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Abstract

In the present study, nc-Si:H thin films have been deposited from rf-PE-CVD method. A set of depositions was
achieved by varying deposition pressure from 234 mTorr to 1 Torr, while all other deposition parameters were kept
constant. Structural, optical and electrical properties of the films were investigated in detail. Deposition pressure is
found to be a crucial parameter in fine-tuning the material properties including relative fraction of amorphous and
crystalline phases. Results indicate that film growth rate critically depends on plasma chemistry/gas phase chemistry
governed by variation in deposition pressure. Deposition rate increased monotonically with increase in deposition
pressure. Structural properties were studied by Raman spectroscopy and low angle XRD and the results shows that
films are nanocrystalline over entire range of deposition pressure studied. Hydrogen content in the films was found
<11 at. % and decreases with increase in deposition pressure. Bandgap was found independent of deposition pressure
while photoconductivity decreased by one order from 10 S/cm. Surface morphology of films was studied by AFM.
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1. Introduction

Hydrogenated silicon (Si:H) has been studied extensively as a basic material for thin film solar cells
due to natural abundance of Si, environmental safety, potential high performance and being competent for
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low cost production. Extensive research has been carried out by many laboratories to improve the
conversion efficiency of Si:H material based solar cells. The nc-Si:H is a material from this family that
has been favoured than its amorphous counterparts due to its interesting properties such as high
conductivity, high charge carrier mobility and high doping efficiency [1]. Furthermore, the nc-Si:H has
better stability against the light-induced degradation compare to a-Si:H [2]. Another important advantage
that nc-Si:H has got is the choices available as synthesis methods. The rf-PE-CVD is one such option and
has been a preferred deposition method for nc-Si:H material. The PE-CVD has been proven for the
industrial applicability among several other direct and indirect methods of depositing nc-Si:H material.
The parameters affecting the deposition conditions and hence the material quality in PE-CVD are broadly
divided in two categories [3], hardware parameters and process parameters. Both sets of parameters have
been extensively studied for their effect on the material properties. The hardware parameters influencing
the material quality are the electrode geometry [4], inter-electrode distance [5], and operating frequency
[6]. The process parameters which are easily adjustable for a given reactor are the power density,
deposition pressure, substrate temperature, and input gas flows.

The process parameters play a crucial role in determining the film properties in PE-CVD. These
parameters affect the film properties in different ways and in order to obtain desired film properties an
optimum set of parameters need to be selected. It is well known that the deposition pressure (Pg,) is one
of the crucial parameters in PE-CVD. A detailed knowledge of influence of Py, on structural and optical
properties of nc-Si:H films is important for both the understanding fundamental physics of growth process
as well as the fabrication of novel devices. However, so far there exist only few reports in the literature
about the influence of deposition pressure on fundamental properties of nc-Si:H films. For example, the
results obtained by Amanatides ef al. [7] in this regard have shown that both electron density and energy
are affected by the change of total pressure. The effect of increase of total gas pressure during deposition
above 1 Torr, was initially studied by Guo et al. [8]. It was further intensely investigated by several other
research groups [9-11]. It has been shown that it is possible to deposit device grade nc-Si:H thin films at
deposition rates as high as 15 A/s [12], while recent results have demonstrated high efficiency devices
with nc-Si:H layers deposited at the pressure of 10 Torr [13]. However, there is lot of room for the
improvement of film properties particularly at low deposition pressure because the relation between Py,
and structure and properties of the resulting films has not been elucidated yet. It is with this motivation
that we initiated the detailed study of preparing nc-Si:H thin films at low deposition pressure (< 1 Torr).
In this paper, we present the detail investigation of structural and optical properties of nc-Si:H films
deposited by PE-CVD as a function of Py,. It has been observed that these properties are greatly affected
by the deposition pressure.

