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Abstract

Spectroscopic ellipsometry (SE) is a sophisticated technique to find the optical constants, bandgap and microstructure of
thin layer. SE is used to study the microstructure evolution in boron-doped amorphous silicon films for different hydrogen
flow rates (HFR). Spectral dependance of the real and imaginary parts of pseudo-dielectric constant is obtained at a fix
angle of incidence (70°). Tauc-Lorentz (T-L) optical model is used to estimate the thickness, bandgap, optical constant
and thickness of the top rough layer of the films, whereas Bruggeman effective medium approximation (BEMA) is applied
to find the volume fractions of amorphous, crystalline and void phases. A shift in peak position from 3.65 to 4.1 eV in
dielectric constant is observed as the hydrogen flow rate is increased from 30 to 70 SCCM. This is accompanied by the
emergence of a peak near 3.4 eV, which belongs to the direct bandgap of c-Si. These observations suggest an improve-
ment in microstructure of the films deposited at higher HFR. It is also supported by the observation that films deposited
at higher HFR have higher magnitude of amplitude parameter and less broadening. Fitting of experimental data using
BEMA also suggests that crystalline fraction increases and amorphous fraction decreases at higher HFR. The bandgap
and thickness of top rough layer estimated from SE data are matched well with those obtained using transmission data
and atomic force microscopy.

Keywords Boron-doped a-Si:H films - Hydrogen dilution - Microstructural and optical properties - Ellipsometry - Solar
cells

1 Introduction

The quality of a-Si:H(p) layer is very crucial to improve the
efficiency of a-Si:H(p)/c-Si(n) heterojunction (HJ) solar cells,
which have demonstrated very promising performance
[1-4]. The optical and electronic properties of a-Si:H(p)
films are affected significantly by process conditions
like deposition temperature, chamber pressure and flow
rates of hydrogen and silane gases, hydrogen dilution, etc.
Though a number of studies have reported the influence
of deposition parameters on the quality of a-Si:H(i) films
[5-8], however, very few research groups have focussed

on a-Si:H(p) films [9-12]. The a-Si:H(n) thin films have been
also optimized for the application of back surface field of
the solar cells by varying hydrogen dilution and flow rate
[13-17]. It is commonly observed for the intrinsic as well
as doped p/n-type a-Si:H films that the density and micro-
structure of the films have improved depending on hydro-
gen dilution during the deposition of the films.

The p-layer in a-Si:H-based solar cells should have low
resistivity, low activation energy and large bandgap [18]
to reduce the series resistance and increase the built-
in potential, respectively. Larger bandgap helps more
light to pass through the p-layer to absorber c-Si layer,
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thus increasing the short-circuit current [18]. This can be
achieved by tuning the deposition parameters, such as
hydrogen flow rate, substrate temperature and rf power
[19]. The a-Si:H films transform into hydrogenated poly/
nano/micro-crystallite silicon phase for different hydro-
gen dilution of silane. Moreover, hydrogen has significant
impact on the microstructure, defect density, optical and
electrical properties by reducing the fraction of weak or
strained Si-Si bonds and passivating the un-coordinated/
dangling bonds [20, 21]. The SE is one of the finest tech-
niques to evaluate microstructural changes and optical
properties of the silicon thin films. In situ and ex situ SE
techniques are used for intrinsic a-Si:H films to study the
optical properties and to estimate thickness of the films
[22-30]. However, very few studies have been reported
on doped a-Si:H films by SE measurements [13, 23, 28,
30, 311. It is very important to understand the properties
of the doped a-Si:H films along with intrinsic films. Work
presented in this paper helps to understand the micro-
structural and optical properties of the doped films as a
function of hydrogen dilution for improvement in perfor-
mance of the solar cells.

This paper presents the effect of hydrogen flow rate
(HFR) on microstructural and optical properties of a-Si:H(p)
films. It is of great importance to understand the micro-
structure, deposition rate, defects and optical properties of
a-Si:H(p) films on deposition parameters to fabricate and
achieve high efficiency of silicon heterojunction (SHJ) solar
cells. Thickness, bandgap and roughness of these films
are determined using T-L model to analyse the SE data,
whereas BEMA is used to find the amorphous, crystalline
and void volume fractions. SE results are compared with
UV-Vis-NIR and AFM results.

