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Transmission-electron-microscopy observations reveal that the controlled solid-phase crystallization
of amorphous Si thin films, which is exclusively initiated at the artificial nucleation sites, results in
a log-normal size distribution of crystallites. The experimental observations can be fully described
by a nucleation and growth theory developed by considering the interaction between the dynamics
of nucleation and growth and that of the nucleation site depletion. Contrary to prevalent views, the
formation of log-normal size distributions in phase transformations thus can be a consequence of the in-
terplay between the dynamics of nucleation and growth and that of the nucleation site depletion, without
involving any coarsening process. [S0031-9007(99)08773-6]

PACS numbers: 64.60.Qb, 64.70.Kb, 81.10.Jt, 81.30.Hd

Polycrystalline thin films are essential for advancedcleation site depletion, without involving any coarsening
applications to the modern electric, optic, and magneti@rocess. This is accomplished by inducing the nucleation
devices such as Si-based thin-film transistors, solar energynd growth of Si crystallites at artificially created nuclea-
converters, and magnetic recording media. Critical tdion sites ina-Si thin films. Only a single crystallite nu-
the success of such applications is that the dimensiooleates and subsequently grows at each artificial site; the
of the crystallites and their size distribution be well sites are periodically placed in planes of the films. All
controlled [1-5]. This is especially true of the minority- of the nucleated crystallites continue to grow by incor-
carrier devices with the highly recombination-active grainporating Si atoms from the remainingSi phase, with-
boundaries between the crystallites. out the shrinkage and disappearance associated with the

Solid-phase crystallization of amorphous thin films iscoarsening process, which is the classical origin of log-
one of the effective methods to obtain highly tailorednormal CSDs [10,11]. In addition, this novel experiment
polycrystalline thin films. However, a fundamental under-allows us to easily exclude coalescence of the crystal-
standing of the amorphous-to-crystalline transformation idites. The observed log-normal CSD and its dynamic evo-
still far from complete. Particularly, the dynamic evolu- lution are fully consistent with a nucleation and growth
tion of the crystallite-size distribution (CSD) during the theory also presented herein. Thus our results reveal an
phase transformation has been under investigation. In thaternative origin of log-normal CSDs which can often
early stages of the nucleation and growth, the dynamibe observed in many technologically significant phase
evolution of the CSD exhibits a universal power-law be-transformations.
havior [6], which has been experimentally observed in The controlled solid-phase crystallization @fSi thin
the solid-phase crystallization of amorphoug&iSi) thin  films with the artificial nucleation sites was executed
films [7]. The universal power-law behavior is valid be- as follows [12]. 100-nm-thicka-Si films were first
fore the depletion of the nucleation sites becomes signifideposited over Si@coated Si wafers at a temperature of
cant. The intrinsic depletion of the nucleation sites during823 K, at a deposition rate afg x 1072 nms !, by low-
the nucleation and growth leads naturally to a nonlineapressure chemical-vapor deposition using silane gas under
effect in the subsequent evolution of the CSD. Althougha pressure of 40 Pa. Sions were uniformly implanted
it was suggested that the interplay between the dynamidato the films at an accelerating energy of 70 keV and
of nucleation and growth could give rise to a log-normalat a dose of#4 X 10'> mm~2. Then the Si ions were
CSD [8,9], no definite experimental evidence has been olimplanted again at the same energy but at a higher dose
tained excluding involvement of coarsening of the crystal-of 2 X 10'> mm~2, locally into the films except for small
lites in the formation process. masked areas. The small masked areas are circular in