2. Experimental details
2.1. Film preparation

Films have been deposited in a conventional PE-CVD system (ANELVA, Japan), the details of which
have been described elsewhere [14]. Films were prepared by glow discharge decomposition of SiH,
(MSG) and H, (UHP) mixture. The films were deposited simultaneously on corning # 7059 glass to study
optical and electrical properties and c-Si wafers (5-10 Q-cm, p-type) to study structural properties. The
flow rates of SiH, and H, were kept constant at 0.5 sccm and 75 scecm respectively and the deposition
pressure is varied between 234 mTorr and 1 Torr using a throttle valve at suction port of the process
chamber. With the present set of experiment, we restrict the deposition pressure between 234 mTorr and 1
Torr. We were unable to deposit the films below 234 mTorr due to ultimate suction capacity of vacuum
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pumps. Other deposition parameters are listed in Table 1. The glass substrates were initially cleaned with
in Piranha solution (H,SO,4:H,0, in the proportion of 4:1) after ultrasonic bath for 5 minutes and followed
by wash in distilled water. Then dry nitrogen was flush to wipe off the water on the glass. The c-Si
substrates were treated with HF to etch out native oxide layer. The substrates were loaded and the
deposition chamber was evacuated to a base pressure less than 1x10® mTorr. Substrates were heated to
the desired temperature by suitably setting the thermocouple and the temperature controller. The
deposition was carried out for desired amount of time and films were allowed to cool to about 100 °C in
vacuum. Then films were taken out for characterisation.

Table 1. Deposition parameters employed for the preparation of nc-Si:H thin films

Substrate temperature (Tgup) 250 °C
Inter-electrode separation (de.s) 20 mm

Silane flow rate (Fs;u4) 0.5 sccm

Hydrogen flow rate (Fyp) 75 sccm

RF power 200 Watt
Deposition pressure (Pgep) 234 mTorr to 1 Torr
Time of deposition (t) 40 min

2.2. Film characterisation

Dark conductivity (oy,+) and photoconductivity (o.,) Were measured with coplanar Al electrodes.
The FTIR spectra of the films were recorded by using FTIR spectrophotometer (Shimadzu, Japan) and
bonded hydrogen content in the films were estimated from integrated intensity of the 630 cm™ for Si-H
rocking/wagging absorption band using the method given by the Brodsky ef al. [15]. The bandgap was
estimated using the procedure followed by Tauc [16]. Raman spectra were recorded with micro-Raman
spectroscopy (Jobin Yvon Horibra LABRAM-HR) in 400-700 cm™ range. The spectrometer has
backscattering geometry for detection of Raman spectrum with the resolution of 1 cm™. The excitation
source was 632.8 nm line of He-Ne laser. The Raman spectra were de-convoluted in the range 420-560
cm” using Levenberg-Marquardt method [17] into their integrated crystalline, 7. (~520 cm™), amorphous,
1, (~480 cm'l), and intermediate, 7,, (~510 cm'l) peaks. The crystalline fraction (Xzgyq,) Was then deduced
for ‘large’ crystallites and ‘small’ crystallites using the relations, Xgamangarge) = I / (Ia + I + L) and
XRramangsmall) = Im / (Is + Iy, + L) based as proposed by Sancho-Parramon et al.[18]. The crystallite size was
calculated using the relation, draman = 2n(B/A(o)”2, where A is the peak shift compared to the c-Si and B
= 2.0 cm'nm’ [19]. Low angle x-ray diffraction spectra were obtained by x-ray diffractometer (Bruker
D8 Advance, Germany) using Cu Ky, line (A = 1.54 A). The spectra were taken at a grazing angle of 1°.
Average crystallite size was estimated using the classical Scherrer’s formula, dy.., = 0.9A/BcosOg [20].
Thickness of films was determined by Talystep profilometer (Taylor-Hobson Rank). The particle size and
surface topography of films were studied by AFM (JEOL, JSPM-5200, Japan).

3. Results and discussion
3.1. Variation in deposition rate

Films were deposited for a desired time period and the deposition rate is calculated from thickness
measurement. The deposition rate (rg) as a function of deposition pressure (Pgep) is plotted in Fig 1. As
seen from the figure, rq increases monotonically from ~1.8 A/s to ~3.5 A/s when Pge, increases from 234
mTorr to 1 Torr. The deposition of a film involves two simultaneous processes, first the deposition of the
film-forming radicals and second being the etching of deposited material. Deposition rate is thus
governed by the dominating nature between these two processes.
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Fig. 1. Deposition rate as a function of deposition pressure. The vertical bars show the standard mean error.

Increase in deposition rate with increase in deposition pressure can be attributed to following factors:

e With increase in Py, the density of SiH, molecules in the process chamber increases. This results in
an increase in number of film forming radicals due to increased ionisation of SiH,. So, deposition rate
increases with increase in deposition pressure.

e Increase in Py, leads to increase in secondary gas phase reactions and reaction products. Atomic H is
depleted through secondary gas phase reactions. Consequently, etching of growing material due to
atomic H decreases. Thus, deposition rate increases with increase in deposition pressure.

e Increase in Py, also increases the dwell time of radicals in plasma. It increases the probability that
generated radicals will reach to the substrate and contribute to the film growth. Thus, overall
deposition rate increases with increase in deposition pressure.