2 Experimental details

Hydrogenated amorphous silicon films with boron doping
are prepared on Glass (Corning-1737) substrates for differ-
ent hydrogen flow rate (HFR) (30 to 70 SCCM) in a multi-
chamber PECVD system using 13.56 MHz radio frequency
and 30 W power. Pure silane (SiH,) flow rate is maintained
at 4 SCCM. The deposition temperature and chamber pres-
sure are held at 200 °C and 0.42 mbar, respectively, for all
films. Diborane (2% of B,H, and 98% of H,) at a flow rate
of 6 SCCM has been used for p-type doping of a-Si:H thin
films. The films were deposited for 15 min only. The films
labelled as MP120-MP124 correspond to a-Si:H(p) with HFR
of 30-70 SCCM, respectively.

The a-Si:H(p) thin films were characterized by SE (Semi-
lab, Sopra, GES5) techniques in the spectral energy range
from 2.0 to 5.50 eV and angle of incidence of 70°. Analysis
of the SE data was done using SEA software. Recording of
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the SE spectra of a-Si:H films deposited by PECVD and c-Si
wafer after cleaning was done with Semilab (Sopra, GES5)
spectrometer and recorded data were converted into n-k
file using SEA software. These n-k files of a-Si:H and c-Si
were used for estimating volume fractions of amorphous
and crystalline phases in the films. These converted n-k
files were compared with default n-k data of SEA software.
Optical transmittance of the films was measured in the
range 200-2500 nm (Perkin EImer Lambda 900) to find
out the thickness as well as optical bandgap of the films.
The surface morphology and roughness were estimated
using AFM (Agilent 5500).

3 Results and discussion
3.1 Spectroscopic ellipsometry studies

Variation of dielectric constant ((e, ))and ((&,)) with pho-
ton energy for boron-doped a-Si:H films is shown in Fig. 1.
The corresponding spectra for crystalline silicon (nor-
malized after dividing by a factor of two) are also added
for reference purpose. These {¢,) and (g,) are real and
imaginary parts of pseudo-dielectric function of a-Si:H(p)
films, respectively. The interference of reflected light from
different surfaces results in a peak in spectra at around
2.0 eV which is moved from 2 to 2.5 eV at higher HFR. This
shift in peak position at low energy is because of differ-
ent thickness of the films for different hydrogen flow rate.
For crystalline silicon, the peaks and dips in (¢;) and two
distinguished peaks in (e,) at 3.40 eV and 4.20 eV are due
to direct band transitions [32, 33]. In the case of c-Si, the
pseudo-dielectric function ({¢)) reduces to the dielectric
function () of the material when the films are very thick
as well as have smooth surfaces. Similar kind of peaks with
high intensity has been observed for hydrogenated nano-
and micro-crystalline silicon films [25, 33, 34].

The (g,) spectra of MP123 and MP124 films contain sev-
eral peaks at different positions, and thus, broad spectra
are observed. The spectra are deconvoluted into three
characteristic peaks positioned at 3.2, 3.6 and 4.2 eV as
shown in Fig. 1c. The (g,) spectra of MP123 film were
deconvoluted in the energy range of 2.5-5.5 eV to mainly
focus on three distinct peaks. The baseline correction was
done during deconvolution. That is the reason the spectra
(in Fig. 1c) appear to approach zero. The deconvolution
was done to identify the peak positions which are given as
initial values for fitting the experimental data (Fig. 1c). The
peaks at 3.2 and 4.2 eV are due to nano/micro-crystalline
nature, whereas peak at 3.6 eV corresponds to amorphous
behaviour of the a-Si:H films [23, 29, 35-37]. Observed
peak at 3.2 eV is slightly shifted from 3.4 eV due to small
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Fig. 1 (a—c) Measured dielectric functions with variation of photon
energy of a-Si:H(p) thin films as well as crystalline silicon (crystalline
silicon curve is normalized by a factor of two to fit in the graph). ¢

crystallite size of MP123 and MP124 films. The amplitudes
of (e,) and (e, ) are highest for MP123 film.

These observations suggest that the microstructure
is changed from amorphous to near nanocrystalline
nature [23, 24, 31, 38-40]. The amplitude of (¢,) spectra
has increased systematically from MP120 to MP123 films,
whereas it is slightly decreased for MP124 film. The ampli-
tude of (¢,) spectrum indicates the density and percent-
age of voids in the film, which depends upon the concen-
tration of different H-bonding configurations in a-Si:H
films [32]. Higher amplitude and less broadness in these
curves is an indication of higher density and less disorder
with increase in HFR. This film (MP123), deposited using
60 SCCM of hydrogen flow rate, also shows least void frac-
tion when SE spectra are fitted using BEMA. The deposi-
tion conditions are best suited for fabrication of c-Si(n)/
a-Si:H(p) HJ solar cells.