The purpose of this Letter is to demonstrate both exfradius 0f0.33 wm and placed at the square lattice points
perimentally and theoretically that, contrary to prevalentin periods of3 uwm. Finally, the films were isothermally
views, the formation of log-normal CSDs in phase trans-annealed in nitrogen atmosphere at a temperature of
formations can be a consequence of the interplay betwee¥3 K for some periods during which the small circular
the dynamics of nucleation and growth and that of the nuareas served as the artificial nucleation sites.
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Transmission electron microscope (TEM) micrographswvhere f(g, t) is the number concentration of crystallites
in Fig. 1 are the bright-field plan-view images of the composed ofg monomers at a time, ¢(g,t) is the
annealed films, which show the evolution of the controlledsteady-state CSD, and(g,t) is the dynamic factor.
crystallization with the annealing time. Each micrographin Eq. (1b), n(g,r) is the density of the nucleation
covers the area including four of the artificial nucleationsites available at the time whep-sized crystallites
sites which are visible as dark circular areas at the squa ¢ had nucleated,W.. is the free-energy barrier to
lattice points. It is seen a.0 X 10* s [Fig. 1(a)] that nucleation,k denotes Boltzmann constarf, represents
a single dendritic crystallite grows from within each the crystallization temperaturg(g) is the addition rate of
artificial site. The crystallites grow beyond the sites’ areasnonomers intog-sized crystallites, ang.. is the critical
at3.6 x 10* s [Fig. 1(b)], and they are about to impinge size for nucleation. In Eg. (1c); is the period for a
upon the neighbors af.4 X 10* s [Fig. 1(c)]. These near-critical crystallite to pass diffusing across the critical
crystallites are found to be multiply twinned but containregion, A7 is the time to establish the steady state in
the continuous crystalline structures, which indicates thathe subcritical region, and,(g) is the time for a stable
they grow from the single nuclei. It is noted that no crystallite to grow from the right boundary of the critical
coalescence has occurred at least up.4ox 10* s. region tog. The dynamic evolution of the CSD specific

Figure 2 shows the dynamic evolution of the CSDto the present experimental system can be obtained by
which was observed from the samples shown in Fig. 1giving the size (and time) dependencegff), 7,(g), and
The CSDs are represented by the number concentration oafg, ) as below.
the crystallitesf(r), as a function of the effective radius, In the solid-phase crystallization of amorphous mate-
r (=+la,/m), wherea, is the area of the dendritic rials, the addition of monomers into crystallites is deter-
crystallite projected onto the film. The plots indicated mined by the chemical reaction at the interface between
by three types of the discrete markers correspond to thée crystallites and the amorphous matrices. The addition
CSDs at the three annealing times, respectively. It igates of monomers appearing in Eq. (1b) should be pro-
seen that the log-normal CSD shifts toward the largeportional to the surface area of the crystallites as
size with time preserving its log-normal form, but slightly .
broadens reducing its peak height. This observation Ble) = 0S(g), (2)
evidently suggests that the log-normal CSD can arisevhere w is the rate of the monomer addition into the
without coarsening of the crystallites. The solid lines incrystallites per unit area of their surface, affg) is
Fig. 2 are the theoretical predictions from a nucleation andhe surface area of-sized crystallites. For the present

growth theory outlined in the following paragraphs. experimental system using the amorphous thin films,
The dynamic evolution of the CSD beyond the nucleathe crystallites smaller than the film thickness can grow
tion critical region is generally described by [6,7,13] three dimensionally, but after reaching the film surface,
Wiz, 1) — ¥(g,0) the growth is restricted in the horizontal directions.

flg,t) = ¢(g,1) (1a) Considering the general scaling geometry [7,13], the

(g, ) — (g, 0)°

_ l’l(g,l) _% B(g*)
Plg.0 =" exp( kT) ol (1b) g

(g, t) = erfc[l + exp[w“, (1c)
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FIG. 1. Bright-field plan-view TEM images af-Si thin flms  FIG. 2. Dynamic evolution of the CSD in the controlled solid-
annelated at 873 K in nitrogen with the artificial nucleation phase crystallization ad-Si thin films with artificial nucleation
sites, which show the evolution with the annealing time atsites. Three CSDs marked witk, ll, and® are observed in
(@) 2.0 X 10* s, (b)3.6 X 10*s, and (c)5.4 X 10*s. It is the samples shown by (a), (b), and (c) of Fig. 1, respectively.
seen that a single dendritic crystallite grows at each artificialThe solid lines are the theoretical predictions with the depletion
site, and no coalescence has occurred up4ox 10* s. of the nucleation sites taken into account.
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surface area of these crystallites is described by formed into the size space of the effective radius of the
1-1/d < crystallites through the relation gf(r, r)dr = f(g,t)dg
S(g) = {"35’1_3/2;1 SR (3)  with r = (Buig/4m)!/ for g < g, Oorr = (vig/m0)'/?
arg 8= 8¢ for g = gp.
where a3 = (367v})!/? and a, = 2(7v,€)'/2, with v, The theoretical predictions indicated by the solid lines

