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Role of inter-electrode spacing in capacitively coupled radio frequency plasma
enhanced chemical vapor deposition deposition (PE-CVD) system was studied. The
influence of inter-electrode separation on the structural, optical and electrical
properties of the deposited films was carefully invesigated keeping all other deposition
parameters constant. The results indicate that the film growth rate critically depends
up on the plasma chemistry/gas phase chemistry altered by variation of inter-
electrode separation. Structure and optical properties are strongly influenced by inter-
electrode separation. The nanocrystallization in the material was observed for smaller
inter-electrode separation, whereas higher inter-electrode separation favors amorphous
structure of the deposited material. The band gap of the material was found to
decrease from ~2 eV to 1.8 eV when inter-electrode separation was varied from 15 mm
to 40 mm.
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1. INTRODUCTION

During last three decades or more, hydrogenated amorphous silicon (a-Si:H)
has been studied extensively as a basic material for thin film solar cells due to
natural abundance of source material, environmental safety, potential high
performance and capability of low cost production. Much of progress also have
been reported for device application and conversion efficiencies of 11.2 % and
10.2 % have been reported for small area cells and large area panels,
respectively [1, 2]. However, the solar cells based on a-Si:H has always been
associated with efficiency losses due to light-induced degradation over time [3].

Nowadays, a-Si:H has been replaced by hydrogenated nanocrystalline
silicon (nc-Si:H) due to its interesting properties such as high conductivity,
high charge carrier mobility and high doping efficiency [4]. Furthermore,
nc-Si:H has better stability against light-induced degradation as compared to
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a-Si:H counterpart [5]. The radio frequency (RF) plasma enhanced chemical
vapor deposition (PE-CVD) is widely preferred method for the deposition of
nc-Si:H material. Also, the PE-CVD has been proven for industrial
applicability among several direct and indirect methods of deposition of nc-
Si:H material.

Material quality in PE-CVD is governed by several deposition parameters.
The parameters affecting the deposition conditions and hence material
quality of nc-Si:H in PE-CVD are broadly divided in two categories [6], i)
Hardware parameters and ii) Process parameters. Both the sets of
parameters have been extensively studied for their effect on the material
properties. The hardware parameters influencing the material quality are:
electrode geometry [7], inter-electrode distance [8], and operating frequency
[9]. The process parameters which are easily adjustable for a given reactor
are: power density, pressure, substrate temperature, and input gas flows
[10]. Much of the research effort is directed towards the understanding of
how these externally adjustable parameters affect the internal physical
plasma characteristics upon which the material quality of nc-Si:H ultimately
depends. The variation of these parameters can significantly alter the
plasma properties by affecting the charged particle kinetics, the gas phase
chemistry, and the plasma-surface interaction. Setting up the deposition
parameters that guarantee a device quality films of nc-Si:H material
requires the fundamental understanding of the surface radical reaction
mechanism during the film growth. The research targeting better
understanding of the reaction mechanisms between the gas-phase species and
the deposition surface is of technological importance with potential for
improvement in existing technologies. The understanding of deposition
mechanism can be achieved by careful study of deposition parameters. This
also gives guidelines for determination of optimum deposition conditions for
best properties of deposited material. This is achieved by the synergetic
effect of different combinations of these plasma parameters resulting in a
best quality material.

In literature, there are vivid reports about effect of inter-electrode gap
on the properties of material synthesized in capacitively coupled PE-CVD.
The control of the electrode gap is important to exploit the high-pressure
plasma [11]. The suppression of higher silane-related radicals is probably
responsible for preserving good quality at high growth rates because of
lower electron temperature in the high pressure and shorter residence time
due to the small plasma space. The results obtained by Isomura et al. [11]
have demonstrated that the very high growth rate up to ~7 A/s of a-Si:H
films is possible with careful control of the inter-electrode separation. They
have shown in the same results that the optical and electrical properties
were not deteriorated even at such a high growth rate by PE-CVD at
substrate temperature 200 °C. It was also reported that device grade a-Si:H
can be produced at practical growth rates without serious thermal damages
due to lower substrate temperature to solar cell structures. On the other
hand, it also has been observed by Kounavis et al. that at lower inter-
electrode separation, the a-Si:H film growth rate was below 1 A /s [12]. They
have also studied the effect of inter-electrode separation on the electronic
properties, and found that the reduction in the inter-electrode separation
increases defect density. Though the results quoted earlier does not agree on a
single conclusion, important conclusion is that there is significant variation in
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material properties due to variation in inter-electrode separation. So in order
to synthesize nc-Si:H with single governing parameter of inter-electrode
separation present study was carried out in silane + hydrogen plasma.

2. EXPERIMENTAL DETAILS

The films were deposited simultaneously on corning glass # 7059 to study
optical, electrical and structural properties and c-Si wafers (5-10 Q-cm, p-
type) FTIR study. The corning glass was cleaned in Piranha solution
(H5SO4:H505 in the proportion of 4:1) after ultrasonic bath for 5 minutes in
distilled water and followed by wash in distilled water. Then dry nitrogen
was flush to wipe off water on the glass. The c¢-Si substrates were treated
with HF for two minutes to etch out native oxide layer. The above cleaning
method provides good adhesion of the films to substrates. The reaction
chamber consists of two capacitive electrodes, out of which, the upper one is
grounded and act as substrate holder, which has inbuilt heater to elevate the
substrate temperature to desired value.