Thickness and bandgap of the films are estimated using
the T-L optical model [23, 28, 30, 35, 36]. Two layers’struc-
ture (substrate/bulk a-Si:H-layer/rough surface a-Si:H-layer/

Deconvolution spectra of MP123 to identify the peak positions for
initial values for fitting

air) was used to calculate these values. No oxide layer is
assumed in this picture for two reasons: (1) the thickness
of oxide layer is usually very small (~1 to 2 nm), and (2)
it further complicates the fitting procedure. Most of the
reports in the literature also do not include the oxide layer
while fitting the SE spectra. The backside of the glass sub-
strate was smooth enough, and the value of ¢  was fixed
at 1 during T-L model fitting. Further the same two-layer
model is also used for BEMA to evaluate the volume frac-
tion of different phases; void, amorphous and crystalline
and top surface layer roughness of these films. T-L optical
model is mainly used to calculate the bandgap, optical
constants and thickness of films, whereas BEMA model is
used to determine the void, amorphous and crystalline
fraction in mixed and nanocrystalline films. These details
are presented in our earlier publications [41, 42]. Figure 2a,
b shows the measured spectra of (¢, ) and (¢, ) of films and
fitted with T-L model. Calculated values of thickness and
optical bandgap are given in Table 1. The fitted spectra
match well with the measured one.
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Fig.2 Spectral dependence of (¢, ) and (¢, ) of a-Si:H(p) films. The recorded spectra are represented by symbols, and line represents the T-L

model fit

Table 1 Thickness and

8 Sample HFR(SCCM) Thickness (nm) A(eV) E,(eV) C(eV) E,(eV) d,(nm) E,(eV) R? (%)

estimated parameters of 9 (6V—Vis—

A E, C and Eg a-Si:H(p) films by NIR)

T-L model
MP120 30 105 176 3.65 2.99 1.82 2.09 1.81 99.74
MP121 40 105 193 3.75 2.90 1.82 1.82 1.82 99.68
MP122 50 92 194 3.72 2.85 1.84 1.1 1.83 99.05
MP123 60 74 210 3.99 2.67 1.85 1.50 1.85 98.95
MP124 70 67 186 4.10 2.79 1.87 2.16 1.87 98.12

Figure 3 show the variation of different T-L model fit-
ting parameters with HFR along with the approximate
error bars. As was qualitatively predicted, higher HFR
improves the microstructural properties of the films, thus
increasing the amplitude (A) and lowering the broaden-
ing (C). However, when the HFR is quite high (70 SCCM,
MP124), the trend is reversed; i.e. A is slightly reduced,
whereas C is little higher. These results could be under-
stood in terms of the change in atomic hydrogen con-
centration in the chamber during deposition when HFR
changes. With increase in hydrogen flow rate, atomic
hydrogen arriving at the surface not only breaks weak
Si-Si bonds but also diffuses in to the bulk and passi-
vates the coordination defects, replaces weak SiH, bonds
with strong Si-H bonds resulting in a dense structure,
more ordered and relaxed network with low void frac-
tion. This results in transformation of amorphous phase
into nanocrystalline phase depending on hydrogen flow
rate during deposition of the films. In a PECVD chamber,
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silane and hydrogen gases are dissociated into SiH;, SiH,,
SiH, Si, H, and H species. These reactive atoms and mol-
ecules participate in secondary phase reactions with par-
ent SiH, molecules mostly and then form a steady state.
These secondary phase reactions have different values
of rate constants [21, 43]. The density of highly reactive
SiH,, Si-H and Si is much lesser in the plasma than SiH;,
and thus, SiH; precursor are the mainly reason to form
the films on the substrates [21, 44, 45]. The SiH; precur-
sors start to diffuse on the surface after reaching the
substrates. The grown films have weakly bonded Si-H,
and strongly bonded Si-Si and Si-H bonds and simul-
taneously dangling bonds [21]. Hydrogen atoms reach-
ing at the surface of the growing films can diffuse into
the films and replace weak bonding of Si-H, with strong
bonding of Si-H and also reduce the disorder in the film
by replacing overstrained Si-Si bonds with Si-H bonds.
It also decreases the density of dangling bonds in the
films. As HFR is raised, the partial pressure of hydrogen
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Fig. 3 Estimated parameters of A, E,, C and Eg with HFR of a-Si:H(p)
films by T-L model