and¢ being the volume of a monomer and the film thick-in Fig. 2 are obtained from the above theory with the
ness, respectivelyd is the effective dimension control- parameters predetermined as follows. The effective
ling the geometry of the crystalliteg;, is the size at dimension of the dendritic crystallites in Egs. (3) and (4)
which the three dimensionally growing crystallites reachis determined to bé = 3.41 by observing the correlation
the film surfaces. Using the expression given above fobetween the size and the perimeter of the crystallites
B(g), t,(g) [= [*dg'/B(g")]in Eq. (Lc) is thus given by sampled for the CSD [7]. The value fa in Egs. (5)
and (6) is taken to be the atomic density ofSi. The

d g!/d, other nucleation and growth parameters included in

— 8§ =< 8¢ S
| wa3 Egs. (1), (2), (4), and (6) cannot be arbitrarily chosen
(&) =1 g [ gl o(gdrd — g2 either. Fortunately, they are all available from the pre-
— + » 8 =8¢ - - i - i
o | a 3a, vious works in which their values were determined to be

(4) W.=205eV,7=251X10°s, A =120, andw =

. . . 417 X 10> um~2s™! by the nucleation experiments
On the other hand, the density of the nucleation siteggjng ;_sj thin films without the artificial nucleation

available at the time wheg-sized crystallites at had  j;ag [7,13].

nucleated is given by As demonstrated in Fig. 2, our simple theory repro-

n(g,t) = asnons[t — t,(g)]1, (5) duces the experimental results remarkably well, particu-
larly the broadening of the CSD and the reduction of the
peak height with time. It is noted that, if the crystallites

are compact (i.e.d = 3), the CSD should simply shift

where a, is the area of an artificial nucleation site,
no is the initial density of the nucleation sites within

the_ _a_rtifici_al site’s_ area, ands(t)_is the dgnsity of the \uith time, keeping its shape unchanged. Thus, the ob-
artificial sites having no crystallite at It is the most  geped jog-normal CSD, formed without coarsening of the
distinctive feature of the present system that only a singlgysiallites, and its dynamic evolution are explained by
crystallite nucleates at each artificial nucleation site. Thepq present nucleation and growth theory. This ascertains

artificial sites available to the subsequent nucleation arg, depletion of the nucleation sites to be an alternative
being depleted one by one as a new crystallite nucleategnclassical origin of the log-normal CSD.

Therefore (1) decreases with time and is determined by |, the case of the classical origin invoking coarsening

the formation rate of the crystallites as processes, the CSD becomes log-normal only at the

dny(t) dng (1) long time limit when the transformed volume fraction is
o asny(1) dr 0, significant and the distance between the crystallites gets
smaller so that they can interact or coalesce. However,
our new mechanism suggests that the CSD can be log-
n, () = Twasho _%) normal from t_h_e early stages (_)f phase transformations as
JT kT soon as the finite nucleation sites have been depleted. In

" fact, as shown in Fig. 2, the CSD is already log-normal

X |:E1(E€Z/T) — Ei(e) — j| (6)

at 2.0 X 10* s although the crystallized volume fraction
of the sample is less than 2%. 1t is likely that the CSD
is the accumulated number concentration of the stabllas already been log-normal due to the depletion of the
crystallites which have grown beyond the critical region,nucleation sites long before the coarsening starts.
with € = 2¢* [6,14]. Under the initial conditions of Figure 3 shows the log-log plot of the CSDs, in which
ns(0) = n? (the density of the placed artificial sites), the thick solid lines are the same log-normal CSDs as
nl(0) = 0, andny(r) — 0, n.(t) — 0 ast — «, the above those in Fig. 2. The thin solid lines are the corresponding
differential equation is solved to yield CSDs estimated from the present theory providing the
0 nucleation sites were not depleted, and the dotted line
ns(1) = ny X =asna(1)]. (7) presents their steady-state asymptotic limits. It is evident
Thus the CSD and its dynamic evolution in the con-that the observed log-normal CSDs deviate from the
trolled solid-phase crystallization @f-Si thin films with  corresponding CSDs without the depletion of the nuclea-
the artificial nucleation sites are analytically describedion sites in their transient regions and never attain the
by Egs. (1)-(7) considering the interaction between thesteady state. This observation suggests that it is important
dynamics of nucleation and growth and that of theto consider the depletion of the nucleation sites for the
nucleation site depletion. These equations are tranghysics of nucleation and growth in general [15].

Te€

2719



VOLUME 82, NUMBER 13 PHYSICAL REVIEW LETTERS 29 MRcH 1999

L T T o the interplay between the dynamics of nucleation and
growth and that of the nucleation site depletion, without
involving any coarsening process.
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