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norphology in erystallization of unsupported amorphous silicon films are investigat-
nsmission electron microscopy. Crystallization occurs by thermally activated
h processes; activation energies of 470 kJ/mol for nucleation and 280 kJ/mol
ed. Nucleation rates are observed to increase with annealing time, whereas
depends on the annealing temperature and the crystallographic growth direction.

ologie der Kristallisation amorpher Silizium-Schichten wird elektronenmikro-
. Die Kristallisation erfolgt iiber thermisch aktivierte Keimbildung und Wachs-
ivierungsenergie mit 470 kJ/Mol fiir die Keimbildung und 280 kJ/Mol fir das
nf werden. Die Keimbildungsrate nimmt withrend isothermer Temperung zu;

windigkeit hiingt dagegen nur von der Temperungstemperatur und der kri-
n Wachstumsrichtung ab.

1. Introduetion

nterest in low-cost silicon solar cells has stimulated considerable re-
alline silicon layers. Growing large silicon grains from amorphous
idered as a promising approach for the fabrication of such low-cost
Very little, however, is known so far on the erystallization behaviour
con films.

f amorphous silicon films has been reported to occur in the 450 to
re range [3 to 6]. Acecording to Blum and Feldmann [4, 5], the time
ne of the sample to become crystallized in the 550 to 700 °C tempera-
found to follow the equation

=i exp - ‘}',',
15l

0" s and @, = 320 kJ/mol. For this investigation the crystallization

followed by observing optical transmission changes in the amorphous

e heated at various temperatures. The activation energy, therefore,

combination of the nucleation and the growth activation energies and

8 than the activation energy for self-diffusion in silicon (380 k. J/mol).

on microscopy by Kaster and Weill [6] showed that crystallization

pation and growth processes.

fthis paper is to carry out a systematic study on nucleation and growth

ion of unsupported amorphous silicon films using hot-stage trans-

microscopy. The information should be useful for growing large silicon
stallization of amorphous films.

ts, New York 10598, USA.
nanent address: Institut fiir Werkstoffe, Ruhr-Universitit Bochum, D-4630
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2. Experimental Procedure

Thin amorphous silicon films were prepared by electron beam eve
pressure during the deposition with a rate of about 0.4 nm/s was less th
The films deposited onto freshly cleaved NaCl erystals which were ke
perature throughout the evaporation had thicknesses in the range fro

After evaporation the silicon films were removed from the substra
the salt and floated onto molybdenum or tungsten electron microse
structure and annealing behaviour were investigated by hot-stage tn
tron microscopy in a Philips KM 301 electron microscope operated
longer annealing times the samples used for TEM observations we
a tube furnace flowing with dry helium.

3. Experimental Results

In the temperature range from 550 to 750 °C crystallization has b
occur by nucleation and growth processes. Fig. 1 shows a typical mi@
erystallization process. Crystallites are usually lens-shaped and con
density of disglocations, twins, and stacking faults. Streaks and ad
the diffraction pattern are due to these lattice defects. The typical s
thought to be a lens-shaped crystal with a (011) plane parallel to ¢
with the [211] as the fastest growing direction. A remarkable feature
is the presen¢
fault bundles 8
parallel to the
direction. A st
for branching |
planar (2115
also been ob

The growth
in (211> diree!
found to be
pendent, but
during isothe
and is indep
thickness. All
were observed
thickness range
350 nm. The §
increases from
% 10710 e [
about 4 1077¢

Fig. 1. Crystalli
phous silico
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[ dence of the growth rates during crystallization
thickness 0.15 to 0.35 pm (u~ exp (—Q/RT),
L @ =~ 280 kJ/mol)
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ave been observed to be time dependent
with annealing time. The rates calculated
§ assuming constant growth rates are in e

ent with those measured by counting the W i
different annealing periods. A step-wise 120 10 1w

the same specimen, however, produces ~ I
L

g rates that are required to achieve a total crystallization at
nd to avoid any crystallization during the temperature rise,
ectron beam heating. The typical structure found after such
s of a fine-grained central area surrounded by large crystals
ions and a number of concentric crystalline shells. The length
nd the number of the concentric shells increase with electron
m thickness. The electron beam diameter has the size about
d area. The radial crystals (Fig. 5a) grow usually into {200}
relatively low density of defects. Some crystals have been
ely high density of stacking faults growing into (2115 direc-
rientation of the crystalline shells of about 0.5 to 2 um in width
(110) plane parallel to the film surface and the [002] direction
The dislocation density increases in each shell from the inner
hown in Fig. 6b erystallization of a new shell starts near the
 has grown together. Near the interface between the concentric
hous matrix (Fig. 6¢) erystallization morphology changes to that
ge electron microscopy at lower temperatures (see Fig. 1).
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Fig. 4. Crystallization of amorphous silicon produced by electron b