3.2. Raman spectroscopy analysis

The Raman spectra obtained for films deposited different deposition pressures (P4e,) are shown in Fig.
2(a). The spectra have been normalised for maximum intensity and plotted with constant vertical shift for
better clarity. Each spectrum shown in Fig. 2(a) was de-convoluted into three Gaussian peaks with a
quadratic base line method. Figure 2(b) represents a typical de-convoluted Raman spectra for the nc-Si:H
film prepared at Py, = 234 mTorr. As seen from Fig. 2(a), all films have a broad peak centred ~ 520 cm’
which is a characteristic of nc-Si:H. In addition, shift of this peak towards lower wavenumber has been
observed with increase in deposition pressure. These results suggest decrease in crystalline fraction in the
film with increase in deposition pressure. The crystalline volume fraction decrease from ~75 % to 68 %
when deposition pressure increases from 234 mTorr to 1 Torr (see Table 2).

The crystallite size was calculated for two phases, ‘small” crystallites (peak between 500 and 510 cm™)
and ‘large’ crystallites (peak ~520 cm™) [18]. Finally, the overall crystallite size is estimated by taking the
ratio of large and small crystallites which is shown in the last column of Table 2. The overall crystallite
size decreases from ~12.8 nm to ~ 3.1 nm as deposition pressure increased from 234 mTorr to 1 Torr.
Increase in deposition pressure plays an important role in determining material properties by controlling
the plasma chemistry. At lower Pg,, radicals reaching the surface are mainly SiH; and H [21]. So, the
growth surface is well covered with SiH; and H radicals. They diffuse in the growing surface result in the
growth of nano-crystallisation. But with increase in Pg,, density of SiH, radicals reaching the growth
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surface gets increased and this limits the growth of the nano-crystallites [15, 21]. This is amplified in the
form of reduction of overall crystallite size in the films and increase in amorphous content.
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Fig. 2. (a) Raman spectra of the films deposited at different deposition pressure; (b) A typical de-convoluted Raman

spectrum for the film deposited at Py, = 234 mTorr

Table 2. Detail analysis of the Raman spectra of the film deposited at different deposition pressures (P ;)

Deposition Crystalline Volume Size of Small Size of Large Overall Crystallite Size
Pressure (mTorr) Fraction (X raman) % Crystallites (nm) Crystallites (nm) draman (NM)
234 75.2 2.6 33.4 12.8
300 74.0 24 15.3 6.4
400 70.2 2.5 11.7 47
500 67.3 24 12.5 52
750 69.8 2.5 10.2 4.1
1000 68.3 2.6 08.0 3.1

3.3. Low-angle x-ray diffraction analysis

Figure 3 shows the x-ray diffraction pattern of films deposited at various deposition pressures (Pgcp).
As seen from the figure the films deposited for entire range of P, were nanocrystalline. Furthermore, it
is seen from the pattern that the films have preferred crystallographic orientation along the (111) plane,
whereas (220) and (311) were also observed with lesser intensity.
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Fig. 3. X-ray diffraction patterns of the films deposited by varying deposition pressures
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Qualitatively, it is clearly seen that the FWHM of the pattern increases with increasing Pye,. This is
also supported by quantitative data of the average crystallite size estimated by the classical Scherrer’s
formula. The values of average crystallite size for films deposited at different Pg, as estimated by the
classical Scherrer’s formula are also shown in Fig. 3. The average crystallite size of the nc-Si:H grains
goes on declining monotonically from ~18 nm to ~10 nm when Py, increases from 234 mTorr to 1 Torr.
These results are consistent with the crystallite size estimated from the Raman spectroscopic
measurements as depicted in the Table 2. The main common observation in the crystallite size estimation
from these two analysis techniques can be noted as the decrease in the average crystallite size with
increasing deposition pressure. The difference observed in crystallite size estimated from these two
analysis techniques is due to the difference in the working principles of the techniques. Thus, x-ray
diffraction results supports the crystallite size results obtained from that of Raman Spectroscopy and
confirms independently the preferred crystallographic orientation to be (111).

