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Solid-phase crystallization kinetics in doped a-Si chemical-vapor-deposition films
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Solid-phase crystallization kinetics of undoped, phosphorus-doped (0 < [PH;3]/[SiH,] <2X 1073),
and boron-doped (0 <[B,Hs]/[SiH4] <2X 107*) amorphous silicon films prepared by chemical-
vapor deposition (CVD) of silane have been studied with use of conductivity measurements. The
crystallization growth rates (V) and their activation energies (E,) are obtained during isothermal
annealings in a large temperature range (510<7T4 <650°C). The growth rate is found to be
enhanced as the doping content increases, whereas E, remains almost constant [E,=(2.940.1) V]
in the entire doping range. The most striking point is that the increase of ¥, is observed for rela-
tively low doping concentrations and that there exists a simple correspondence between the increase
of V, and the decrease of the density of neutral dangling bonds measured by EPR. For boron dop-
ing the growth rate increases by a factor of 4 in the range (0—7) 10~° of diborane. In the same
range, the neutral dangling bonds become positively charged and nonparamagnetic by electronic
compensation with the acceptor atoms, and the EPR signal decreases from 10" to 10'7 spins/cm’.
At higher doping concentrations , ¥, remains constant except for the heavily doped sample, where
an additional increase of ¥, is observed. A similar behavior is obtained for phosphorus doping with
a relatively small increase of V,. We believe that these results indicate that dangling bonds play an
important role in crystallization processes and the effect is dependent on their charge state. Possible
models to account for this behavior will be discussed. X-ray-diffraction and Raman-spectroscopy
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measurements have also been carried out in order to control the crystallinity of the films.

I. INTRODUCTION

The crystallization kinetics of a-Si layers have been the
subject of many studies using different techniques on ma-
terials prepared by several methods: evaporation, ion im-
plantation, and glow discharge.'~® Many of these studies
concern only undoped films and little has been done on
the influence of doping on the crystallization process.
Over the past several years, Csepregi et al.>* and, more
recently, Lietoila et al.’> have investigated the effect of n-
and p-type impurities on the rate of regrowth in materials
amorphized by ion implantation. They observed an in-
crease of the crystal growth rate (V,) with increasing
doping in both cases. For 3'P-doping concentrations
ranging from 0.9X10%° to 2.8%10*° cm™3, Csepregi
et al.®> obtained an enhancement of Ve by a factor of
about 6. The activation energy stays constant (2.35 eV) in
this doping range. They also found that, for a doping lev-
el higher than 2Xx10° cm™, V¥, remains constant.
Lietoila et al.> observed an increase of V, by a factor of
about 10 for a 3'P-doping concentration equal to
1.7 10%° cm™3. They observed a decrease of the activa-
tion energy (E,=2.5 eV) with doping, compared with
that found for impurity-free amorphous films (E,=2.85
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eV). However, these papers concern heavily doped films,
and a detailed study of the effect of the doping on solid-
phase epitaxial regrowth has not been yet presented. In
addition, the authors of these papers studied heavily im-
planted samples in which the density of defects created by
implantation can disturb the crystallization kinetics, as we
will discuss later. On the other hand, these experiments
cannot be correlated to transport and EPR results on the
same films because they use a crystalline-silicon substrate.

The aim of this article is to present an extensive study
of the solid-phase crystallization of undoped, boron-
doped, and phosphorus-doped amorphous-silicon films
prepared by chemical-vapor deposition (CVD) of silane,
on fused-silica substrates, during isothermal annealing
treatments in a large temperature range, 510< T,
<650°C. It has been suggested that defects such as va-
cancies or dangling bonds and their charge state play an
important role in the crystal-growth mechanism.>’
Furthermore, it has been shown that this charge state may
be changed by doping or illumination.® We will present
here experimental results showing the effect of electrically
active impurities (boron and phosphorus) on the growth
rate (V) in a large doping range, with special interest on
doping concentrations in which changes in the density of
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TABLE 1. Deposition conditions of the a-Si CVD films.

