required properduring crystallization, X(t), obeys the Kolmogorov—-
ties. Crystallization of these materials takes place by nucleJohnson—Mehl—Avrami (KJMA) model; according to
ation and growth mechanisms: Nucleation starts with thevhich X(t)=1—exp(-At"), whereA is a nucleation- and
appearance of small atom clustéembryos. At a certain ~ growth-rate-dependent constant amds an exponent char-
fixed temperature, embryos with sizes greater than a criticacteristic of the experimental conditions. Two well-defined
one become stable nuclei; otherwise, they shrink and evedMmits have been extensively discussed in the literature:
tually they vanish. Such a critical radius arises from the comVhen all the nuclei are present and begin to grow at the
petition between surface tension and free-energy density dif€9iNning of the transformation, the KIMA exponentis

ference between amorphous and crystalline phéstsch egual to 2(”.1 twohdlmenjlon}s gnd the nuclef';\tlon IS :ernzje(t'j)
favors the increasing of grain voluingielding an energy site saturation The product microstructure is tesselated by

barrier that has to be overcome to build up a critical nucleust.he so-called Voronoi polygon®r Wigner—Seitz cells On

Surviving nuclei grow by incorporation of neighboring at- the contrar)_/, when new nuclei appear at every s_tep of the
ha. ; . transformationm=3 and the process is namedntinuous
oms, Yyielding a moving boundary with temperature-

. ucleation Plots of log—log(1—X)] against logt) should be
dependent velocity that gradually covers the untransforme(gtraight lines of slopen, called KIMA plots. The validity of

. . : the KImMA theory has been questioned in the last few y®ars,
each other, forming a grain boundary. The final product con-

. . . . .. and subsequently several papers have been devoted to check
sists of regions separated by grain boundaries. This simpl

icture has. h i blems: On th hand th,l‘?in different ways’~® However, those theoretical results still
picture has, however, two problems. Ln the oneé hand, ig, 5,6 gome open questions: For example, an exponent be-

theory of nucleation and growth predicts an energy barrieleeen 2 and 3 is experimentally obtained in two dimensions,
far from the experimental value so nucleation would hardlythe KIMA plots from experimental data do not fit a straight
be probable at available annealing temperatiré® the |inq in some case¥:*'and the connection between geometri-
other hand, it is known that in crystallization of Si over $iO propertiedgrain-size distributionsand the KIMA expo-
substrates, nucleation develops in the SitSi@erface due ant is not clear.

to inhomogeneities or impurities that catalyze the In this letter, we show that these questions may be an-
swered by assuming that nucleation is heterogeneous, not in
dElectronic mail: mario@valbuena.fis.ucm.es a phenomenological way as in other proposed motfdisit
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sticking to the basic ideas due to Cahmand Beck!* The
material is not perfectly homogeneous but contains regions @
with some extra energgregions with some order produced
during deposition, or substrate impuritiest which nucle-
ation is more probable. Accordingly, we introduce a compu- |
tational model consisting of several simple irreversible rules, &
with the additional advantage that it describes simulta-
neously space and time evolution. Furthermore, it allows us
to average over a large number of realizations in very short . {
: . [y 1

computational times as compared to other computer models JAN Tu . n-("('ﬂ e
(see the recent review by Rolletfor an overview of simu- &3
lation models of recrystallization

The model is defined on a two-dimensional lattice
(square and triangular lattices were employeith periodic
boundary conditions. Every lattice sifer node x belongs to
a certain grain or statey(x,t)=0,1,2,.., thestate 0 being
that of an untransformed region. The lattice spacing is a typi- \
cal length scale related to the available experimental resolu- Vol 0
tion. Following the idea that the amorphous phase has t"“"‘%ﬁ{ﬁ‘@‘z‘.‘g