4. Discussion

In nucleation theory, usually, it is assumed that a steady-sta
clusters exists at all the times. However, at the very beginnin
there must be a finite period during which this steady-state co
established. Such transient or time-dependent nucleation has
crystallization of amorphous materials with high viscosity and ha
some oxide glasses [7]. An approximate expression for the trans
I(t) derived by Kashchiev [8] is given by the following equation:

L) = I [l R g (— 1)y exp (—n‘z i)] -_

=1 T

with 7, being the steady-state nucleation rate and 7 the time
given by
P\
— const (A”?) 7,

where 7', is the absolute temperature of melting and 7 the melt
cooling AT =1 — T. '
As shown in Fig. 3 this equation can be reasonably fitted to
observed nucleation rates. By such fitting one obtains values for
the steady-state nucleation rate Iy. The time lag7 was found
creasing temperature significantly from 2.5 x 10°s at about 5
at about 650 °C. The temperature dependences of the steady-s
I, and the crystal growth rate » can be desceribed by Arrhenius-
activation energies of 470 kJ/mol for nucleation and 280 kJ{mol
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icon crystals in the radial grain area (the arrows indicate the growth direc-
s). a) (2007 growth direction, b) (211 growth direction
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these data on nucleation and growth the time for half the volum:
crystallized can be estimated. Calculated periods of 140 h at 550
are comparable to the values reported by Blum and Feldman
same apparent activation energy of 320 kJ/mol which indeed
of the activation energies for nucleation and for growth.

A very similar study on nucleation and growth rates but
manium has been reported by Barna et al. [9]: These authors ob
crystallization behaviour, except for the transient nucleation
nucleation and crystal growth can be described by an equation o
Activation energies are much smaller with 250 kJ/mol for nucle
for growth. Nevertheless, actual nucleation and particularly g
in silicon if one compares germanium to silicon, over temperatii
their melting temperatures. This occurs as a result of a very
factor in the Arrhenius equation for growth of silicon erystals;
growth is probably the result of a coordinated jump of several ato
lization front.

So far we have no information on what nucleation sites are. Ni
to be higher in thinner silicon films indicating some surface influ
however, are not significant enough to draw any definite conel

Silicon shows a much more pronounced crystallization morp
in (2115 directions than germanium [10]. This is probably due
fault energy of silicon, because for such fast propagation in (2115
parallel to this direction have been shown to be necessary [11].
the surface of Si crystals has been found to be {110} planes. Co
energies of silicon [12], 1.23 J/m? for (111) planes with 1.51 J/m
is not possible to explain the observed preferential (110) orien
surface energies should be important only for nucleation at surfa
selection during growth.
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At higher temperatures or temperature gradients the fastest
changes to ¢200% in both germanium [10] and silicon, giving rise
grain boundaries perpendicular to the surface, which are appro
the four {011} planes with parallel [200] growth axis. The reason
growth axis is not clear at the present time.

Such shell-like crystallization morphology?®) as shown in Fig. &
earlier to occur during ‘“‘explosive” or shock crystallization in
antimony [13] and germanium films [14 to 16]. In those invesbig
rapid growth is explained by energy transfer of the heat of crys
the microstructure of the shells has not been analysed. ]

The concentric wavy marks observed by optical or scanning
were interpreted only as the result of the crumpling of the filmb
during the crystallization reaction. In our opinion the drastic cha
grains to the crystalline shells in Fig. 4 and the formation of th
plained at least qualitatively using a schematical diagram of groy
peratures as shown in Fig. 7: It is reasonable to assume that the
temperature gradient from the central area to the shell region pro
from the central area heated by the electron pulse. The tempera
be divided roughly into two regions: At temperatures higher t
perature for maximum growth rate, growth will be accelerated infe
temperatures giving rise to that fast radiate growth. At temperat
critical value growth will be faster in areas with higher tempe
rim of a Si grain just crystallized giving rise to the formation o
phology.

During crystallization the critical temperature is supposed to ap)
tion region between the radiate grains and the crystalline shells
to the latent heat of crystallization and heat loss by surface radi
the detailed temperature distribution [17]. For example, the rel
to surface radiation will become smaller with inereasing film thie
the temperature gradient. Therefore, in thicker silicon films radi
longer and the number of shells will increase.

With this knowledge on nucleation and growth rates one can dis
of growing large crystals from amorphous silicon films. For e
the time for growing a erystal with about 1 pm length will be ab
700 °C. During this period, however, more than 10'* nuclei/em
This implies that after a period for growing a erystal of only 1 pm
with about 1 ym diameter will contain at least one nucleus. Th

grains grown by erystallization of amorp

can be expected only by annealing a
~ i peratures where the nucleation rate
":E_j 2 with temperature but a high growth )
S 2 tained (Fig. 7). Iven under such cond
g of the sample to that temperature rang
;%, e enough to avoid excessive nucleation di

ture rise.

0
e , o :
nl ok B ] Fig. 7. Schematic diagram of nucleation and
S0 6w 1200 crystallization of amorphous silicon. The data
e extrapolated using classical nucleation an

3) Very recently, the same crystallization morphology has been observed
Edelman [18] after shock crystallization of 8i0, and Si;N,.
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