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Abstract

From TEM, XRD and Raman measurements, we compare the crystallization kinetics when HWCVD and PECVD a-Si:H films, containing
different initial film hydrogen contents (CH), are crystallized by annealing at 600 °C. For the HWCVD films, the nucleation rate increases, and the
incubation time and the full width at half maximum (FWHM) of the XRD (111) peak decrease with decreasing film CH. However, the
crystallization kinetics of HWCVD and PECVD films of similar initial film CH are quite different, suggesting that other factors beside the initial
film hydrogen content affect the crystallization process. Even though the bonded hydrogen evolves very early from the film during annealing, we
suggest that the initial spatial distribution of hydrogen plays a critical role in the crystallization kinetics, and we propose a preliminary model to
describe this process.
© 2007 Published by Elsevier B.V.
Keywords: Hydrogenated amorphous silicon; Annealing; Crystallization kinetics; Crystallite nucleation; Nuclear magnetic resonance
1. Introduction

The crystallization of as deposited a-Si:H thin films is
becoming increasingly important because of its potential use to
produce higher mobility polycrystalline materials for use in
solar cells and high performance thin film transistors. This
process is believed, at relatively low anneal temperatures
(b 1000 °C), to follow a classical model of nucleation and grain
growth [1], where an amorphous incubation time, a steady state
nucleation rate, grain growth of these nuclei, and a characteristic
time of crystallization can be identified. While the incubation
time can be examined by a variety of techniques, TEM
measurements during the early stages of nucleation are crucial
to determine the nucleation rate and grain growth rates, from
which a final grain size can be extrapolated. In limited previous
studies at an anneal temperature of 600 °C for PECVD a-Si:H,
all of these process steps were seen to depend on the film
substrate temperature (TS) [2,3]. While there was agreement in
these studies that lower TS films exhibited longer incubation
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times and larger grain sizes, the latter due primarily to the
smaller nucleation rate, there was no general consensus as to
why this occurred. One approach linked the trends in grain size
with TS to differences in the Raman signatures of the as grown
films, which were then related to differences in short range
structural order [2,3]. However, these Raman analyses were
either not rigorous [2] or were done with an interpretation no
longer considered appropriate [3]. Further, recent results have
shown that the crystallization time, for a given film CH, can
depend upon the a-Si:H deposition method [4]. The present
work thus re-examines a-Si:H crystallization [5], with an
attempt to determine not only what factors limit grain size, but
also to understand how H influences nucleation.

2. Experimental

A-Si:H films were deposited by HWCVD and PECVD,
using deposition conditions described previously [6,7]. Two
different film thicknesses were then analyzed. First, ∼ 1 μm
thick a-Si:H films were deposited on 1737 Corning glass, and
Raman spectroscopy and XRD were used respectively to probe
the film short range order during the amorphous film incubation
(hydrogen evolution) period, and the crystallite defect structure
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Fig. 1. TEM images taken in the early crystalline regimes of high CH HWCVD
film (a) and (similar) high CH PECVD film (b). The crystalline volume fractions
are roughly similar. The 600 °C anneal times are included in the figures.

Table 1
Measured crystallization parameters for HWCVD and PECVD films annealed at
600 °C

Film type HWCVD (low H) HWCVD (high H) PECVD (high H)

rn (min/μm3)− 1 2.3 0.16 0.027
sg (nm/min) 4.1 3.1 2.7
dg (x) (μm) 0.31 0.66 1.20
XRD correlation
length (μm)

0.08 0.055 0.045
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during the crystallization process. Regarding the latter, the
width of the XRD diffraction peaks may result from a
combination of grain size, defect density, or strain effects.
Second, thinner (∼ 0.1 μm) films were grown directly on C-
coated, 200 mesh Mo TEM grids which were mounted on the
glass substrates using colloidal graphite paste. This thickness
was chosen because no sample thinning was required. TEM
analysis was performed on a CM200 Scanning TEM using a
Phillips single-slit holder and a Gatan Model 652 double-slit
heating holder for in-situ annealing. TEM images were acquired
in the conical dark-field mode with a 12-bit digital camera from
Soft Imaging System, with the direct beam tilted by 0.70° and
dynamically pressed about the optic axis of the microscope. To
determine the crystalline volume fraction Xc (= Vc /V, where Vc

is the crystalline volume and V is the total volume) from TEM
images, we assume grain growth to be two dimensional and use
the ‘magic wand’ tool in Photoshop for boundary recognition to
binarize the images, converting crystalline (amorphous) regions
to black (gray) respectively. Histograms of the one-bit images
were then computed in Digital Micrograph to determine Xc.
Direct grain counting was used to determine the areal grain
number densities rg (= Ng /A, where Ng is the number of grains
in area A). Each image series was analyzed incrementally,
starting at the early stages of crystallization, and keeping a
running total while counting emerging nuclei in subsequent
images.