Boron doping

Phosphorus doping

Series number: 1 2 3 5 6 7 8 9
Boron or phophosrus undoped Cg Cg Cp Cg Cg Cp Cp Cp
concentration 10-¢  5%107% 7x10~¢ 2x107° 2x107%® 2x107° 3x10~* 2x107°
Cp or Cp ratios

Temperature of

deposition Tp (°C) 600 600 600 600 600 600 630 600 600
Thickness (um) 1.3 0.88 0.95 0.8 0.7 1.1 0.56 0.16 0.42

neutral dangling bonds are observed, and we will compare
the increase of ¥, to the density of unpaired spins mea-
sured by EPR. Possible models to account for this
behavior will be discussed.

We will also present results obtained on structural prop-
erties studied by using x-ray-diffraction and Raman-
spectroscopy techniques. They give complementary infor-
mation about the crystallinity of the samples after the
deposition or during the isothermal annealings.

II. EXPERIMENTAL SETUP

The amorphous films were prepared in a. CVD reactor
(Applied Material AMV 800) at atmospheric pressure.
Pure silane (1 1/min) was diluted in hydrogen (32 1/min)
in a vertical open-flow reactor with a silicon carbide sus-
ceptor heated by rf induction. We used fused-silica sub-
strates held at 600°C in order to obtain totally amorphous
films.” We also deposited films at temperatures > 630°C,
which correspond to a partially crystallized layer.® This
point will be discussed in Sec. IV.

The substrates were carefully out-gassed and cleaned by
in situ HCl etching at a relatively high temperature
(1050°C) prior to deposition. The thicknesses of the
layers, from 560 to 1300 nm, were measured optically by
standard transmission experiments. The doping is real-
ized by addition of diborane or phosphine with silane in
the gas phase during deposition. The boron- and
phosphorus-doping concentrations defined by the ratios
Cg=[B,Hx]/[SiH,] and Cp=[PH;]/[SiH,] were within
0<Cg<2X 1073 and O< Cp<2Xx10~3. The deposition
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A e
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FIG. 1. (a) Schematic representation of a surface-induced
crystallization (SIC). (b) Theoretical curve of =(z)/2(t=0) vs
time ¢ following Eq. (1); the growth rate V,=e /7, and 7 is the
crystallization time.

conditions are summarized in Table I for the different
series of samples used (series 1—9). The crystallization-
growth measurements were performed on as-deposited
films isothermally annealed in an oven stabilized at +1°C
in a vacuum of about 10~% Torr.! The variations of the
electrical conductivity are measured in situ as a function
of the annealing time."!® X-ray-diffraction measurements
were carried out using a standard 6-260 Seifert MZ-IV
step-by-step goniometer. Cu Ka radiation and a scintilla-
tion detector were used. The experiments were performed
in vacuum (10~® Torr), from room temperature up to
650°C in a high-temperature chamber mounted on the 6
circle of the goniometer. Raman-spectroscopy measure-
ments are carried out at room temperature after successive
annealings performed at a given temperature and for dif-
ferent annealing times. The excitation light is the 488-nm
line of a 400-mW-power argon laser. This corresponds to
a penetration depth & in the a-Si layer of about 100 nm.
The spectra are obtained using backscattering geometry.
We measured the dependence of the crystalline Raman-
peak intensity with time. The principle of this technique
is detailed in Refs. 11 and 12.

III. EXPERIMENTAL RESULTS

A. Determination of the growth rate of crystallization
from conductivity measurements

On germanium and silicon, depending on the deposition
conditions, different kinds of kinetics of solid-phase cry-
stallization have been observed. The main cases are the
bulk-induced crystallization (BIC) and the surface-
induced crystallization (SIC). These cases have been ex-
tensively studied in previous papers."'® Amorphous-
silicon CVD films studied in this paper show systemati-
cally a SIC.> A fast nucleation at the substrate-film inter-
face, which is predominant, occurs, and forms a starting
polycrystalline layer near the silicon-substrate interface.
This polycrystalline layer grows perpendicularly to this
interface with a growth rate V;, as shown in Fig. 1(a). In
this case we determine directly and unambiguously the
crystal-growth rate from the variation of the conductivity
as follows: At a time t, the measured conductivity is that
of two layers in parallel, the fifst being the polycrystalline
layer of conductivity opqy.si and thickness V¢, and the



