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Solid phase crystallization in amorphous Si films of different thicknesses is investigated. It is found that the rate (per unit area) 
at which crystalline grains nucleate increases with the layer thickness. This is a strong indication that nucleation in amorphous Si 
occurs throughout the volume of the material rather than at the surface. 

Classical nucleation theory describes solid state 
nucleation as a random process which occurs ho- 
mogeneously throughout the volume of the material 
under consideration [ I,2 1. In practice however, nu- 
cleation often occurs (“heterogeneously”) at inter- 
faces, impurities and/or defects. Only in very clean 
and sufficiently small systems may one expect to ob- 
serve homogeneous nucleation [ 31. Even then it is 
hard to prove that the nucleation does indeed occur 
homogeneously: either the nuclei are too small and 
too few to be observed, or the nuclei have grown into 
large entities from which it is no longer possible to 
determine the exact location where nucleation took 
place. One system where nucleation may happen ho- 
mogeneously is that of unseeded solid phase crys- 
tallization of thin layers of amorphous silicon (a-Si). 
In fact, several studies indicate that random crys- 
tallization in this system can indeed be described as 
a homogeneous nucleation process [ 4-8 1, although 
no attempt has been made to separate contributions 
from volume and interface nucleation. In this Letter, 
nucleation experiments on a-Si layers of several 
thicknesses are presented, which makes it possible to 
distinguish between those two contributions. The re- 
sults show that the number of nuclei appearing in the 
film is proportional to the layer thickness. This is an 
indication that nucleation in a-Si is a homogeneous 
process. 

Ultraclean a-Si layers of 0.2 and 0.4 pm thickness 
were deposited by e-gun evaporation on thermally 
oxidized Si wafers. The deposition rate was 0.3 nm/ 
s. The base pressure was 3 x 1 O-’ Pa, during depo- 
sition the pressure rose to 3x lo-’ Pa, consisting 
mostly of hydrogen. Before exposure to air, the lay- 
ers were annealed at 670 K during 30 min in order 
to densify, preventing in-diffusion of impurities such 
as water vapour or oxygen. These layers were then 
annealed in a quartz-tube furnace under flowing dry 
nitrogen at a temperature of 895 K in order to in- 
duce random crystallization. After this anneal, the 
samples were immersed a few seconds in a Wright- 
etch mixture [ 91. This attacks amorphous material 
but leaves crystalline Si (c-Si ) relatively unaffected. 
Separate c-Si grains which originated during the 
thermal treatment thus become visible, provided the 
(lateral) size of the grain exceeds the thickness of 
the deposited layer. Grains were observed by scan- 
ning electron microscopy ( SEM ) . Some samples were 
subjected to analysis by X-ray diffraction, which es- 
tablished the presence of crystalline Si. The fraction 
of crystalline material and the number of crystalline 
grains were determined from the SEM micrographs 
as a function of annealing time. In order to deter- 
mine the fraction of crystalline material, a number 
of straight lines was drawn at random on the micro- 
graphs. For every line, the ratio of crystalline-to- 
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amo~hous was determined by measuring the length 
of the lines in the light and dark regions, respectively. 

SEM pictures of annealed-and-etched samples are 
shown in fig. 1. Figs. la and lb were taken on 0.2 
urn film samples and figs. lc and Id were taken on 
0.4 pm film samples. The annealing times were 91 
min for figs. 1 a and 1 c and 152 min for figs. 1 b and 
Id. Crystalline grains appear light gray on a dark 
background. From examination of the pictures shown 
in this figure, it is evident that the number of grains 
and the average grain size increase with annealing 
time, and that the grain density is larger for the sam- 
ples with the thicker amorphous layer. This can be 
made quantitative by examination of the crystallized 
fraction on the micro~aphs. 

The fraction of crystalline material F(t) in an 
amorphous film of thickness d in which homoge- 
neous nucleation takes place can be expressed as a 
function of the annealing time t in the Avrami-Mehl- 
Johnson equation [ 6, IO] : 

F(t)=1-exp[-(t-t0)3/t,3]. (1) 

In this expression to is the incubation time, which 
is determined by the mechanism of nucleation and 
not by the shape or size of the amorphous film. The 
characteristic crystallization time t, can be expressed 
as 

tc=(~nu2dr)-“3, (2) 

where v represents the growth velocity of a crystal- 
line grain and I the nucleation rate per unit v~~~~~. 
It is noted that tc depends on the film thickness while 
to is independent of film thickness. 

