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Alternative Origin of Log-Normal Size Distributions of Crystallites in Controlled Solid-Phase
Crystallization of Amorphous Si Thin Films
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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
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Polycrystalline thin films are essential for advance
applications to the modern electric, optic, and magne
devices such as Si-based thin-film transistors, solar ene
converters, and magnetic recording media. Critical
the success of such applications is that the dimensi
of the crystallites and their size distribution be we
controlled [1–5]. This is especially true of the minority
carrier devices with the highly recombination-active grai
boundaries between the crystallites.

Solid-phase crystallization of amorphous thin films i
one of the effective methods to obtain highly tailore
polycrystalline thin films. However, a fundamental unde
standing of the amorphous-to-crystalline transformation
still far from complete. Particularly, the dynamic evolu
tion of the crystallite-size distribution (CSD) during the
phase transformation has been under investigation. In
early stages of the nucleation and growth, the dynam
evolution of the CSD exhibits a universal power-law be
havior [6], which has been experimentally observed
the solid-phase crystallization of amorphous Sisa-Sid thin
films [7]. The universal power-law behavior is valid be
fore the depletion of the nucleation sites becomes sign
cant. The intrinsic depletion of the nucleation sites durin
the nucleation and growth leads naturally to a nonline
effect in the subsequent evolution of the CSD. Althoug
it was suggested that the interplay between the dynam
of nucleation and growth could give rise to a log-norma
CSD [8,9], no definite experimental evidence has been o
tained excluding involvement of coarsening of the crysta
lites in the formation process.

The purpose of this Letter is to demonstrate both e
perimentally and theoretically that, contrary to prevale
views, the formation of log-normal CSDs in phase tran
formations can be a consequence of the interplay betwe
the dynamics of nucleation and growth and that of the n
0031-9007y99y82(13)y2717(4)$15.00
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cleation site depletion, without involving any coarsening
process. This is accomplished by inducing the nucleatio
and growth of Si crystallites at artificially created nuclea
tion sites ina-Si thin films. Only a single crystallite nu-
cleates and subsequently grows at each artificial site; t
sites are periodically placed in planes of the films. Al
of the nucleated crystallites continue to grow by incor
porating Si atoms from the remaininga-Si phase, with-
out the shrinkage and disappearance associated with
coarsening process, which is the classical origin of log
normal CSDs [10,11]. In addition, this novel experimen
allows us to easily exclude coalescence of the crysta
lites. The observed log-normal CSD and its dynamic evo
lution are fully consistent with a nucleation and growth
theory also presented herein. Thus our results reveal
alternative origin of log-normal CSDs which can often
be observed in many technologically significant phas
transformations.

The controlled solid-phase crystallization ofa-Si thin
films with the artificial nucleation sites was executed
as follows [12]. 100-nm-thicka-Si films were first
deposited over SiO2-coated Si wafers at a temperature o
823 K, at a deposition rate of2.8 3 1022 nm s21, by low-
pressure chemical-vapor deposition using silane gas und
a pressure of 40 Pa. Si1 ions were uniformly implanted
into the films at an accelerating energy of 70 keV an
at a dose of4 3 1012 mm22. Then the Si1 ions were
implanted again at the same energy but at a higher do
of 2 3 1013 mm22, locally into the films except for small
masked areas. The small masked areas are circular
radius of0.33 mm and placed at the square lattice point
in periods of3 mm. Finally, the films were isothermally
annealed in nitrogen atmosphere at a temperature
873 K for some periods during which the small circula
areas served as the artificial nucleation sites.
© 1999 The American Physical Society 2717
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Transmission electron microscope (TEM) micrograph
in Fig. 1 are the bright-field plan-view images of the
annealed films, which show the evolution of the controlle
crystallization with the annealing time. Each micrograp
covers the area including four of the artificial nucleatio
sites which are visible as dark circular areas at the squ
lattice points. It is seen at2.0 3 104 s [Fig. 1(a)] that
a single dendritic crystallite grows from within each
artificial site. The crystallites grow beyond the sites’ area
at 3.6 3 104 s [Fig. 1(b)], and they are about to impinge
upon the neighbors at5.4 3 104 s [Fig. 1(c)]. These
crystallites are found to be multiply twinned but contai
the continuous crystalline structures, which indicates th
they grow from the single nuclei. It is noted that no
coalescence has occurred at least up to5.4 3 104 s.

