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In this paper, we report on the deposition of amorphous silicon (a-Si:H) films at ultra-high growth
rate (11–60 nm/s) by means of the expanding thermal plasma technique, followed by solid-phase
crystallization (SPC). Large-grain (1.5 lm) polycrystalline silicon was obtained after SPC of high
growth rate (25 nm/s) deposited a-Si:H films. The obtained results are discussed by taking
into account the impact of the a-Si:H microstructure parameter R* as well as of its morphology,
C 2012 American Institute of Physics.
on the final grain size development. V
[http://dx.doi.org/10.1063/1.4717951]
I. INTRODUCTION

Thin-film crystalline silicon on glass (CSG) solar cell
technology aims to address the challenges related to low cost
and large area processing/high throughput, while guaranteeing the good intrinsic, opto-electronic properties of crystalline silicon.1,2 In the CSG solar approach, polycrystalline
silicon (poly-Si) thin films are developed from a-Si:H layers
by means of solid-phase crystallization (SPC).2–4 SPC promotes the development of large grains extending through the
layer thickness (2 lm) and allows for good uniformity over
a large area compared to other approaches (e.g., laserinduced crystallization5 or direct-deposition of poly-Si6).
CSG Solar has demonstrated a conversion efficiency of
10.4% based on the SPC of a-Si:H layers deposited by
plasma-enhanced chemical vapor deposition (PECVD) technique.1,2 However, the major drawback of this approach is
the limited deposition rate (0.3 nm/s) of the a-Si:H layer,
which poses serious challenges in reaching a high throughput. A similar conclusion can be drawn for a-Si:H films deposited by techniques such as hot-wire CVD,7,8 low-pressure
CVD,9 glow discharge,10 and RF sputtering.10 Therefore, in
this paper, we report on the SPC of a-Si:H films deposited at
ultra high growth rate to develop large grain poly-Si. Moreover, the impact of the morphology of high growth a-Si:H
layers on the grain size development in poly-Si is reported.
When addressing specific deposition techniques and/or
experimental conditions leading to high growth rates, their
effect on the structural order/disorder in the a-Si:H film
needs to be investigated, since the latter controls the nucleation rate during the SPC process and, eventually, the grain
size.8,9,11–13 The SPC of a-Si:H follows 3 steps: incubation
(the time prior to the onset of nucleation), nucleation (creation of random nuclei), and grain growth (where the grain
development is in competition with the nuclei formation).14
a)
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Experimental evidence has pointed out that the density of
nuclei is limited in films characterized by a high degree of
structural disorder, thus leading to poly-Si with large
grains.8,9,11,12 Recently, we specifically addressed the relationship between R* and the grain size development in polySi obtained upon SPC of a-Si:H films deposited by means of
the expanding thermal plasma chemical vapor deposition
(ETP-CVD). R* represents the order (low R*)/disorder (high
R*) in the matrix according to the Si-H bond distribution in
mono-/di-vacancies (–low stretching mode-LSM) and nanosized voids (–high stretching mode-HSM), and it is quantified by the integrated IR absorption band ratio IHSM/(ILSM þ
IHSM), where ILSM and IHSM are the integrated absorbance.22
The grain size in poly-Si was found to increase from 0.4 lm
to 1.5 lm, with an increase in R* from 0.1 to 0.45.15 Therefore, these preliminary considerations suggest that a high
growth rate and a high R* would represent the ideal combination for the development of poly-Si films is reported.
II. EXPERIMENTAL

a-Si:H films were deposited by the ETP on c-Si and on
glass substrates (Corning 7059) coated with 100 nm of
Si3N4, which acts as diffusion barrier for impurities (e.g., B,
Ba, Al, Cr, Na) present in the glass. The ETP-CVD setup is
described in detail elsewhere.16 The pressure was varied in
the range of 0.15–1 mbar and the substrate temperature
(Tsub) was set to 450  C. The choice of this substrate temperature setting in comparison with the studies previously carried out at 200  C,15 is based on the–often reported in
literature17–compromise between high growth rate and porosity in the deposited layer. In the specific case of a-Si:H,
films deposited at low substrate temperature and at high
growth rate are prone to oxidation, which hampers the crystallization process. A higher processing temperature is a necessary condition to develop high growth rate (>10 nm/s)
a-Si:H films stable upon exposure to the environment. A key
parameter to control the deposition rate in an expanding
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thermal plasma is the deposition pressure (Pdep): an increase
in Pdep allows increasing the growth flux of the depositing
radicals arriving at the growing film on the substrate, as already shown in Refs. 16 and 17.
The a-Si:H films deposited on c-Si substrates were analyzed by means of Fourier transform infrared spectroscopy
(FTIR) and scanning electron microscopy (SEM), while the
a-Si:H films on Si3N4-coated glass substrates were used for
the crystallization kinetics studies, carried out by means of
in situ x-ray diffraction (XRD), and for cross section transmission electron microscopy (XTEM) measurements. In
order to determine the hydrogen content, film thickness and
hydrogen bonding configurations, infrared transmission
spectra were recorded. The film thickness values were determined from the interference fringes of the resulting background spectrum in the non-absorbing spectrum range, as
described elsewhere.18 Every hydrogen atom bonded to silicon contributes to the 640 cm1 wagging mode, and consequently, this mode was used to determine the total hydrogen
content using the proportionality constants determined by
Smets et al.19 The Raman spectra of the samples were
recorded using a micro Raman scattering setup with a resolution of 1.6 cm1.
The a-Si:H films underwent the annealing process in a
vacuum oven (106 mbar) at 600  C for 10 h. The temperature was increased from room temperature to 400  C at a rate
of 10  C/min and then from 400 C to 600  C at 1  C/min.
The crystallization kinetics was monitored in situ using a