3570 : R. BISARO et al. 31

300

25

20

0)

T{t)/ L (¢

10

|
|
|
|
|

+
t ol
0 40 80 120 160

ANNEALING TIME (min)

FIG. 2. Variation of 2(¢)/2(¢t=0) vs annealing time for an
undoped sample of series 1, crystallized during isothermal an-
nealing at 606 °C. 7 is the crystallization time.

second the amorphous layer of conductivity o,.s and

thickness e —V,t, where e is the total thickness of the

film [Fig. 1(a)]. The total conductance may be expressed
1,10

as”

Vgt
e

O poly-Si 1
Og.si

2()=2(t=0) |1+ , (D

where 2(¢=0) is the conductance of the initial layer. The
crystalline front reaches the free surface of the film at a
time 7. We deduce that V, =e /7 [Fig. 1(b)].
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FIG. 3. Variation of 2(¢)/=(t+=0) vs annealing time for
phosphorus-doped sample at Cp=3X 10~* (series 8) crystallized
at 600°C.
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FIG. 4. Same variation for boron-doped sample at

C5=5X 107" (series 3) crystallized at 600°C.

B. Results

In Fig. 2 we present an example of the dependence of
3(t)/2(t=0) as a function of the annealing time for cry-
stallizations. performed at 606°C on an undoped sample
(series 1). Figures 3 and 4 represent the same dependences
for one phosphorus-doped film at Cp=3x10"* (series 8)
and for a boron-doped film at Cy=5Xx10"° (series 3),
respectively, both crystallized at 600°C. The crystal-
growth rates are deduced from these curves, as we have
discussed in the preceding subsection, at different anneal-
ing temperatures and for the different series of samples.

In Fig. 5 the deduced V, for undoped (series 1) and
slightly-phosphorus-doped (series 7) samples, respectively,
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FIG. 5. Variation of logo¥V, vs reciprocal temperature ob-
tained for samples crystallized during isothermal annealing: un-
doped samples (X, *%,0) (series 1); very slightly doped samples
at Cp=2X10"° (@) (series 7); data deduced from x-ray mea-
surements (& ) (see Fig. 8).



1.3

Phosphorus doping
8
1.9

1.25

6.7

3.9

4

2.0055, E,, and the growth rates ¥, measured at 600 and 550 °C for the different series of samples.
Boron doping

1.25 1.45 2.7

TABLE II. Values of the spin density measured at room temperature for g
Undoped

Series number:
Vg at 600°C

(A/s)

SOLID-PHASE CRYSTALLIZATION KINETICS IN DOPED a-Si . . . 3571

L -
X <
<
& . :
X 2 -
<
IS Z [
X 2 .« w2 N
= 1 12 13
T (10° K7)
FIG. 6. Comparison of growth rates ¥, obtained for un-
- doped sample (— — —), with those obtained for boron-doped
= - samples at various doping concentrations: O, Cy=10"%; e,
X Cpg=5x10"%" 4, Cp=7X10"% A, Cp=2X10"% x,
@ Cp=2x10"3.
n are shown as a function of the reciprocal temperature.
2 o0 We compare, in Figs. 6 and 7, the growth rates measured
2§ « in boron-doped (series 2—6) and phosphorus-doped sam-
e ples (series 8), respectively, with that of undoped films®
(series 1). The experimental values of ¥V, are indicated in
Table II for two annealing temperatures, 550 and 600 °C.
To 2 We have also measured the crystal-growth rate by per-
™) IS forming x-ray experiments.!> In Fig. 8 we present one ex-
= < ample of the dependence of the Bragg-peak intensity on
< - the (111) crystalline planes as a function of the annealing
time at 627°C on undoped samples (series 1). The cry-
stallization time 7 and the crystal growth rate ¥V, are ob-
To =X taine'd.in a similar way as was done previously for con-
> % % duct1v1ty measurements. The ¥V, deduced by this new
Q & method, at 627 °C, is shown in Fig. 5.
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"’_’, . S | % FIG. 7. Comparison of V, obtained for undoped samples
c: ﬁ = z° = (— — —) (series 1) with that obtained for a phosphorus-doped
N FEe W sample at Cp=3 < 10~* (@) (series 8).
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FIG. 8. Variation of the Bragg-peak intensity vs annealing
time for undoped sample (series 1) crystallized during iso-
thermal annealing at 627 °C

