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Abstract The impact of the deposition parameters such as gas ﬂow (sccm) and RF plasma power density
(W/cm2 ) on the deposition rate of a-Si:H ﬁlms is systematically investigated. A high deposition rate of
up to 146 nm/min at 13.56 MHz is achieved for the a-Si:H ﬁlms deposited with high lateral uniformity
on 30 × 40 cm2 large-area glass substrates. A relationship between the SiH4 gas ﬂow and the RF power
density is established. The SiH4 gas ﬂow to RF power density ratio of about 2.4 sccm/mW cm−2 is found
to give a linear increase in the deposition rate. The inﬂuence of the deposition rate on the material quality
is studied using UV-VIS-NIR spectrophotometer and Raman characterisation techniques. Poly-Si thin ﬁlm
with crystal quality as high as 90% of single-crystalline Si wafer is obtained from the SPC of high rate
deposited a-Si:H ﬁlms.

1 Introduction
SPC poly-Si thin-ﬁlm material is a promising semiconductor for the PV industry, combining the robustness
of c-Si with the advantages of the thin-ﬁlm approach [1].
SPC poly-Si thin ﬁlms are obtained from the annealing of
a-Si:H ﬁlms in a N2 atmosphere for 12 h at 610 ◦ C [2].
Plasma-enhanced chemical vapour deposition (PECVD)
is widely used in industry for large-area deposition of
a-Si:H ﬁlms. However, the low deposition rate of a-Si:H
ﬁlms (25–35 nm/min) in traditional PECVD processes
signiﬁcantly adds to the cost of poly-Si thin-ﬁlm solar
cells [3]. There are other deposition techniques such as
e-beam evaporation and hot wire chemical vapour deposition (HWCVD) which are capable of a-Si:H ﬁlm depositions at a very high rate (100 nm/min). However,
the electronic properties of SPC poly-Si ﬁlms obtained by
these deposition techniques are inferior to those obtained
from PECVD, which makes them diﬃcult to commercialise. The a-Si ﬁlms deposited by the e-beam evaporation
technique have a high degree of thickness non-uniformity
over large areas, which leads to problems at the device
level (such as laterally non-uniform short-circuit current
a
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densities of solar cells, or pinholes and cracks that are
detrimental to the solar cell performance [4]). On the
other hand, a-Si:H ﬁlms deposited by HWCVD have a
very high nucleation rate, leading to SPC poly-Si ﬁlms
with much smaller grains compared with ﬁlms deposited
by PECVD [5].
Some results on a-Si:H ﬁlms deposited with the
high-rate PECVD technique can be found in the
literature [6–11]. However, most of these deposited ﬁlms
suﬀered from internal stress, large microvoids and high
dangling bond densities. The possible reason for this could
be the fact that the substrate temperature (Ts ) used for
these a-Si:H depositions was restricted to below 250 ◦ C.
Recently, Jin [12] demonstrated in his doctoral thesis that
an increase in the substrate temperature to 400 ◦ C yields
a high-quality poly-Si ﬁlm prepared from the SPC of an
a-Si:H ﬁlm deposited at signiﬁcantly higher rate using
PECVD. The performance of the poly-Si thin-ﬁlm solar
cell obtained from the SPC of a-Si:H ﬁlms deposited at
high rate was also found to be comparable to that of the
standard low-rate deposited cells [12]. In addition, it was
shown that there was a decrease in the contamination
level in the absorber layer when the a-Si:H ﬁlm deposition rate was increased [12]. In a traditional PECVD,
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contaminants such as carbon (C), nitrogen (N) and oxygen (O) are controlled in the a-Si:H ﬁlms by keeping the
base deposition pressure extremely low in the range of
10−8 Torr. This is generally achieved by the use of expensive turbo pumps. Thus, by controlling the contaminants,
high-rate PECVD provides the ﬂexibility to deposit at
higher base pressure. This makes high-rate PECVD very
interesting for large-scale industrial applications where the
use of expensive turbo pumps is often not economical. In
addition, a much thicker absorber layer is possible through
the use of high-rate deposition, which otherwise is virtually impossible with a low deposition rate (<35 nm/min).
A thicker absorber layer is required to enhance the current of poly-Si thin-ﬁlm solar cells, and hence their PV efﬁciency. Furthermore, the electronic properties of a SPC
poly-Si thin ﬁlm largely depend on the post-deposition
treatments, which gives us the possibility to extensively
explore the process parameter space of a-Si:H deposition
for SPC poly-Si thin-ﬁlm solar cell applications far beyond
of what has been investigated for the a-Si:H solar cell ﬁeld.
In this paper, we investigate the eﬀects of the main deposition parameters (RF power density (mW/cm2 ), SiH4
gas ﬂow (sccm), process pressure, etc.) on the deposition
rate and thickness uniformity of a-Si:H ﬁlms deposited on
30 × 40 cm2 large-area glass substrates. Furthermore, the
paper presents a detailed study about the impact of the
deposition parameters of the a-Si:H ﬁlms on the structural
quality of the resulting SPC poly-Si ﬁlms. A high deposition rate of up to 146 nm/min at 13.56 MHz is achieved
for the a-Si:H ﬁlms deposited with high lateral uniformity
on 30 × 40 cm2 large-area glass substrates.