1

owing fhe | = al A O RLYRSAR
dom regions in which nucleation is favored, we choose a [N/l St 1Al
fraction c of the total lattice sites to be able to nucleate. We _ . . _
term these energetically favorable sitpstential nuclei. FIG. 1. Computer S|mu_|at|on obtalr_1ed fc_)r MOEtages of the transformation
. ; . . process on a 250250 triangular lattice wittia) c=1 (homogeneous nucle-
These potential sites may be interpreted as random sites orbgoy n=0.001, andg=0.8 (total run time, 1 8; and (b) c=0.1, n
region where order is present, not just an isolated criticak0.001, andy=0.8 (total run time, 1 &

cluster. Initially,q(x,0)=0 for all lattice sitesx and the sys-
tem eV(_)Ives by parallel upd_ating ac_cordi_ng to the following ¢ ¢, which would in principle mean that growth is by site
rules: (i) A transformed site remains in the same stategyy ration, low values af (large energy barriers for nucle-
[a(x,t+At)=q(x,t)#0]. (i) An untransformedpotential 4451 jead tom=3, as in continuous nucleation.
site may become a new nonexisting stéte., crystallizes Other forms of experimental behavior lead to the occur-
with probability n (nucleation probability if and only if  rence of nonstraight KIMA plots. We argue that this fact
there are no transformed nearest neighbors aroufid tAn may be due, on the one hand, to the decay of the nucleation
untransformed sitéincluding potential sitgstransforms to  ate whenmn< 1, because some potential sites are overlapped
an already existing transformed state with probability by already growing grains; and on the other hand, when the
(growth probability, if and only if there is at least one trans- potential site concentration <1, the grains grow indepen-
formed site on its neighborhood. The new state is randoml)denﬂy for times lower than a characteristic impingement
chosen among the neighboring grain states. time, proportional to the mean grain distance'®/ Figure 2

For the model parameters, we expect a functional formshows this fact for several choices of parametersnd c.
n~e En/keT andg~e~Fo’keT, whereE, andE, are the en-  Note that whem=1, the potential sites nucleate during the
ergy barriers of nucleation and growth, respectively. Hencegarlier stages of the transformation, so the mentioned over-
temperature is implicit in the definition of andg. Figure 1 lapping of potential sites cannot be the cause ofttbieding
shows the microstructure at two different stages for two dif-gf the KIMA plots. Therefore, we must conclude that hetero-
ferent sets of parameters. As we are interested in this letter i@eneous nucleation is not the unique cause of the unexpected

how different nucleation conditions yield different KIMA pending of the KIJMA plots, asn may be affected by
exponents and different microstructures for isothermal ex-

periments, we define a characteristic timas the time that a

grain needs to increase its size by one lattice site, and con- 27 7,

sequently, we can pug=1. The simulation time step is,

therefore, this characteristic time = 0 "2
We have simulated 10001000 triangular and square >|<

lattices and averaged the outcome of 50 different realizations %‘n -2 7

for each choice of parametercharacteristic simulation _.? -

times are about 15—-45 min in a Pentium Il personal com- 5 -4 | /7/ n=1¢=0.001

putep. The main results are the following: ¢< 1, then most = 4 T :fg'f gfg'g?s

sites are potential sites, so new grains are able to nucleate at =6 o 12001 6201

every stage of the transformatigeontinuous nucleation . ‘ .

On the contrary, whee<1, andn=<1, every potential site _8_2 -1 0 1

nucleates at the early stages of the prodsie saturation

Obviously, intermediate values yield a mixed behavior. In- log(t)

terestingly, the mOd_eI _parameters tune the KIMA exponentg 2. kKIma plots for different sets of parameters. The dotted lines rep-
between 2 and 3. It is important to note that for small valuesesent the theoretical slopes 2 and 3.
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1.0 model is its versatility, so other ingredients can be simply
3 O n=1¢=0.001 added to the model rules. We postpone the detailed study of
08 +\ . 0 n=0.001 ¢=0.1 heterogeneous growth or preferential directions to further re-
i , — Theory search. The main conclusion of this work is that the KIMA
0.6 - exponent is not enough to understand and to characterize the
’ crystallization mode in a specific experiment: Indeed, we
have shown that conditions close to site saturation and con-
tinuous nucleation give rise to very similar values rof
K \ Therefore, studies of the grain-size distribution are indis-
0.2 1 pensable to identify correctly the crystallization mode. We
th stress that the model rules are physically meaninglier-
0.0 ——— native proposals can be found in Ref. 19, but are far from
0 1 2 3 4 being physical because they depend strongly on the lattice
A geometry and the site interactionsind lead to experimen-
tally verifiable predictions. Due to its versatility and short
simulation times, it is easy to reproduce a good and nonex-
pensive testbed for the design of materials and structures
with tailored grain size or shape properties.
anisotropies or preferential crystalline directions yielding ] i .
growth or nucleation rates that may change locally through- ~ The authors wish to thank A. Roduez, J. Olivares, and
out the material. This agrees with the fact tatis not a C. Ballesteros for stimulating discussions on experimental