in chamber also increases, resulting in a higher prob-
ability of dissociation of H, molecules, which eventually
increases the concentration of hydrogen atoms in the
chamber. With initial increase in HFR, more hydrogen
atoms are present, which eventually remove the coordi-
nation defects by attaching themselves to silicon dan-
gling bonds and thus relax the structure. This also lowers
the disorder in the films and thus the density of tailing
states. In addition, the atomic hydrogen reaching at the
surface is also able to diffuse in bulk layer and forms
strong silicon-silicon and silicon-hydrogen bonds by
repairing weakly formed silicon-silicon and Si-H,. This
further improves the structural ordering and density of
the films [36, 39, 46]. However, when HFR is very high
(MP124 film deposited with HFR 70 SCCM), concentration
of hydrogen in the deposition chamber is significantly
increased and hydrogen precursors collide with neigh-
bouring hydrogen and silane precursors, resulting in an
increase in density of defects, bond density of Si-H, and

percentage of voids in the films. This is the reason of
observed decrease in value of A and increase in value of
C for MP124 film. The amplitude of (¢,) is related to the
film quality and the degree of disorder. As the hydro-
gen flow is increased, initially the disorder and defect
density in the films is reduced resulting in an increase in
amplitude of (¢,). However, when HFR is very high (70
SCCM for MP124), the concentration of hydrogen in the
deposition chamber is significantly increased and hydro-
gen precursors collide with neighbouring hydrogen and
silane precursors, resulting in an increase in density of
defects, bond density of Si-H, and percentage of voids
in the films. This is the reason of observed decrease in
amplitude of MP124. Results of BEMA model also sug-
gest that crystalline fraction in these films increases and
void fraction decreases as HFR is increased, whereas the
amorphous fraction is more or less unchanged. However,
when HFR is increased to 70 SCCM, the void fraction in
the films increases at the cost of amorphous fraction.

BEMA optical model is used to determine the fraction
of amorphous, crystalline and voids in the a-Si:H films
[23, 28, 30, 41, 42, 47, 48] and given in Table 2. Figure 4
shows the recorded spectra of (¢;) and (¢,) for these
films fitted by BEMA model.

Figure 5 shows the variation of estimated fraction of
f,, f,and f_of a-Si:H(p) films for different HFR. A continu-
ous increase in f, is observed with a drastic jump when
HFR is increased to 60 SCCM. The amorphous fraction
is also found decrease and void fraction to decrease,
though slowly at higher HFR. The results could again
be understood in terms of diffusion of atomic hydro-
gen on the film forming surface and in the bulk, which
improves the ordering in silicon network, and thus, an
increment in the crystalline fraction and decrease in void
and amorphous fractions are observed. The least value of
void fraction is observed for HFR 60 SCCM beyond which
void fraction is increased, accompanied with a decrease
in amorphous fraction. The thickness of top rough sur-
face layer is increased as HFR increases due to higher
rate if ion bombardment on the growing surface of the
films. In this work, films are not completely crystallized
and transformed to near nanocrystalline phase. This is
the reason; we have observed very small intensity peaks
at higher hydrogen dilution.

Table 2 The estimated fraction

Sample HFR(SCCM) Thickness (nm) f, (% f. (% f (% d. (nm devic(Nnm) (AFM) — R? (%
of f, f, and £, thickness and P ( ) : (hm) 1, (%) 1 (%) (%) s (nm) aws(nm) ) %)
surface roughness (d,) of MP120 30 111 1542 8350 1.05 1.3 1.10 98.35
a-Si:H(p) films

MP121 40 101 1485 8410 105 1.56 1.27 98.40

MP122 50 93 9.16 87.80 3.02 219 1.89 99.02

MP123 60 73 714 8435 850 246 212 99.45

MP124 70 67 1322 7440 1237 3.19 3.11 99.68
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3.2 UV-Vis-NIR studies

The transmission spectra of MP120-MP124 films in the
wavelength range 200-2500 nm are shown in Fig. 6. In
Fig. 6, the absorption edge is shifted towards lower wave-
length for higher HFR. The optical bandgap and thickness
values, calculated from transmittance data and Tauc’s plot
[49, 50], are included in Table 1. The thickness of the films
is used for calculating the absorption coefficient. Band-
gap is estimated from linear fit of M versus hv plot.
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These estimated values are well matched with the results
obtained from SE measurements.