FIG. 1. IR absorbance spectra of the stretching modes of a-Si:H (open
circles) deposited at several Pdep settings. The deconvolution is carried out
by means of Gaussian functions.

J. Appl. Phys. 111, 103510 (2012)
TABLE I. R*, deposition rate (Rd), refractive index (nIR), and hydrogen
content (CH) for the a-Si:H films deposited at several Pdep settings.
Pdep (mbar)
0.17
0.25
0.30
0.34
0.40
0.43
0.47

R*

Rd (nm/s)

nIR

CH (at.%)

0.17
0.27
0.32
0.37
0.41
0.44
0.48

11
15
25
32
40
49
58

3.56
3.54
3.48
3.41
3.32
3.28
3.14

5.4 6 0.4
5.2 6 0.3
5.6 6 0.4
6.4 6 0.5
7.6 6 0.5
8.4 6 0.7
8.8 6 0.6

Anton Paar DHS 1100 domed hot stage coupled to x-ray diffraction instrument (XRD) using the above mentioned recipe. The incubation time was defined as the time needed to
observe the c-Si (111) XRD peak developing to 1/10 of its
final intensity.13,20,21 The morphology of a-Si:H samples was
measured with a Jeol JSM-7500 FA scanning electron microscope. Samples for XTEM inspection were prepared in cross
section by mechanical grinding and polishing of the layer
with the substrate being glued on a glass protection plate,
followed by Ar ion milling.
III. RESULTS AND DISCUSSION

Figure 1 shows the development of the hydride (Si–Hx)
stretching mode as monitored by means of FTIR spectroscopy for a-Si:H films deposited in the pressure range of
0.15–0.47 mbar. The LSM (1980–2010 cm1)22 and the
HSM (2070–2100 cm1)22 absorption peaks can be
observed. The HSM intensity increased with increasing Pdep
and it can be further deconvoluted into two contributions in
the case of the films deposited at high pressure conditions
(0.40 and 0.47 mbar). This is due to the presence of higher
hydrides (SiH2, SiH3) on the surface of voids.18,23–25 However, in the definition of the R* parameter, both modes contribute to the HSM.22 Increasing HSM contribution with
increasing Pdep led to increased porosity in a-Si:H films, but
a-Si:H films deposited above 0.47 mbar were highly porous
and oxidized immediately after taking out from deposition
tool. Oxidized films cannot be used for SPC as it hinders the
crystallization process. Therefore, films deposited above
0.47 mbar were not utilized for further processing. Table I
reports the values of R*, deposition rate, film refractive index
(nIR) and hydrogen content (CH) for all the samples deposited

FIG. 2. Development of the grain size as a function of R*.
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(b)

FIG. 3. (a) Crystallization kinetics of a-Si:H films
measured by in situ XRD, where Xc is plotted as a
function of the annealing time for different values of
R*. The solid lines are fits to the data using the methodology of Iverson and Reif (Ref. 14) (b) Incubation
time (to) as a function of the parameter R*.

having Pdep setting upto 0.47 mbar. R* and the deposition
rate (Rd) are found to increase (from 11 to 58 nm/s) with
increasing Pdep, promoting a decrease in the nIR and an
increase in CH. The decrease in the nIR is related to the incorporation of nano-sized voids, which is a result of the limited
radical surface diffusion competing with the increasing
growth flux arriving at the surface of the growing layer.17,22
This is confirmed by the analysis carried out in Fig. 1 where
the HSM contribution progressively increases with the
increase in pressure. Since nano-sized voids with a radius of
1–4 nm correspond to several missing Si atoms (200 up to
104),26 they have a direct impact on the film density.17 To
summarize, an increasing deposition pressure leads to a-Si:H
films with increasing disorder (i.e. an increasing R*),
increasing CH and decreasing nIR.
Cross-sectional TEM (XTEM) measurements were carried out on the poly-Si films, which resulted fully crystallized, as inferred by Raman spectroscopy. Figure 2 shows
the average and maximum grain size as a function of R*.
Based on our previous studies,15 the grain size is expected to
increase with increasing R*. Instead, a maximum in grain
size for an R* value of about 0.32 is found.
This result could be considered plausible if the a-Si:H
layers would contain nuclei embedded during the plasma
deposition step; however, the ETP deposited layers did not
show any presence of nuclei for the pressure range here
under investigation, i.e., from 0.17 to 0.47 mbar, as inferred
from Raman and XRD measurements. According to
literature,14,27–32 stable (i.e., above the critical size) nuclei of
approx. 2–4 nm can already be detected by means of Raman
and XRD. Instead, nuclei were detected as embedded in the
a-Si:H matrix, when deposited at a much higher pressure
conditions, i.e.  0.85 mbar. If nuclei were present in the
a-Si:H matrix prior to the SPC treatment, the onset in crystallization would be expected to occur at earlier stages, as
observed by Spinella et al.32 and Dabney et al.32,33 On the
basis of the above-mentioned observations, it can be concluded that the nuclei development during the plasma deposition of a-Si:H in the pressure range of 0.17–0.47 mbar can
be excluded. Therefore, a priori nucleation (i.e., a high
nuclei density) is not the cause for the decrease in grain size
for R* values larger than 0.32.
Furthermore, time-resolved measurements of the
crystallization process occurring during the SPC treatment
(Fig. 3(a)) show that the a-Si:H layers under investigation
exhibit the expected trend, i.e., an increase in incubation