Table 1. Experimental details used for the PECVD of the p−
a-Si:H ﬁlms.
Process condition
SiH4 (sccm)
100 ppm B2 H6 :H2 (sccm)
Substrate temperature (◦ C)
Pressure (Pa)
Time (min)

p− a-Si layer
60–400
0.2
380
107
5–20

thickness of the poly-Si thin ﬁlm was then calculated by
curve ﬁtting of the reﬂectance data with an optical simulation programme (WVASE). The thickness uniformity
of the poly-Si thin ﬁlm over the 30 × 40 cm2 glass sheet
was determined by calculating the thickness of each of the
12 pieces of the poly-Si ﬁlm obtained from the glass sheet.
The thicknesses of selected a-Si:H samples were also determined by ellipsometry and were found to be in good
agreement with the thickness data of the poly-Si ﬁlms obtained from WVASE. The deposition rate was then obtained by dividing the average thickness of the poly-Si
ﬁlm by the deposition time. Finally, the material quality of
the poly-Si thin ﬁlm was determined using UV reﬂectance
measurements [13–15] and Raman spectroscopy [16, 17]
measurements (Witec Alpha 300R confocal Raman microscope equipped with a 532 nm Nd:YAG lase), whereby
the samples were always measured from the air side.

3 Results and discussion
3.1 Eﬀect of SiH4 gas ﬂow rate and RF power density
on the deposition rate of a-Si:H ﬁlms

2 Experimental details
An ∼70 nm thick SiNx barrier coating was deposited
onto 300 × 400 × 3.3 mm3 planar glass sheets (Schott,
Boroﬂoat) in a PECVD chamber (MVSystems, USA) at a
temperature ∼460 ◦ C. The SiNx ﬁlm acts as an antireﬂection coating as well as a diﬀusion barrier for impurities in
the glass substrate. The SiNx coated glass was then loaded
into a special PECVD chamber with an electrode spacing
of 23 mm. The a-Si:H ﬁlms were then deposited using different combinations of SiH4 gas ﬂow rate and RF power
density, at the conventional plasma generation frequency
of 13.56 MHz. The complete recipe used to deposit a-Si:H
ﬁlms is summarised in Table 1. The deposited a-Si:H ﬁlms
were then annealed (Nabertherm, N 120/65HAC furnace,
Germany) at 610 ◦ C in a N2 atmosphere for a duration
of 12 h to achieve solid phase crystallisation of the ﬁlm.
A rapid thermal anneal (RTA, CVD Equipment, USA)
for 1 minute at a peak temperature of 1000 ◦ C in N2
atmosphere was then used to remove crystallographic defects from the SPC poly-Si thin-ﬁlms and to activate the
dopants. Each 30 × 40 cm2 poly-Si coated glass sheet was
then cut into 12 equal small pieces of size 10×10 cm2 . Optical reﬂectance measurements in the 250–1500 nm wavelength range were performed on each of the 12 pieces of
the poly-Si ﬁlm using an UV-VIS-NIR spectrophotometer
(PerkinElmer, Lambda 950, UV/VIS Spectrometer). The