Figure 2 shows the dynamic evolution of the CSD
which was observed from the samples shown in Fig.
The CSDs are represented by the number concentration
the crystallites,fsrd, as a function of the effective radius,
r s;

p
apyp d, where ap is the area of the dendritic

crystallite projected onto the film. The plots indicate
by three types of the discrete markers correspond to t
CSDs at the three annealing times, respectively. It
seen that the log-normal CSD shifts toward the larg
size with time preserving its log-normal form, but slightly
broadens reducing its peak height. This observati
evidently suggests that the log-normal CSD can ari
without coarsening of the crystallites. The solid lines i
Fig. 2 are the theoretical predictions from a nucleation a
growth theory outlined in the following paragraphs.

The dynamic evolution of the CSD beyond the nuclea
tion critical region is generally described by [6,7,13]

fsg, td  fsg, td
csg, td 2 csg, 0d
csg, `d 2 csg, 0d

, (1a)

fsg, td 
nsg, td
p

p
exp

√
2

Wp

kT

!
bsgpd
bsgd

, (1b)

csg, td  erfc

(
1 1 exp

"
lt 2 t 1 tgsgd

t

#)
, (1c)

FIG. 1. Bright-field plan-view TEM images ofa-Si thin films
annelated at 873 K in nitrogen with the artificial nucleatio
sites, which show the evolution with the annealing time a
(a) 2.0 3 104 s, (b) 3.6 3 104 s, and (c)5.4 3 104 s. It is
seen that a single dendritic crystallite grows at each artific
site, and no coalescence has occurred up to5.4 3 104 s.
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wherefsg, td is the number concentration of crystallite
composed ofg monomers at a timet, fsg, td is the
steady-state CSD, andcsg, td is the dynamic factor.
In Eq. (1b), nsg, td is the density of the nucleation
sites available at the time wheng-sized crystallites
at t had nucleated,Wp is the free-energy barrier to
nucleation,k denotes Boltzmann constant,T represents
the crystallization temperature,bsgd is the addition rate of
monomers intog-sized crystallites, andgp is the critical
size for nucleation. In Eq. (1c),t is the period for a
near-critical crystallite to pass diffusing across the critic
region, lt is the time to establish the steady state
the subcritical region, andtgsgd is the time for a stable
crystallite to grow from the right boundary of the critica
region tog. The dynamic evolution of the CSD specifi
to the present experimental system can be obtained
giving the size (and time) dependence ofbsgd, tgsgd, and
nsg, td as below.

In the solid-phase crystallization of amorphous mat
rials, the addition of monomers into crystallites is dete
mined by the chemical reaction at the interface betwe
the crystallites and the amorphous matrices. The addit
rates of monomers appearing in Eq. (1b) should be p
portional to the surface area of the crystallites as

bsgd  vSsgd , (2)

where v is the rate of the monomer addition into th
crystallites per unit area of their surface, andSsgd is
the surface area ofg-sized crystallites. For the presen
experimental system using the amorphous thin film
the crystallites smaller than the film thickness can gro
three dimensionally, but after reaching the film surfac
the growth is restricted in the horizontal direction
Considering the general scaling geometry [7,13], t

FIG. 2. Dynamic evolution of the CSD in the controlled solid
phase crystallization ofa-Si thin films with artificial nucleation
sites. Three CSDs marked withm, j, andd are observed in
the samples shown by (a), (b), and (c) of Fig. 1, respective
The solid lines are the theoretical predictions with the depleti
of the nucleation sites taken into account.
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surface area of these crystallites is described by

Ssgd 

Ω
a3g121yd , g , g, ,
a2g123y2d , g $ g, ,

(3)

where a3  s36py
2
1d1y3 and a2  2spy1,d1y2, with y1

and, being the volume of a monomer and the film thick
ness, respectively,d is the effective dimension control-
ling the geometry of the crystallites,g, is the size at
which the three dimensionally growing crystallites reac
the film surfaces. Using the expression given above
bsgd, tgsgd f;

Rg dg0ybsg0dg in Eq. (1c) is thus given by

tgsgd 

8>>><>>>:
d

va3
g1yd , g , g, ,

d
v

"
g

1yd
,

a3
1

2sg3y2d 2 g
3y2d
, d

3a2

#
, g $ g, .

(4)

On the other hand, the density of the nucleation sit
available at the time wheng-sized crystallites att had
nucleated is given by

nsg, td  asn0nsft 2 tgsgdg , (5)

where as is the area of an artificial nucleation site
n0 is the initial density of the nucleation sites within
the artificial site’s area, andnsstd is the density of the
artificial sites having no crystallite att. It is the most
distinctive feature of the present system that only a sing
crystallite nucleates at each artificial nucleation site. T
artificial sites available to the subsequent nucleation a
being depleted one by one as a new crystallite nuclea
Therefore,nsstd decreases with time and is determined b
the formation rate of the crystallites as

dnsstd
dt

1 asnsstd
dnastd

dt
 0 ,

where

nastd 
tva3n0

p
p

exp

√
2

Wp

kT

!