The XRD measurements were obtained using a Scintag X1
diffractometer. XRD spectra of all samples were measured for
2ϑ between 20 and 60°, and the correlation length were obtained
from the Sherrer formula by fitting the full width at half
maximum (FWHM) of the Si(111) peaks using Pearson-7
lineshapes. Raman scattering spectroscopy was performed with
a laser wavelength of 514.5 nm. The power density of the
incident laser beam was carefully adjusted to avoid the influence
from unintentional sample heating. A long integration time was
used when necessary. An optical polarizer was used to suppress
the scattered light from the substrate (Corning glass) and the
background signal. Data were first normalized in the range
between 150 cm− 1 and 600 cm− 1. The lowest signal within this
range was treated as the base line. No additional background
fitting was used. FWHM values were obtained by fitting the
scattering spectra between 460 cm− 1 and 560 cm− 1.

3. Results and discussion

Fig. 1 shows TEM images of partially crystallized HWCVD
and PECVD a-Si:H films annealed at 600 °C, with the
annealing times indicated in the figures. Based upon infrared
measurements of the Si–H wag mode, the film H contents
(CH's) are roughly equivalent (∼ 11–13 at.%). In addition, the
Xc's of these partially crystallized films are roughly similar.
These images clearly show that crystallization occurs via grain
nucleation, which occurs at random in the amorphous matrix,
and grain growth into the surrounding amorphous material.
From this figure, clear differences are seen not only in the
anneal time, but also in the grain density and grain morphology
between the different films. These differences become even
more pronounced when a low CH HWCVD film is included in
the comparison compared to the PECVD film seen in Fig. 1(b)
[8,9]; in these comparisons, the PECVD film showed much
lower grain densities and larger grains overall. These differ-
ences are tabulated in Table 1, which gives the measured
crystallization parameters for the HWCVD and PECVD films
annealed at 600 °C [8]. The crystallite nucleation rate (rn) and
grain growth rate (sg) were determined by examining successive
TEM images at low Xc, and the extrapolated final grain size (dg)
has been calculated using the methodology of Iverson and Reif
[1]. Also shown in Table 1 are the correlation lengths of the
three films, obtained from the full width at half maximum



Table 2
Raman to HWHM for HWCVD and PECVD films as grown and annealed at
600 °C while still remaining in incubation period

Film type HWCVD (low H)
(cm− 1)

HWCVD (high H)
(cm− 1)

PECVD (high H)
(cm− 1)

As grown 28.3 28.6 28.0
600 °C anneal 29.3 31.9 29.6

Table 3
H distributions in as grown a-Si:H

HWCVD (low CH) PECVD (high CH)

Clustered/isolated 9/1 6/4
H/cluster N 15 6
Clusters/cm3 6×1019 6×1020

Isolated/cm3 1×1020 2×1021

Distance between
H clusters − 25 Å − 11 Å
Isolated H − 21 Å − 8 Å

Spherical volume 7238 Å3 380 Å3

# Si/sphere 360 19
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(FWHM) of the Si (111) XRD diffraction peak after crystal-
lization is complete. As can be seen, while the TEM final grain
size increases from low CH HWCVD to high CH HWCVD to
(high CH) PECVD films, the correlation length shows the
opposite trend, becoming smaller with the same film progres-
sion. As all three types of films have been shown to exhibit
roughly the same film stress, the increasingly larger discrepancy
between TEM grain size and XRD correlation length, in the
progression from low CH HWCVD to (high CH) PECVD films,
may suggest an increasing crystallite defect density. This
interpretation is supported by the TEM images of Fig. 1, which
show increasingly jagged grain surfaces for the PECVD film
(smallest correlation length) compared to that for the HWCVD
film (larger correlation length), which shows, on average,
smoother grain surfaces. Once again, this interpretation is even
clearer when the TEM image of the low CH HWCVD film is
included [8,9].

Since the (HWCVD, PECVD) films exhibiting the smallest
XRD correlation lengths contain the most initial bonded CH, we
explore whether there is any correlation between the a-Si:H
short range order, as measured by the half width at half
maximum (HWHM) of the Raman transverse optical mode
[10], and the amount of film CH evolved from the films during
their respective incubation periods. The idea behind this
examination comes from AFM measurements of high CH

(N 10 at.%) a-Si:H films undergoing rapid thermal anneals at
temperatures N 600 °C while still remaining within the
amorphous incubation period. As these films are literally
blown apart by the rapid evolution of the bonded CH [5], it is
interesting to examine if the film short range order is reduced,
and if so, does this increased film ‘damage’ play any role in
subsequent crystallite formation. These results are shown in
Table 2, where the time for the 600 °C anneal for each film has
been adjusted so that each film has been annealed for ∼ 3/4 of
its respective incubation period. Preliminary measurements for
the HWCVD films have been presented elsewhere [8]. As can
be seen, although the Raman HWHM's for all films do broaden
a little during their respective film incubation periods upon
600 °C anneal, indicating a reduction in film short range order,
the amount of this broadening is not significantly larger for
films containing more initial film CH. These results suggest that
the evolution of different amounts of film CH seems not to be
correlated with defect creation on the crystallite surfaces. This,
upon reflection, may not be surprising since the film CH evolves
very early in the incubation period and long before nucleation
commences.