Figure 1 shows the deposition rate of a-Si:H ﬁlms as a
function of the SiH4 gas ﬂow rate. The plasma power density, process pressure and the substrate temperature were
kept constant at 67 mW/cm2 , 107 Pa and ∼380 ◦ C, respectively, while the SiH4 gas ﬂow rate was systematically
increased. It can be clearly seen that the deposition rate
of the a-Si:H ﬁlms increases from 17 to 75 nm/min when
the SiH4 gas ﬂow rate is increased from 60 to 225 sccm.
Detailed observation of ﬁgure 1 reveals that the deposition
rate approaches to a saturation value when the SiH4 gas
ﬂow rate is increased beyond about 200 sccm. The saturation in deposition rate at high SiH4 gas ﬂows could be from
the limitation of plasma power density to ionize the gas
present in the chamber. Thus, further experiments were
carried out to understand the eﬀect of the plasma power
density on the deposition rate of a-Si:H ﬁlms at high SiH4
gas ﬂow rate.
Figure 2 shows the deposition rate of a-Si:H ﬁlms as
a function of the RF plasma power density. The SiH4 gas
ﬂow rate, process pressure and the substrate temperature
were kept constant at 200 sccm, 107 Pa and ∼380 ◦ C,
respectively, while the plasma power density was systematically increased. At 200 sccm of SiH4 gas ﬂow, there is
a signiﬁcant increase in the a-Si:H deposition rate from
71 to 93 nm/min when the plasma power density is increased from 67 to 100 mW/cm2 . The a-Si:H deposition
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Fig. 1. Deposition rate of a-Si:H ﬁlms as a function of SiH4
ﬂow.

Fig. 3. Deposition rate of the a-Si:H ﬁlms as a combined function of the plasma power and the SiH4 ﬂow rate.

Fig. 2. Deposition rate of a-Si:H ﬁlms as a function of the RF
power density. The dotted lines are guides to the eye.

rate then decreases with a further increase of the plasma
power density. It seems that the further increase of the
plasma power density led to the saturation of the active
species (responsible for the deposition rate) present in the
plasma region at 200 sccm of SiH4 gas ﬂow rate [18]. In
addition, the increase in the plasma power density also
results in the formation of dust or small particles [18].
The combined eﬀects of dust generation and saturation
of the active species (positive ions) might be responsible
for the decrease in the a-Si:H deposition rate. Furthermore, the dust particles generated at high power density
plasma get accumulated and form a sheath near the throttle valve connected to the pump. This accumulated layer
of dust particles impacts the ﬂow of gas in the chamber,
which also causes a laterally more non-uniform deposition
(to be discussed in detail in Sect. 3.2). From the above
discussion, it was observed that the increase in the deposition rate cannot be sustained by adjusting the power and
gas ﬂow rate individually. It is thus, desired to establish a
relationship between the RF power density and the SiH4
gas ﬂow rate to have a sustained growth rate of the a-Si:H

ﬁlms. Further experiments were carried out to study the
combined eﬀect of the plasma power density and the SiH4
gas ﬂow rate on the deposition rate of the a-Si:H ﬁlms. Figure 3 shows the a-Si:H deposition rate as a combined function of the SiH4 gas ﬂow rate and the RF plasma power
density. From Figure 3 it can be clearly seen that, at a RF
power density of 67 mW/cm2 , the a-Si:H deposition rate
starts to saturate when the SiH4 gas ﬂow rate increases
beyond 200 sccm. A very diﬀerent trend in the deposition rate is observed when the RF power density is varied.
There is an increase in the a-Si:H deposition rate from 71
to 91 nm/min when the power density is increased from 67
to 100 mW/cm2 . The deposition rate then decreased with
the further increase in the RF power density until it saturated at a signiﬁcantly lower value of 67 nm/min. Further
analysis of Figure 3 reveals that a sustainable increase in
the a-Si:H deposition rate can be achieved through the
simultaneous control of the SiH4 gas ﬂow and the power
density. In this work, we found that a SiH4 gas ﬂow to RF
power density ratio of around 2.4 sccm/mW cm−2 gives a
sustainable increase in the a-Si:H deposition rate. A high
deposition rate of 146 nm/min was obtained through the
control of the SiH4 gas ﬂow to RF power density ratio.
3.2 Impact of deposition rate on thickness uniformity
of the a-Si:H ﬁlms over the 30 × 40 cm2 glass
Thickness uniformity over large areas is one of the key
issues for any ﬁlm deposition technique and is very critical
for many semiconductor applications. The PECVD technique is renowned for its conformal deposition over large
areas at low deposition rates. However, very few results are
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Fig. 4. Contour maps for a-Si:H thickness non-uniformity over the 30×40 cm2 glass sheet at a deposition rate of (a) 75 nm/min,
(b) 67 nm/min and (c) 146 nm/min.