3

"
E1see2tytd 2 E1sed 2

t
tee

#
, (6)

is the accumulated number concentration of the sta
crystallites which have grown beyond the critical regio
with e  2el [6,14]. Under the initial conditions of
nss0d  n0

s (the density of the placed artificial sites)
n0

ss0d  0, andnsstd ! 0, n0
sstd ! 0 ast ! `, the above

differential equation is solved to yield

nsstd  n0
s expf2asnastdg . (7)

Thus the CSD and its dynamic evolution in the con
trolled solid-phase crystallization ofa-Si thin films with
the artificial nucleation sites are analytically describe
by Eqs. (1)–(7) considering the interaction between t
dynamics of nucleation and growth and that of th
nucleation site depletion. These equations are tra
-
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formed into the size space of the effective radius of th
crystallites through the relation offsr , tddr  fsg, tddg
with r ; s3y1gy4pd1y3 for g , g,, or r ; sy1gyp,d1y2

for g $ g,.
The theoretical predictions indicated by the solid line

in Fig. 2 are obtained from the above theory with th
parameters predetermined as follows. The effectiv
dimension of the dendritic crystallites in Eqs. (3) and (4
is determined to bed  3.41 by observing the correlation
between the size and the perimeter of the crystallit
sampled for the CSD [7]. The value forn0 in Eqs. (5)
and (6) is taken to be the atomic density ofa-Si. The
other nucleation and growth parameters included
Eqs. (1), (2), (4), and (6) cannot be arbitrarily chose
either. Fortunately, they are all available from the pre
vious works in which their values were determined to b
Wp  2.05 eV, t  2.51 3 103 s, l  1.20, and v 
4.17 3 105 mm22 s21 by the nucleation experiments
using a-Si thin films without the artificial nucleation
sites [7,13].

As demonstrated in Fig. 2, our simple theory repro
duces the experimental results remarkably well, partic
larly the broadening of the CSD and the reduction of th
peak height with time. It is noted that, if the crystallites
are compact (i.e.,d  3), the CSD should simply shift
with time, keeping its shape unchanged. Thus, the o
served log-normal CSD, formed without coarsening of th
crystallites, and its dynamic evolution are explained b
the present nucleation and growth theory. This ascerta
the depletion of the nucleation sites to be an alternati
nonclassical origin of the log-normal CSD.

In the case of the classical origin invoking coarsenin
processes, the CSD becomes log-normal only at t
long time limit when the transformed volume fraction is
significant and the distance between the crystallites ge
smaller so that they can interact or coalesce. Howev
our new mechanism suggests that the CSD can be lo
normal from the early stages of phase transformations
soon as the finite nucleation sites have been depleted.
fact, as shown in Fig. 2, the CSD is already log-norma
at 2.0 3 104 s although the crystallized volume fraction
of the sample is less than 2%. It is likely that the CSD
has already been log-normal due to the depletion of t
nucleation sites long before the coarsening starts.

Figure 3 shows the log-log plot of the CSDs, in which
the thick solid lines are the same log-normal CSDs a
those in Fig. 2. The thin solid lines are the correspondin
CSDs estimated from the present theory providing th
nucleation sites were not depleted, and the dotted li
presents their steady-state asymptotic limits. It is evide
that the observed log-normal CSDs deviate from th
corresponding CSDs without the depletion of the nucle
tion sites in their transient regions and never attain th
steady state. This observation suggests that it is importa
to consider the depletion of the nucleation sites for th
physics of nucleation and growth in general [15].
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FIG. 3. Log-log plots of the log-normal CSDs formed with
the artificial nucleation sites [thick solid lines; the same a
those indicated bysad, sbd, andscd in Fig. 2], the corresponding
CSDs estimated from the present theory providing the nucle
tion sites were not depleted (thin solid lines), and their stead
state asymptotic limits (dotted line).

In conclusion, TEM observations reveal that the con
trolled solid-phase crystallization ofa-Si thin films, which
is exclusively initiated at the artificial nucleation sites, re
sults in a log-normal CSD without coarsening of the crys
tallites. The observed log-normal CSD shifts and slight
broadens with time reducing its peak height. Thes
experimental observations can be fully described by
nucleation and growth theory developed that conside
the interaction between the dynamics of nucleation a
growth and that of nucleation site depletion. Thus it
demonstrated both experimentally and theoretically th
contrary to prevalent views, the formation of log-norma
CSDs in phase transformations can be a consequence
2720
s

a-
y-

-

-
-
y
e
a
rs
d

s
t,
l
of

the interplay between the dynamics of nucleation an
growth and that of the nucleation site depletion, withou
involving any coarsening process.
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