3.3 AFM morphology studies

Surface morphology of MP120-MP124 films, as measured
by AFM, is shown in Fig. 7a-e. The uniformed growth
throughout the sample area along with scattered voids
is observed when HFR is low. The estimated RMS sur-
face roughness (dgys) values are included in Table 2 for
comparison. The surface roughness values from the
AFM measurements show the same trend as the val-
ues determined from SE analysis, though the absolute
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Fig.7 (a—e) AFM surface morphology of MP120-MP124 films

values differ by a small amount. The reason for this differ-
ence could be a difference in measurement area of two
methods. Similar trend is reported in the literature also.
In the literature, a relationship is mentioned between
surface roughness from AFM and SE as given by equa-
tion d,=1.5d,,,.+4 A [23], where d, and d,,, are surface
roughness of films that correspond to SE and AFM meas-
urements. Our observations also follow the same trend.

In our earlier publication, we have reported the SE
studies on phosphorus-doped a-Si:H thin films [14]. We
have observed similar trends for a-Sl:H(p) and a-Si:H(n)
films, which is not very surprising as in both cases, flow
rate of Silane is the main film forming precursor gas and
other parameters are kept same. However, some quan-
titative changes are observed. Figure 8a presents a com-
parison in fitting parameters for SE spectra for a-Si:H(n)
and a-Si:H(p) films as a function of HFR. It is observed
that the bandgap of the films is same for a give HFR irre-
spective of whether it is n type or p type. The trends are
also quite similar for other parameters like Eg, Ey,AandC,
though the magnitudes are different. Similar trends are
observed for amorphous, crystalline and void fractions
also (Fig. 8b). One of the observable differences between
a-Si:H(n) and a-Si:H(p) is that though for a-Si:H(n) films,
absolute values of amorphous fraction are low and void
fraction is high as compared to a-Si:H(p) films; the ampli-
tude A is more and E, is less as compared to a-Si:H(p)
films. It is also observed that void fraction is lesser and
crystalline fraction is higher for the a-Si:H(p) thin films

lO.S . 1
X|pum]

21.93 nm

as compared to a-Si:H(n) films for same hydrogen flow
rates.

In general, intrinsic and doped a-Si:H films have dif-
ferent role in solar cells. The a-Si:H(p) layer is widely used
as emitter layer in solar cells, whereas a-Si:H(n) films
are used as back surface field. The intrinsic layer is used
as absorber layer in p-i-n solar cells and as passivation
layer in c-Si/a-Si:H solar cells, respectively. The quality
of these films depends upon the hydrogen dilution as
well as other parameters also. Lei Zhao et al. found that
excellent wide bandgap p-type a-Si:H window layer was
deposited in PECVD with low hydrogen dilution ratio of
20, high process temperature of 220 °C and a moderate
process pressure of about 160 Pa [51]. The boron-doped
nc-Si films were obtained by annealing at 800 °C and it was
observed that crystallinity had decreased as diborane flow
rate was increased from 0.3 to 1.5 SCCM and the boron
dopants are electrically activated and subsequently occu-
pied the lattice sites during the annealing process, which
leads to increase of dark conductivity of the films [9]. The
roughness of boron-doped silicon films was increased as
increase in deposition time [52]. Hou et al. varied the RF
power during deposition of boron-doped a-Si:H films to
obtain nc-Si:H films [11]. Wang et al. deposited and con-
trolled the different crystalline phases of the boron-doped
Si films by optimizing the hydrogen dilution and power
density [53]. High quality a-Si:H(p) layer with excellent
optoelectronic properties is required for better perfor-
mance of the solar cells.
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Fig.8 (a, b) Comparison graph of boron and phosphorus-doped a-Si:H films of T-L and BEMA models by varying hydrogen flow rate