available in the literature for high-rate conformal PECVD
deposition over large area. Thus, we further investigate the
thickness uniformity of high-rate deposited a-Si:H ﬁlms
over the large-area (30×40 cm2 ) glass sheet. The thickness
non-uniformity is quantiﬁed using the following relation:


maxthickness − minthickness
non-uniformity % =
× 100.
maxthickness + minthickness
(1)
Figure 4 shows the contour maps for the a-Si:H thickness
non-uniformity over the 30 × 40 cm2 glass sheet at an aSi:H deposition rate of (a) 75 nm/min, (b) 67 nm/min
and (c) 146 nm/min. It is found that the a-Si:H ﬁlms deposited at 75 nm/min have a thickness non-uniformity of
±16% over the 30 × 40 cm2 glass sheet, whereas the aSi:H ﬁlms deposited at a slightly lower deposition rate of
67 nm/min are found to be highly non-uniform (thickness
non-uniformity of ±30%). However, the a-Si:H ﬁlms deposited at a very high deposition rate of 146 nm/min are
found to be highly uniform over the 30 × 40 cm2 glass
sheet, with a thickness non-uniformity value of less than
±6% (see Fig. 4c). Further analysis of the thickness nonuniformity contour maps and the deposition parameters
reveals that a highly uniform a-Si:H deposition is possible at high deposition rate, provided that the ratio of
SiH4 gas ﬂow rate to RF power density is kept at around
2.4 sccm/mW cm−2 . We also observed that SiH4 gas ﬂow
to RF power density ratios of below 1.6 sccm/mW cm−2
or above 3 sccm/mW cm−2 lead to a very high lateral
thickness variation of the a-Si:H ﬁlm on the 30 × 40 cm2
glass sheet. The samples HRD 1.7 and HRD 1.12 (see
Figs. 4a and 4b) were obtained with a SiH4 gas ﬂow
to RF power density ratio of 3.3 sccm/mW cm−2 and
1.0 sccm/mW cm−2 , respectively. A large amount thickness non-uniformity in the a-Si:H ﬁlm over the large-area
(30 × 40 cm2 ) glass sheet leads to the formation of cracks
during the SPC process. The cracks are mainly formed by
the stress produced in the ﬁlm during the heat treatment
process. The large thickness variation in the a-Si:H ﬁlm on
the 30 × 40 cm2 glass sheet area is one of the main causes
for the stress generation. The cracks formed during the

Fig. 5. Photograph of a poly-Si ﬁlm obtained from SPC of aSi:H ﬁlms deposited with a SiH4 gas ﬂow to RF power density
ratio of (a) 3.3 sccm/mW cm−2 and (b) 2.4 sccm/mW cm−2 .

SPC process open up during the RTA process and cover
the entire ﬁlm, as can be seen in Figure 5.
Figure 5 shows photographs of selected poly-Si thinﬁlm samples obtained from SPC of a-Si:H ﬁlms deposited
using a SiH4 gas ﬂow to RF power density ratio of (a)
3.3 sccm/mW cm−2 and (b) 2.4 sccm/mW cm−2 . The photos shown here were taken after the RTA process and depict a small sample area of 10 × 10 cm2 from the centre
of 30 × 40 cm2 glass sheet. It can be clearly seen that the
poly-Si ﬁlm prepared from SPC of laterally highly nonuniform a-Si:H ﬁlms (HRD 1.7) has cracks all over the
surface (see Fig. 5a). In contrast, no cracks are observed
after the RTA process for the poly-Si ﬁlm obtained from
SPC of a highly uniform a-Si:H ﬁlm (see Fig. 5b). The
high density of cracks makes the poly-Si ﬁlm unsuitable
for solar cell applications and thus needs to be avoided.
3.3 Eﬀect of deposition rate on the crystal quality
of the poly-Si thin ﬁlm
The material quality of the poly-Si thin ﬁlm is one
of the key parameters that deﬁne its electrical properties. Thus, it is desirable to obtain a high crystal quality of the poly-Si ﬁlm while trying to achieve a high-rate
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Fig. 6. Hemispherical UV reﬂectance measured on two polySi ﬁlms obtained by SPC of a-Si:H ﬁlms deposited at 90 and
146 nm/min, respectively. Also shown (solid line) is the UV
reﬂectance measured on a polished singlecrystalline Si wafer.