Moreover, one amorphous-silicon layer of series 1 has
been crystallized during isothermal runs at 590°C, and
Raman spectra were obtained at different annealing times.
The results are summarized in Figs. 9, 10, and 11, which
correspond to annealing times of 2, 5, and 7 h, respective-
ly. These times correspond to three stages in crystalliza-
tion: the beginning of the linear dependence in the con-
ductivity curve, the middle of the linear variation, and the
saturation region, respectively. Panels (a) and (b) of each
figure correspond to light incident on the free surface of
the layer and through the substrate, respectively. The Ra-
man spectra clearly show that during the annealing exper-
iments the crystallization takes place first at the
substrate-film interface:'* In Fig. 9 we observe the ap-
pearance of the crystalline peak (~520 cm™') from in-
cident light through the substrate [Fig. 9(b)]. This peak
increases with annealing time [Figs. 10(b) and 11(b)]. On
the other hand, for light incident on the free surface, the
broad peak near 480 cm™! characteristic of the amor-
phous structure is observed [Figs. 9(a) and 10(a)]. It is re-
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FIG. 9. Raman-scattering intensity as a function of frequen-
cy for undoped film (series 1) annealed at 590°C for a time t=2
h. (a) Light incident on the free-surface side; (b) light incident
through the substrate.
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FIG. 10. Raman spectra after an annealing time 7=5 h at
590°C.

placed by the crystalline peak at the end of crystallization
[Fig. 11(a)].

IV. DISCUSSION

Figures 2—4 clearly show that, experimentally, we do
not observe a linear variation of the conductivity for the
entire annealing time, as has been predicted by Eq. (1) and
Fig. 1(b). At the beginning of the crystallization process,
it appears to be a departure from the linear dependence.
We correlate this behavior as being due to the existence of
an “initiation” or “transit” time 7, of crystallization.
This initiation time is always observed, except for crystall-
ization at temperatures T > 700°C, where it is too small to
be experimentally seen. We interpret this initiation time
71 as being the time necessary to form a continuous poly-
crystalline layer at the amorphous-substrate interface (see
Raman experiments, Fig. 9). The same initiation time is
also observed in the dependence of the x-ray-diffraction
intensity with time (Fig. 8). We estimate, by these mea-
surements, the thickness of the polycrystalline layer at the

(a) (b)

B T | I
540 520 500 480 520 500 480

FREQUENCY (em™)

FIG. 11. Raman spectra after an annealing time ¢t=7.5 h at
590°C.
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interface to be of the order of 100 nm. The initiation time
is found to be dependent on the annealing temperature of
crystallization for each series of samples (Fig. 12). It de-
pends also on deposition conditions, mainly temperature
of deposition. We observe, for example, a longer time 7,
for samples deposited at 600°C (series 1) than for samples
deposited at ~630°C (series 7), where a polycrystalline
layer is present at the substrate-film interface in as-
deposited films® (Fig. 13). The dependence of the initia-
tion times 7, as a function of the reciprocal temperature,
is presented in Fig. 14 for samples denoted by series 1 and
7, respectively. This figure shows that the initiation time
is thermally activated, with an activation energy equal to
2.9 eV. This value is almost the same as that of the
growth rate V,,>!° as has been explained by the theory of
transient nucleation reviewed in Ref. 7.

Concerning the linear region in the plot of crystalliza-
tion versus time, x-ray measurements give direct informa-
tion on the crystallized volume, the grain size, and the
preferred orientation of the crystallites. During the iso-
thermal annealing experiments we obtain systematically,
at each time ¢, a polycrystalline layer with a (111) pre-
ferred orientation of the crystallites. The average grain
size measured in our samples is about 60 nm.