Many research groups have reported that increasing the
HFR/hydrogen dilution improves the structural ordering in
intrinsic a-Si:H films and films tend to become nanocrystal-
line/microcrystalline as the hydrogen dilution increases [7,
34, 54-59]. Similar kind of microstructural transition has
been observed for n and p-type doped a-Si:H films [9, 13,
14,17, 20]. Several groups have studied the influence of
HFR on intrinsic a-Si:H films by SE measurements [34, 37,
38, 40, 46, 60-62], whereas very few reported on doped
a-Si:H films by SE as compared to intrinsic films[14, 28-31,
33, 52]. Reported thickness of a-Si:H films is above 100 nm
and it is well known that the thickness of intrinsic as well
as doped a-Si:H layers is in the range of 5-20 nm for c-Si/
a-Si:H HJ solar cells. Our results are on the similar trends
reported in the literature for intrinsic a-Si:H films. One rea-
son for this could be that the main film forming precur-
sor is still derived from the Silane. In our studies, we have
optimized a-Si:H(p) thin films by varying hydrogen flow
rate. Microstructure, optical properties and surface rough-
ness of the prepared films were characterized by SE and
compared with UV-Vis-NIR and AFM techniques. In this
work, films were deposited near the onset of amorphous
and nanocrystalline region by varying hydrogen flow rate
for the application of solar cells. This a-Si:H(p) layer depos-
ited near the onset of nano crystallinity improves the solar
cell performance by reducing interface and bulk defect
density of the films.

During growth of a-Si:H films, most of the hydrogen
atoms and molecules interact with growing film and make
possible chemical reactions. Three main processes take
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place during growth of film with hydrogen dilution; (1)
hydrogen coverage on the growing surface, (2) chemical
etching and cleaning, and (3) migration of adsorbed pre-
cursors on surface [21, 44]. The atomic hydrogen diffuses
on growing surface and also into the films. The atomic
hydrogen also enhances the surface diffusion of radicals
like SiH;. Hydrogen exchange reaction also causes the
local heating on the growing surface [21]. The bonding
energy of Si-Si (2.2 eV) bond is relatively smaller than the
energy of Si-H (3.4 eV); therefore, one can say that diffus-
ing H can break the weak Si-Si bond. In the a-Si:H layers,
silicon dangling bonds or vacancies were occupied by
mostly hydrogen [63]. However, at deposition tempera-
ture of 200 °C, poly-hydrides are formed by some of the
hydrogen atoms/molecules in the a-Si:H films, which sit
on the inner surfaces of nano/micro-sized voids. Hence,
the void size increases; this suggests that the surface
roughness could be originate from the voids. It suggests
that the gas is molecules of H, and supported by several
reports of experimental and theoretical research [63-65].
In equilibrium state at 200 °C, the H, molecules can leave
the voids during the deposition process and the remained
free silicon bonds are recombined by the formation of the
nano/micro-crystalline phase. These energetic precursors
occupy more stable and favourable sites. The hydrogen
atoms also etch out some amorphous fraction [66]. This
results in evolution of more ordered nano/micro-crys-
talline phase. However, when large amount of atomic
hydrogen is present during growth, film quality starts to
degrade and defects formation start in growing film. In our
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case, an improvement in film microstructure, and bonding
configuration of Si-H is observed up to 60 SCCM of HFR
of a-Si:H(p) films. With further increase in HFR, increase in
concentration of hydrogen atoms in plasma increases the
rate of ion bombardment. This results in micro-void forma-
tion, and thus, compactness of the films is reduced. How-
ever, crystallinity has enhanced due to increase in hydro-
gen radical density. In SE measurements, it is manifested
as a shift in peak positions and amplitude of (£,) spectra
for different HFR. The best device quality films, near onset
of nanocrystalline phase, are obtained for 60 SCCM of HFR.
These optimized parameters are used for fabrication of
c-Si(n)/a-Si:H(p) silicon-based HJ solar cells.

4 Conclusion

Impact of HFR on microstructural, optical properties of
a-Si:H(p) films was investigated by SE measurements for
solar cell applications. Microstructure of a-Si:H(p) films is
improved with increase in HFR which is apparent as shift
in position of peaks from 3.65 to 4.1 eV in SE spectra and
evolution of another peaks at 3.4 eV corresponding to
crystalline silicon. BEMA analysis of the SE data also con-
firms the increase in crystalline fraction at higher HFR. The
lowest value of void fraction is obtained when HFR is 60
SCCM. These optimized parameters leading to films with
enhanced microstructure and the onset of nanocrystal-
line phase are useful for fabrication of solar cells and for
improvement of performance of the devices.
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