deposition. Thus further investigation was undertaken to
study the eﬀect of a high deposition rate on the crystal
quality, using the UV reﬂectance and Raman characterization techniques. Figure 6 shows the total hemispherical
reﬂectance at short wavelengths (UV region, 250–400 nm)
measured on two diﬀerent poly-Si thin ﬁlms prepared by
SPC of high-rate deposited a-Si:H ﬁlms, as well as on a
polished FZ c-Si (100) wafer. Two characteristic peaks
resulting from direct optical transitions in c-Si [19] were
observed in the UV reﬂectance spectrum at ∼360 nm and
∼275 nm (Re1 and Re2), respectively. Structural disorder and defects in the surface region of the probed poly-Si
ﬁlm lead to a decrease and broadening of the peaks [20].
It can be clearly seen that the poly-Si thin ﬁlm fabricated
by SPC of an a-Si:H ﬁlm deposited at 146 nm/min has
less structural defects than the poly-Si ﬁlm fabricated by
SPC of an a-Si:H ﬁlm deposited at 90 nm/min. In addition, the reﬂectance spectrum obtained for the poly-Si
ﬁlm is quite close to that of a single-crystal Si wafer. Furthermore, the UV reﬂectance spectra obtained for the c-Si
wafer and the poly-Si thin ﬁlms were quantiﬁed in terms
of the crystal quality (Qr ) using the following relationship
given in references [14, 15]:


Re1
Re2
1
+
Qr =
.
(2)
2 Re1.c-Si Re2.c-Si
The UV-Vis-NIR measurement at wavelengths below
300 nm has a small signal-to-noise ratio. Therefore, we
exclude the Re2 to get the following equation:
Qr =

Re1
.
Re1.c-Si

(3)

The crystal quality factor Qr quantiﬁes how closely the
UV reﬂectance of a single-crystalline Si wafer is mimicked by a particular poly-Si thin-ﬁlm sample and thus
provides a qualitative measure of its area-averaged crystal
quality [14].

5

Fig. 7. Crystal quality of the SPC poly-Si thin ﬁlms calculated
from UV reﬂectance as a function of the a-Si:H deposition rate.
The dotted lines are guides to the eye.

Figure 7 shows the calculated crystal quality factor for
selected poly-Si thin ﬁlms obtained from a-Si:H ﬁlms deposited at various deposition rates. It can be clearly seen
that few poly-Si thin-ﬁlm samples fabricated by SPC of aSi:H ﬁlms deposited at high rate have a better UV crystal
quality than those obtained from a-Si:H deposited at lower
rate. Detailed analysis of the graph (see Fig. 7) and the experimental data revealed that the SPC poly-Si ﬁlms with
the best crystal quality were fabricated from a-Si:H ﬁlms
deposited using a SiH4 ﬂow to RF power density ratio of
about 2.4 sccm/mW cm−2 . In contrast, the SPC poly-Si
ﬁlms with poor crystal quality were found to be fabricated
from a-Si:H ﬁlms using a SiH4 gas ﬂow to RF power density ratio of less than 1.6 sccm/mW cm−2 or greater than
3 sccm/mW cm−2 . It was also observed that few of the
poly-Si thin ﬁlms with low UV crystal quality had an extremely high number of cracks (see Fig. 7). These cracks
might have been generated during the SPC and RTA processes due to the large a-Si:H thickness variation across
the large area of 30 × 40 cm2 , as discussed earlier (see
Sect. 3.2). The UV reﬂectance merely probes the surface
region (∼5 nm thickness) of the poly-Si ﬁlm and thus the
obtained UV crystal quality could just be a representation of the surface quality of the poly-Si ﬁlm. The poor
UV crystal quality observed in some of the poly-Si ﬁlms
with an extreme number of cracks could well be due to the
eﬀects of the cracks and thus does not represent the true
eﬀect of the a-Si:H deposition rate on the crystal quality
of the SPC poly-Si ﬁlm. Hence, selected poly-Si thin ﬁlm
samples were further characterised from the air side by
Raman spectroscopy [16] (depth resolution ∼400 nm), to
better understand the eﬀect of the a-Si:H deposition rate
on the structural quality of the SPC poly-Si ﬁlm.
Figure 8 shows Raman spectra acquired from the visible (532 nm) laser line for selected poly-Si thin ﬁlms
fabricated by SPC of a-Si:H ﬁlms deposited at 17 and
146 nm/min. As a reference, the Raman spectrum was
also obtained for a single-crystal high-resistivity FZ Si
(100) wafer (solid line). A strong peak at a frequency ω0 of
about 522 cm−1 is observed for the c-Si wafer. This peak
position value of c-Si may slightly vary from experiment to
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Fig. 8. Raman spectra of poly-Si ﬁlms deposited at two different deposition rates of 17 and 146 nm/min, respectively.
Also shown (solid line) for comparison is the Raman spectrum
measured on a polished single-crystal Si wafer.