reliable guide to characterize the morphology of the evoIvindbssuesv and E. Maciéor helpful comments. This work has
grains® een supported by CAM under Project No. 07N/0034/98

As we have pointed out, our model provides information(M-C. and F.D.-A), by DGES under Project No. PB96-0119
about microstructure, i.e., number of grains, mean grain are4A-S), and by Contract No. MAT96-04381.R)).
grain-size distribution, and so on. For site saturation, Weire,
Kermode, and Wejchert proposedpaenomenologicaéx- . .
J. S. Im and R. S. Spolisi, MRS BulMarch, 39 (1996.

pression for , grain-size dIStrIbutIOIJlé. P(’_A‘ ) °R. Bergmann, G. Oswald, M. Albrecht, and J. H. Werner, Solid State
=(A")* ta%e AT’ (@), wherea~3.65 andA’=A/A is _Phenom51-52 515(1996.
the reduced area. The mean afeehanges from one process ,R- D- Doherty, Prog. Mater. Sok2, 39 (1997. , ,

. L . . R. Sinclair, J. Morgiel, A. S. Kirtikar, I. W. Wu, and A. Chiang, Ultrami-
to another, but the normalized distribution is the same for all. croscopy51, 41 (1993,
Analogously, in the case of continuous nucleation, a simplesa, . Kolmogorov, Izv. Akad. Nauk SSR Ser. Fiz. Mat. Nalk 355

expression has been propoé@dP(A’)=e_A/. Figure 3 (1937; W. A. Johnson and R. F Mehl, Trans. Am. Inst. Min. Metall. Pet.
shows the good agreement between the simulations of 0ugSth'rﬁiﬁi;isi(é?z{d'\g'_ /g\;rraa"r:: g,h;:sh_ e&g@'&éﬁfggjgﬂ 6221
model and these theoretical predictions. For intermediate- (1995.
ranging parameters, a continuous evolution is obtained fronfV. Sessa, M. Fanfoni, and M. Tomellini, Phys. Rev58 836 (1996.
site saturation to continuous nucleation grain-size distribu—zz\:"-JVO”\“/Z'L'”éii?eanﬁthas”fg’;'\" P;Xsigi\g (153'93828(199@-
tions. We thus have two elements of comparison betwee“’c: W: Price, Acta7MetaII.. Matéleé, 727(1990, énd references therein.
our model and experimental results: the KIMA exponant 1la. D. Rollett, D. J. Srolovitz, R. D. Doherty, and M. P. Anderson, Acta
and the grain-size distributioR(A"). Metall. 37, 627 (1989.

In conclusion, we have presented a simple lattice mode]llzg' \JA'/F(EOS; aan |C tVMT ht%“qszol”'lgzta Metah, 529 (1987.
for crystallization which sheds light on the possible causes ofip’ A_'Beik?'ﬂén? A|MeE1§4 97é (19?'3_
the experimental deviations from the KIMA theory. Thus,®A. D. Rollett, Prog. Mater. Sci42, 79 (1997.
preexisting inhomogeneities in the initial state, such as reiiR- A. Vandermeer, Mater. Sci. Foruii3-115 373(1993.
gions with a lesser degree of disorder or impurities, dramati- D Welre, J. P. Kermode, and J. Wejchert, Philos. Mag5® L101
cally change the product structure and the time developmentp A mulheran, Acta Metall. Materi2, 3589(1994).

of the crystalline phase. One of the remarkable points of out°H. w. Hesselbarth and I. R. ®el, Acta Metall. Mater39, 2135(1991).

FIG. 3. Histograms of the grain-size distribution for different sets of param-
eters.
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