Figure 15 summarizes, on undoped and slightly doped
samples, series 1 and 7, the results obtained on V,. It
shows that the growth rate is thermally activated
[Ve=Voexp(—E,/kgT)], with an activation energy
E,=(2940.1) eV. It also shows that a phosphorus-
doping concentration of Cp=23 107> does not affect Ve
at all. The values obtained in this case for ¥, and E, are
in agreement with previous results obtained on evaporated
a-Si.! The measured values of Vg are very close to those
reported on self-implanted silicon>!® in the (111) crystal
direction, as we expected from the x-ray preferred-
orientation study. For other directions of crystal growth
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FIG. 12. Variation of 2(¢)/2(t=0) vs annealing time for
samples of series 7 in order to show the different transient times
71 corresponding to different annealing temperature: + ,
580°C; 0, 600°C.
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FIG. 13. Variation of 2(¢)/Z(t=0) vs annealing time for cry-
stallization performed at 606°C in order to show the different
transient times 7, corresponding to different kinds of samples:
+ , samples deposited at 600°C (series 1); O, samples deposited
at ~630°C (series 7).

({110} and (100)), these authors have reported ¥,
values 10 and 30 times higher. In all these papers the ac-
tivation energy of undoped or self-implanted samples is
the same, independently of the preparation method and
the crystal-growth direction. However, Csepregi et al.’
have reported a lower value of E, (2.35 eV) from earlier
measurements on ion-implanted silicon impurity-free
films.

On the other hand, Fig. 6 shows that the main effect of

(min)
5{\)

TRANSIENT TIME

1 12 13
777 (10° k")

FIG. 14. Variation of the transient time vs reciprocal tem-
perature for different series of samples crystallized at different
annealing temperatures: + , samples of series 1 deposited at
600°C; O, samples of series 7 deposited at ~630°C.
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FIG. 15. Variation vs boron-doping concentration of the spin
density of neutral dangling bonds at g=2.0055 and the ratio
V¢(Cg)/Vg(Cy=0) obtained at 550 and 600 °C.

the doping is the enhancement of ¥, with increasing dop-
ing concentration. ¥, increases by about a factor of 4
when Cp changes from O up to Cg=7x10"%, and then
we obtain a saturation for higher concentration, except for
the heavily doped sample (Cp=2x1073), where a small
additional increase of V, is observed. The associated ac-
tivation energy E, remains almost constant over the entire
doping range. We may define a common activation ener-
gy E,=(2.910.1) eV to be equal, within the experimental
error, to that of undoped films.

For phosphorus doping, Fig. 7 shows that a similar
enhancement of ¥} is also obtained for Cp=3X% 10~* but
the effect is smaller than that observed in the boron case.
We obtain the same activation energy (E,=2.9 eV), ex-
cept for the heavily doped sample (Cp =2 1073), which
corresponds to a higher value of E, (E,=4.1 eV). All of
these experimental values are summarized in Table II.

A similar behavior of the enhancement of ¥y versus
doping has been reported by other authors.>>!® Only
high doping levels of both n- and p-type impurities have
been investigated by these authors [in the range
(1—2.5) % 10%° impurity atoms cm ™3] and, in their cases,
they observed a variation of the activation energy E,
versus doping. Csepregi et al.3 obtained E,=2.35 eV for
the undoped case, as compared with that of the
phosphorus-doped sample (2.8 X 10%° cm~3), 2.5 eV. The
enhancement of V, is about a factor of 6, much larger
than in our case. In the case of boron doping (2.5 10%°
cm™?3), these authors obtained a much higher enhance-
ment of Vy (factor of ~25), but the activation energy de-
creases to about E, ~1.9 eV. It is difficult in their case to
assign an accurate activation energy for the doped sam-
ples because the doping concentration varies strongly with
depth.3

Lietoila er al.’ obtained, for undoped and compensated
("'B + *'P-doped) samples, almost the same ¥V, and E,
(2.8 eV). For a phosphorus-doped sample (1.7 10%°
cm™3), they reported an enhancement of V, by a factor of
10, and E,=2.5 eV. In this case the homogeneity of the
doping concentration is better controlled than in the pre-
vious case.