experiment, depending on the calibration of the spectrometer and monochromator. Furthermore,the Raman spectra
for poly-Si ﬁlm obtained from SPC of a-Si:H ﬁlms deposited at 17 nm/min reveal that there is a shift in the
peak position towards higher wave numbers with respect
to c-Si, indicating the presence of compressive stress in
the poly-Si ﬁlm [21]. However, it is worth to note that the
poly-Si ﬁlm fabricated by SPC of a-Si:H deposited at a
high deposition rate of 146 nm/min is found to have no
stress in the ﬁlm.
From the analysis of the Raman spectra and the process parameters revealed that stress in the SPC poly-Si
ﬁlm can be reduced by the control of the SiH4 gas ﬂow
to RF power density ratio. Furthermore, the Raman spectra reveal that the full width at half maximum (FWHM)
of the poly-Si thin ﬁlms varies with the deposition rate
of the a-Si:H ﬁlm. The FWHM is an excellent indicator
of the crystal quality of the poly-Si ﬁlm. An increase in
the defect density and disorder in Si thin ﬁlms leads to
a broadening of the peak (FWHM) [16, 22, 23]. A Raman
quality factor (RQ ) is deﬁned here as the ratio between
the FWHM of single-crystal Si to that of the poly-Si ﬁlm
HMc-Si
(RQ = FFWWHM
) to quantify the defects in the poly-Si
poly-Si
ﬁlm relative to a (stress-free) single-crystal Si wafer.
Figure 9 shows the calculated Raman quality factor of
the poly-Si thin ﬁlm obtained by SPC of a-Si:H ﬁlms as
a function of the deposition rate. It can be clearly seen
that few poly-Si ﬁlms obtained by SPC of a-Si:H ﬁlms deposited at higher rate had better crystal quality than those
obtained from a-Si:H deposited at low deposition rate. The
interpretation of poly-Si thin ﬁlm crystal quality obtained
from Raman measurements is in good agreement with the
crystal quality factor obtained from UV reﬂectance measurements for most of the poly-Si thin ﬁlm reported here.

Fig. 9. Raman quality factor (RQ ) of SPC poly-Si thin ﬁlms
as a function of the a-Si:H deposition rate.

4 Conclusion
In conclusion, a high deposition rate of 146 nm/min
was achieved through the control of the SiH4 gas ﬂow
and the RF power density. A laterally highly uniform
deposition of a-Si:H over the large glass sheet area of
1200 cm2 using high-rate PECVD was achieved. A relationship between the SiH4 gas ﬂow and the RF power
density was established. A linear increase in the deposition rate up to 146 nm/min was achieved by keeping the
SiH4 gas ﬂow to RF power density ratio constant at about
2.4 sccm/mW cm−2 . The SiH4 gas ﬂow to RF power density ratio was also found to aﬀect the thickness uniformity
of a-Si:H ﬁlms and the material quality of the SPC polySi ﬁlms obtained from the a-Si:H ﬁlms. A very high SPC
poly-Si crystal quality with a thickness non-uniformity of
less than ±6% over 30 × 40 cm2 was obtained. A further
increase in the deposition rate to about 250 nm/min seems
possible through the control of the SiH4 gas ﬂow and the
RF power density, while maintaining good thickness uniformity and a high crystal quality.
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