3.4. Atomic force microscopy (AFM) analysis
In pursuit of topographical aspects of deposited films, we carried out AFM investigations. Figure 4

depicts surface topography investigated by AFM for the films deposited at P4, = 300, 500 and 1000
mTorr. With increase in deposition pressure (Pyp), significant differences in structure can be seen.

Fig. 4. AFM images of films deposited at (a) 300 mTorr; (b) 500 mTorr; (¢) 1000 mTorr scanned on 2 pm x 2 um
area. Images on right side of the arrow of each [(al);(b1);(c1)] are scanned over 500 nm x 500 nm and single particle
with average size is shown in inset.

As seen from the Fig. 4(a), the films deposited at P4, = 300 mTorr, show a large number of spherical
shape particle agglomerates are observed indicating nanocrystalline nature of the material. For this film
the average particle size is ~100 nm and RMS surface roughness ~13 nm. With increase in deposition
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pressure i.e. the films deposited at Py, = 300 mTorr and 1 Torr, show well resolved, small and non-
uniform grains indicating biphasic (amorphous + nanocrystalline) nature of the material. The average
grain size and surface roughness for these films were ~70 and 60 nm and ~10 and 10.5 nm, respectively.
These results suggest that with increasing deposition pressure the films prepared by PE-CVD become
porous and defective. Difference between the average grain size determined by Raman, XRD and AFM
techniques has been reported previously [22-23].

3.5. FTIR spectroscopic analysis

To reveal the hydrogen bonding configuration and to estimate the total hydrogen content in the films,
FTIR spectroscopy is used. Figure 5(a) shows the FTIR spectra for some Si:H films deposited at various
deposition pressure. The horizontal break between 1100 cm™ to 1700 cm™ is added for better clarity. As
seen from the figure, the films deposited at Py, = 234 mTorr have major absorption bands at ~ 630 cm’™
and ~ 2000 cm™, which correspond to the wagging vibrational modes of different bonding configurations
and the stretching vibrational mode of mono-hydrogen (Si-H) bonded species respectively [24, 25].
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Fig. 5. (a) FTIR transmission spectra of some films, the respective deposition pressure values are labelled for each
spectrum. Horizontal break between 1100 cm™ to 1700 cm™ is added for better clarity; (b) Calculated values of
bonded hydrogen content as a function of deposition pressure. The vertical bars show the standard mean error in
estimation of hydrogen content.

The spectrum also exhibits bending vibrational mode between 800-900 cm™ associated with Si-H, and
(Si-H,), complexes (isolated or coupled) [26] with lesser intensity. These results clearly indicate that at
low deposition pressure the hydrogen is predominantly incorporated in the films in Si-H bonding
configuration. In addition to these vibrational modes, an absorption peak at ~1014 cm™ associated with
the asymmetric Si-O-Si stretching vibration is also seen in the FTIR spectrum for the films deposited at
lower deposition pressure. This is indicative of an oxidation effect caused by its porous-like
microstructure, which is a typical feature for nc-Si:H thin films [27]. However, with increase in
deposition pressure the absorption of 631 cm™ band decreases. At the same time, the absorption of band
at ~2000 cm™' shift towards higher wave number and its intensity increases with increase in process
pressure. Thus, the film deposited at P4, = 1 Torr show similar bands, but with additional absorption peak
at ~2100 cm'. According to the literature, the absorption peak ~ 2100 cm™ corresponds to stretching
vibrational modes of Si-H, and (Si-H,), species [28, 29]. Furthermore, to confirm the various stretching
modes of hydrides present in the films, the FTIR spectra were de-convoluted in the range 1800 cm™ to
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2200 cm™ [30]. These results clearly indicate that with increase in deposition pressure hydrogen bonding
in the films shifts from Si-H bonded species to Si-H, and (Si-H,), complexes.

It was found that the hydrogen content in Si:H materials calculated from different methods is quite
different. However, it has been reported that the integrated intensity of the peak at ~630 cm™ is the best
measure of hydrogen content and other bands are less reliable [31]. Whatever may be the nature of the
hydrogen bonding configuration; Si-H, Si-H,, (SiH,),, SiH; etc., all types of the vibrational modes will
contribute to the 630 cm™ absorption band [32]. Thus, the hydrogen content has been estimated using
integrated intensity of the peak at 630 cm™. Figure 5(b) shows the variation of hydrogen content (Cy) as a
function of deposition pressure (Pg,). As seen from the figure, Cy in the film decreases from ~10.6 at. %
to ~5.9 at. % as Py, increases from 234 mTorr to 1 Torr. We attribute the decrease in Cy with increasing
the Py, to decrease in crystallinity in the film with increase in deposition pressure. In nc-Si:H normally,
the Si nanocrystals are embedded in amorphous tissue or otherwise the nanocrystalline grains are
surrounded by amorphous part and most hydrogen is incorporated at grain boundaries or grain boundary
tissue. Appearance of the absorption peak at ~2100 cm™ together with the wagging mode absorption in
the range 800-900 cm™ in the FTIR spectra and enhancement in their intensity with increase in deposition
pressure supports this.