Fig. 2 shows the experimentally determined crys- 
talline fraction as a function of annealing time for 
both films. Each point represents the average value 
of 6 micrographs of z 160 urn’, randomly distrib- 
uted over a sample area of % 1 cm2. The variance, as 
indicated in the figure, is an average value: for very 
small fractions the variance is somewhat smaller and 
for iarge fractions almost twice as large as indicated. 
Solid circles represent results on 0.2 urn thick sam- 

Fig. 1. SEM micrographs of (895 K) annealed and Wrist-etched a-Si films. (a) 0.2 pm thick film, anneal time 91 min, fb) 0.2 pm thick 
film, anneal time 152 min, (c) 0.4 Km thick film, anneal time 91 min and (d) 0.4 pm thick film, anneal time 152 min. 
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Fig. 2. Crystalline fraction as a function of anneal time. Solid 
circles: 0.2 urn thick films; open circles: 0.4 pm thick films. Curves: 
tits to the data (see text). 

ples and open circles represent results on 0.4 l.trn thick 

samples. It can be observed immediately that there 
is a large transient time of more than 1 h before crys- 
tallization occurs, indicating that the deposited films 

are free of crystal seeds. The curves in the figure are 
best fits of the Avrami-Mehl-Johnson equation ( 1) 
to the data points. The obtained fits describe the data 
reasonably well. The parameters to and tC obtained 

from these fits are shown in table 1. It is observed 
that t, is substantially smaller for the thicker film, 

while to is equal for both film thicknesses. This is a 
strong indication that nucleation occurs homogene- 
ously throughout the volume of the samples rather 

than at the surface or at the interface with the un- 
derlying substrate. A quantitative test is to compare 
the actual ratio of the layer thicknesses with an es- 
timate of this ratio from the characteristic times; it 

Table 1 
Parameters (and variance) obtained from fits in fig. 2 

Film lo AtO & At, 
thickness (min) (min) (min) (min) 
(pm) 

0.2 68 5 117 7 
0.4 66 3 90 4 

Fig. 3. Grain density as a function of anneal time. Solid circles: 
0.2 pm thick films; open circles: 0.4 nm thick films. The lines are 
least-squares fits to the data. 

can be estimated by [ t,(0.2 um)/t,(0.4 urn)]‘. This 
gives a ratio of 2.2, which is close to the actual ratio 

0.410.2 = 2, as determined by Rutherford backscat- 

tering spectrometry. This confirms the above con- 

clusion that nucleation is a volume rather than a sur- 

face process. 

The area1 density of grains as a function of an- 
nealing time is shown in fig. 3. The density has been 

corrected to account for the fact that the amount of 
available amorphous material decreases as crystal- 

lization proceeds. The lines are least-squares linear 

fits to the data. The slope of the fits can be identified 
as the nucleation rate. The nucleation rate is found 

to increase from 0.68x lo6 cm-* min-’ for the 0.2 

urn thick film samples to 1.3 x lo6 cmP2 min-’ for 
the 0.4 urn thick lilm samples. Thus the nucleation 

rate per unit area is found to increase with the thick- 
ness of the film. The ratio of the nucleation rates is 
1.9, which is very close to the ratio of the layer thick- 
nesses. This indicates that nucleation of crystalline 
grains occurred predominantly throughout the vol- 
ume of the a-Si layer rather than at the interface and 
free surface of the film. The volume nucleation rate 
at 895 K is thus found to be 5.4X lo8 cmm3 s-r, which 
is in good agreement with other results [ 4-61. From 
this nucleation rate, together with the values for t, as 
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determined from the tits in fig. 2, the grain growth 
velocity z, can be determined using expression (2). 
It is found that v equals 1.6-l .7 A/s, which may be 
compared with the slow ( 111) regrowth rate during 
solid phase epitaxial regrowth (at the same temper- 
ature) according to Csepregi et al. [ 111 of 1.3 A/s. 

Although the results are strongly suggestive of ho- 
mogeneous nucleation, other mechanisms have to be 
considered which cannot be ruled out completely. It 
is conceivable that nucleation in a film occurs only 
at the interface between aSi and the underlying ox- 
ide. Supposing that the nucleation rate depends on 
the strain at this interface and that this strain in- 
creases as the thickness of the deposited layer is in- 
creased, it is possible to construct an alternative ex- 
planation of the results presented. A second 
mechanism could be that nucleation occurs at the free 
surface of the deposited film. If the nucleation rate 
is dependent on surface roughness and if this rough- 
ness increases as the thickness of the deposited layer 
is increased, then this mechanism would lead to the 
behaviour as observed. However, it is not very likely 
that in these scenarios the incubation time is the same 
for both film thicknesses as is observed in this work. 

In summary, it has been shown that unseeded 
crystallization of a-Si thin films depends on the 
thickness of the film. Crystallization can be char- 
acterized by a thickness-independent incubation time 
and a characteristic time which decreases as the film 

becomes thicker. In addition, the number of nuclei 
that appear in the films under certain anneal con- 
ditions, increases with film thickness. Both obser- 
vations indicate that unseeded crystallization in a-Si 
is mediated by homogeneous nucleation rather than 
by a surface or interface related nucleation process. 
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