FIG. 4. (a) Cross-sectional SEM pictures of cleaved, as-deposited a-Si:H
samples with (a) R* ¼ 0.17, Rd ¼ 11 nm/s, (b) R* ¼ 0.48, Rd ¼ 58 nm/s, (c)
R* ¼ 0.44, Rd ¼ 4.2 nm/s.
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FIG. 5. XTEM images of poly-Si on Si3N4-coated glass substrates for different values of R*, (a) 0.17, (b) 0.32, (c) 0.41, (d) 0.44-low deposition rate (e) 0.48,
and (f) a close-up of the sample characterized by an R* value of 0.48, showing the voids extending through the film thickness.

time (to) with increasing R* (Fig. 3(b)).13,14,21 It is worth
mentioning here that the CH also increased with increasing
R*, therefore affecting the crystallization kinetics. In
recently published paper,34 we reported on the crystallization kinetics of a-Si:H layers having CH in the range of
5–14 at. %. It was observed that increasing CH along with
increasing R* induces more disorder at medium range in
the a-Si:H matrix (silicon network surrounding vacancies
where nucleation initiates), resulting in delayed nucleation.13,34 Therefore, the increase in CH in the range of
5.4–8.8 at. %, as reported in the present work also contributes to longer to. To further investigate the cause for the
limited grain size developed for films characterized by a
large R* value, yet exhibiting a low nuclei density, crosssectional SEM studies were carried out on two as-deposited
a-Si:H samples (R* ¼ 0.17 and 0.48) in order to highlight
any difference in film morphology. Figure 4(a) shows the
low R* film (0.17; 11 nm/s) exhibiting a smooth surface and
homogeneous bulk structure, while the high R* film (0.48;
58 nm/s) is shown to develop a columnar structure and
presents a rather rough surface (Fig. 4(b)). It should be
reported that the layer is still fully amorphous. For comparison, the morphology of a high R*, low Rd (0.44; 4.2 nm/s)
is also shown (Fig. 4(c)). This latter has been deposited at
lower Tsub (300  C) with a CH ¼ 8.9 þ 0.8 at. % and also
exhibits a smooth surface and compact bulk structure. This
comparison in terms of layer morphology suggests that the
(expected) grain size development in high Rd, high R*
layers, is hindered by the columnar structure of the amorphous material. It is also worth mentioning here that columnar growth was observed in a-Si:H films deposited above

Pdep ¼ 0.40 mbar. Therefore, the effect of the columnar
growth on the grain size development in poly-Si is restricted to films deposited at Pdep ¼ 0.4 mbar and 0.47
mbar. This observation can be further supported by XTEM
studies of crystallized films, which show the development
of smaller grains (Figs. 5(c) and 5(e)), accompanied by
voids extending through the film thickness (Fig. 5(f)) in the
case of high Rd, high R* films, whereas layers characterized
by low R* values (Figs. 5(a) and 5(b)) are characterized by
larger grains. For comparison, the XTEM image of the
crystallized high R*, low Rd sample (Fig. 5(d)) is also displayed: large grains up to 1.5 lm are reported. In conclusion, the morphology of the pristine a-Si:H layer plays an
essential role in controlling the grain development and final
grain size.
IV. CONCLUSIONS

It has been demonstrated that it is possible to obtain
large grain development in the poly-Si layer using highrate deposited a-Si:H layers: an optimum has been reached
for films at 25 nm/s showing grains of 1.5 lm. Furthermore,
it has been shown that, next to the microstructure parameter R*, the pristine a-Si:H morphology has a large impact
on the grain size development: even in highly disordered
matrices, i.e., with a limited nuclei density, the presence of
a columnar structure and voids developing throughout the
film thickness, inhibits the formation of large grains.
The effect of morphology of a-Si:H on the final grain
size has never been reported earlier within the field of
poly-Si.
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