3.6. Variation in bandgap
The influence of deposition pressure (Pgep) on the band gap (E,) is shown in Fig. 6. It can be seen from

the figure that the bandgap is almost independent on the deposition pressure employed for the synthesis
nc-Si:H films by PE-CVD method.
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Fig. 6. Variation of bandgap as a function of deposition pressure for nc-Si:H films deposited by PE-CVD method.
The vertical bars show the standard mean error in estimation of bandgap.

It is accepted that the bandgap depends on the hydrogen content and it increases with the increase in
hydrogen content in the films [33]. However, in the present investigations, the bandgap is found almost
constant over the entire range of deposition pressure studied indicating that the amount of bounded
hydrogen only cannot account for the bandgap in nc-Si:H films. In addition, there exist several
ambiguities about the bandgap of nc-Si:H films because the material contains both, amorphous and
crystalline phases. The typical value of the bandgap of hydrogenated amorphous silicon (a-Si:H) is
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between 1.6 and 1.8 eV depending on the process parameters. Accordingly, in the case of a mixed phase
of crystalline and amorphous, i.e. nanocrystalline phase, the bandgap should lie between amorphous and
crystalline silicon [34]. However, in the present case, we have observed high bandgap values (~1.9 eV)
over the entire range of deposition pressure employed. We think that such high bandgap values are may
be due to the presence of micro-voids in the films. These micro-voids reduce the effective density of the
material and increase average Si-Si distance [35]. This lowers the absorption in the film and shifts the
transmission curve towards higher photon energy. This produces higher optical bandgap, which is
estimated by extrapolation of absorption curve on the energy axis.

3.7. Electrical conductivity measurement

Figure 7 shows the dependence of dark conductivity (opa.y) and photoconductivity (Gppe,) of nc-Si:H
films deposited at various deposition pressures (Pqep). As seen from the figure, both the Gp,n and the Gpnoro
decrease from ~ 10 S/cm to ~ 107 S/cm when Pgep increases from 234 mTorr to 1 Torr. As a result, the
films didn't show any photosensitivity gain. This is expected because films were nanocrystalline over the
entire range of deposition pressure studied as revealed by Raman spectroscopic (Fig. 2) and low angle
XRD (Fig. 3) studies because the nc-Si:H films prepared by different methods show negligible
photosensitivity depending upon the crystallite size and its volume fraction [36].
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Fig. 7. Variation of dark conductivity and photo conductivity as a function of deposition pressure. The vertical bars
show the standard mean error.

4. Conclusions

Hydrogenated nanocrystalline silicon (nc-Si:H) thin films were deposited using PE-CVD system by
varying the deposition pressure from 234 mTorr to 1 Torr. The structural, optical and electrical properties
of the deposited films were investigated in detail. Deposition rate increases monotonically from 1.8 A/s to
3.3 A/s with increase in deposition pressure. Raman spectroscopy and low-angle x-ray diffraction results
show that the films are nanocrystalline over entire range of deposition pressure studied. Both crystallite
size and crystalline volume fraction have shown decreasing trend. The surface topography studies using
atomic force microscopy indicates that average particle size as well as RMS surface roughness decreases
with increase in deposition pressure. The FTIR spectroscopy results indicate that with increase in
deposition pressure hydrogen bonding in the films shifts from Si-H, and (Si-H,), to Si-H bonded species.
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Bonded hydrogen content in the films was found below 11 at. % and decreases to ~6 at. % with increase
in deposition pressure. However, the bandgap was found independent of deposition pressure. From the
present study it has been concluded that the deposition pressure is a key process parameter to induce the
crystallinity in the Si:H films by PE-CVD. The ease of depositing films with tuneable crystallite size and
its volume fraction is useful for fabrication of tandem solar cells. However, further detailed experiments
are required to study the effect of other process parameters to optimise the nc-Si:H films before starting n-
and p-type doping for solar cells applications.
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