It has also been suggested that short range order affects the
PECVD a-Si:H nucleation rate upon film anneal [3,4]. In these
works, the increase in disorder was larger for the lower substrate
temperature (higher CH) films, and was correlated with lower
nucleation rates. We do not observe this trend, as the short range
disorder for the three films examined, presented in Table 2,
increases in roughly a similar manner for all films, irrespective
of the film CH or film deposition type. Therefore, we suggest
that while film disorder may play some role in the nucleation
process, the relationship between film disorder and nucleation
rate may be only of secondary importance.

We advance the idea, on the other hand, that the hydrogen
spatial distributions in the films, measured in their as grown
states, play a defining role in the crystallization process. As seen
in Table 1, the low CH HWCVD film crystallizes most quickly,
while the (higher CH) PECVD film takes the longest to
crystallize. The bonded hydrogen distributions in these two
extreme cases have been rigorously explored by NMR [11–14].
Of critical interest is the ratio of the isolated to clustered
hydrogen in the two comparative films, as well as the number of
hydrogen atoms in the clusters, as obtained by multiple
quantum NMR measurements [15]. In Table 3 we first present
a review of the NMR data, from which the densities of the
isolated and clustered hydrogen distributions can be obtained.
For the PECVD a-Si:H calculation, we use an averaged value of
the clustered/isolated hydrogen ratio, obtained for ‘standard’
(low deposition rate) films deposited using 100% silane and a
moderate (∼ 200–250 C) substrate temperature. As can be seen,
both densities are roughly an order of magnitude lower for the
low CH HWCVD film compared to those for the (higher CH)
PECVD film, and are due not only to the different film CH's but
also to the different clustered/isolated hydrogen ratios. In
particular, the low CH HWCVD film is seen to contain minimal
isolated hydrogen.

In the lower part of the table we present calculations of the
average distances between the hydrogen containing regions.
Assuming that both types of hydrogen, as probed by NMR, are
randomly distributed in the films, we can, to a first
approximation, calculate the sizes of the regions in the films
that contain no, or minimal hydrogen. If we further assume the
shapes of these hydrogen deficient regions to be spherical, we
can then calculate the number of Si atoms in these regions.
These numbers are presented in the last row of the table. It is
interesting to compare these numbers with the sizes of silicon
crystallites that are stable in a-Si:H. Based upon free energy
considerations, the stability of a crystallite is a sum of two
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terms, a (negative) volume term proportional to the total number
of Si atoms in the crystallite, and a (positive) surface term
proportional to the number of atoms on the crystallite surface.
The volume term is equal to the free energy difference between
the amorphous and crystalline phases, while the surface term is
related to the surface tension at the amorphous/crystalline
interface [16]. The number of Si atoms in this critical crystallite
size, above which the crystallite grows and below which it tends
to shrink, has been calculated theoretically, and has been found
to range between 40 [16] and 110 [17] Si atoms respectively.

It is interesting that both of these predictions of stable
crystallite size lie between the values of the hydrogen deficient
regions for the low CH HWCVD and (higher CH) PECVD
films. Based upon this argument we suggest that, if the
hydrogen deficient regions become nucleation centers, they are
already larger than the critical size for the low CH HWCVD film
when they crystallize, and can grow larger immediately upon
further annealing, resulting in a comparatively short incubation
time. Conversely, the much smaller hydrogen deficient regions
for the (higher CH) PECVD film will have considerable trouble
growing upon film anneal when they nucleate, and this results in
much longer incubation times.

Of course, this argument presupposes we associate these
hydrogen deficient regions with nucleation centers, which then
grow according to the manner described above. While extensive
positron annihilation measurements have shown that no
crystallites exist in as grown HWCVD a-Si:H [18], XRD
measurements which probe the film medium range order have
been performed [19], and have shown that the low CH HWCVD
films are better ordered than are the PECVD films which
contain higher film CH [20]. Since the low CH HWCVD films
contain so little CH, the XRD measurements on this film
primarily probe the hydrogen deficient regions. The nature of a
nucleation center has to date not been conclusively formulated;
models proposed range from highly disordered regions which
gain the most energy when they crystallize [21] to more ordered
regions which take less energy to crystallize [22]. The present
results favor the latter model, and measurements are in progress
to link the amorphous incubation time to the XRD medium
range order parameter 2ϑ.

4. Summary and conclusions

We have presented the crystallization kinetics when
HWCVD films of different film CH and ‘standard’ PECVD a-
Si:H films have been annealed at a temperature of 600 °C to
induce film crystallization. We find that the low CH HWCVD
film nucleates first, and that the incubation time increases with
increasing film CH. We also find a dependence upon film
deposition type, as PECVD films containing a CH similar to an
HWCVD film take a much longer time to nucleate. Not
surprisingly, the films which nucleate the fastest contain the
smallest grains when crystallization is complete. The increase in
short range disorder upon film hydrogen evolution does not
seem to play a primary role in the crystallization process. A
tentative model relating the crystallization kinetics to the initial
hydrogen spatial distribution in the film is presented.
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