The change in the activation energies observed by these
authors in heavily doped samples could be explained par-
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tially by alloying effects at these doping levels. This
could be also the case of our heavily-phosphorus-doped
sample (E,=4.1 eV).

In the moderate doping range, which we treated here,
there is no change in E,, and we will give an interpreta-
tion of the increase of ¥, with doping without consider-
ing any alloying effect. Several models have been pro-
posed to explain the enhancement of V,: For one, it can
be related to a stress caused by the mismatch between the
impurity and the host atoms. This model can be ruled out
by considering that only electrically active atoms give an
enhancement of V,,' and the fact that, in compensated
materials, V, is very close to that of undoped films.
Other models associate the increase of ¥V, with an electri-
cal phenomena related to a shift of the Fermi-level posi-
tion.>>18

In these models, growth rates depend on the number of
vacancies and their charge states. According to Van
Vechten et al.,'>?° the number of these charged vacancies
increases when the Fermi level moves up or down from
the midgap position. As dangling bonds are more com-
mon defects than vacancies in amorphous silicon,!> we
think that these dangling bonds may play a similar role in
the crystallization mechanism.” In order to clarify this
assumption, we compare, in Fig. 15, the variation of V,
and the spin density of unpaired dangling bonds, mea-
sured by EPR at room temperature with a Landé factor -
g=2.0055, versus the boron-doping concentration.?! This
figure shows a clear correlation between the increase of
the growth rate ¥, and the decrease of the density of neu-
tral dangling bonds in the same boron-doping range. The
crystal-growth rate saturates when no EPR signal at
g=2.0055 is detected (Table II). The decrease of the den-
sity of neutral dangling bonds with increasing doping has
been interpreted as the following:® In the case of boron
doping, the electrically active boron atoms compensate for
the neutral and paramagnetic dangling bonds, with charge
state D° by changing their charge states following the re-
action D°4+B—D* 4+ B~, where D% is the positively
charged, nonparamagnetic, dangling-bond state. We may
explain in the same way the decrease of the density of
neutral dangling bonds with increasing phosphorus-
doping concentrations® by the reaction D°+ P—D™—
+ P*, where D~ is the negatively charged, nonparamag-
netic, dangling-bond state.

The clear correlation obtained between the dependence
of V, and the spin density on doping (Fig. 15) shows that
dangling bonds’ rather than vacancies are involved in the
crystal-growth mechanism, and that the change of their
charge states is responsible of the enhancement of the
crystal-growth rate with doping, for both boron and phos-
phorus doping.

Germain et al.” have proposed a model to explain both
the ionization and doping enhancement of V, in amor-
phous Ge and Si. This model assumes that (i) dangling
bonds diffuse from the bulk towards the amorphous-
crystalline interface; this assumption is in agreement with
the results of Thomas et al.'” obtained for evaporated
amorphous silicon; (ii) only certain sites on the amorphous
side of the interface are available for crystallization, and
these sites are those which have captured dangling bonds;
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(iii) the capture cross section at the interface depends on
the charge state of the dangling bonds and modifies the
growth rate at this interface. One important conclusion’
of this model is that the activation energy of the crystal-
growth rate remains roughly constant in the considered
doping range, as has been experimentally observed.

V. CONCLUSION

Crystal-growth rates during solid-phase crystallization
have been measured in a large temperature and doping
ranges on a-Si CVD films. A detailed study of the
crystallization is given by using conductivity, x-ray, and

Raman-scattering measurements. An “initiation” time at
the beginning of the crystallization is discussed in detail
for undoped samples. Concerning'the results of V, versus
doping, we point out our particular interest on doping
concentrations in which the density of neutral dangling
bonds measured by EPR at g=2.005 decreases with in-
creasing doping concentration. We have shown a clear
correlation between the enhancement of the growth rate
V, and the decrease of the spin density. The activations
energy of V, remains almost constant over the entire dop-
ing range. These experimental results show that dangling
bonds and their charge states play an important role in the
crystallization process, as has been previously proposed.’
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