Table 1 — Deposition parameters employed to study role of inter-electrode
separation

Sr. No. Parameter Value
1 Substrate temperature (T',;) 250 °C
2 Inter-electrode separation (d,.s) 15-40 mm
3 Silane flow rate (Fg;g4) 0.5 sccm
4 Hydrogen flow rate (Fg2) 75 scem
5 Deposition pressure (P) 300 mTorr
6 Time of deposition (%) 40 min

The lower electrode, to which RF power is coupled, also acts as gas inlet
to reaction chamber. This lower electrode can be moved up/down to adjust
the inter-electrode separation. The substrates were loaded on substrate
holder and then deposition chamber was evacuated to a base pressure less
than 1 x 10 ~ 8 Torr. The substrate was heated and brought to 200 °C by
appropriately setting the value on controller. After this the reaction gases
silane (SiH4, MSG) and hydrogen (Hy, 99.999 % pure) were introduced from
gas inlet through mass-flow controllers. Desired pressure in process chamber
was adjusted using throttle valve at suction port of the process chamber.
The other deposition parameters are listed in Table 1.

3. RESULTS AND DISCUSSION
3.1 Variation in deposition rate

Figure 3 shows deposition rate (r;) as a function of inter-electrode
separation (d.s) for nc-Si:H films deposited by PE-CVD method. As seen
from figure, with increase in inter-electrode separation up to 30 mm,
deposition rate increases however with further increase in inter-electrode
separation the deposition rate starts declining. The deposition process in PE-
CVD is directly affected by the gas phase reactions occurring in the plasma.
A large number of possible gas phase reaction yields in different species in
the plasma with varying lifetime. This is a key parameter deciding the
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species that reach the film growth surface (substrate) and hence the
properties of the deposited material. The steady state density of reactive
species in the plasma have been studied with various gas-phase diagnosis
techniques and it has been observed that the number density of SiH3 and H
species is more followed by SiHy, SiH, Si and other low lifetime species [13].
It has been reported that for a fixed deposition pressure, as we go away
from the plasma coupling electrode to the substrate holder electrode, the
density of SiHgs, the species responsible for growth goes on increases
drastically in the initial stage and then saturates [14]. At the same time, by
increasing the inter-electrode separation, there is decrease in the density of
SiHj3 species in plasma.

This also can be explained on the basis that at lower inter-electrode
separation, the residence time of species in the plasma is less and hence the
probability of reaching to substrate surface is more for the species
responsible for Si:H material growth. This also has limiting value for the
present parameters at the inter-electrode separation of 30 mm. When the
inter-electrode separation is increased above 30 mm the growth rate starts
decreasing. At this increased inter-electrode separation, the residence time
of the species in the plasma increases and thereby enhances the probability
of secondary gas phase reactions in the plasma. This change in the residence
results in the change in the composition of the flux incident onto the growth
surface. This results in the declination in the deposition rate for further
increase in the inter-electrode separation. The decrease in the deposition rate
of a-Si:H with increase in inter-electrode separation was observed
previously by Kushaner [14] and Amanatides et al. [15].
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Fig. 1 — Deposition rate as a function of inter-electrode separation for nc-Si:H films
deposited by PE-CVD method. The line drawn is only a guide for eye

3.2 Raman spectroscopy and low-angle X-ray diffraction analysis

Raman spectroscopy is recognized as a powerful technique for the
characterization of Si structures, particularly, for studying nc-Si:H because
it gives direct structural evidence quantitatively related to nanocrystalline
and amorphous component in it. Figure 2 shows Raman spectra of the films
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deposited at various inter-electrode separation (d,g) in the range 300-

600 cm ~ 1. For comparison, Raman spectrum for c-Si is also included in the

figure. Raman spectra for samples with d,; 15 mm and 20 mm were

deconvoluted in the range 400-540 cm ~ ! into two Gaussian peaks and one

Lorentzian peak with a quadratic base line method Levenberg-Marquardt

method proposed by D.W. Marquardt [16]. Following observations have been

made from the Raman spectra for the films deposited at various inter-
electrode separations.

I. Films deposited at d,s =15 mm and 20 mm show three transverse optic
(TO) phonon modes. These are at ~ 520 cm ~ ! associated with crystalline
phase, at ~ 480 cm ~ 1 of amorphous phase and the third is in between 500-
510 cm ~ ! attributed to small Si crystallites and grain boundaries [17].
For these films crystallite size (dgryman) @and volume fraction of crystallites
(X Raman) are 8 nm, 6 nm and 56 at.%, 42 at.% respectively. These results
indicate that films deposited at lower d,  are mixture of two phases, an
amorphous phase and a crystalline phase with nano-size Si crystals
embedded in amorphous matrix. For films deposited at d,; > 20 mm,
Raman spectra shows only a broad shoulder centered ~ 480 cm ~1
associated with a-Si:H.

II. Thus from the Raman spectroscopic analysis it is clear that films
deposited with increasing inter-electrode separation an nanocrystalline-
to-amorphous transition occurs.

The low angle XRD patterns for the films deposited at various inter-
electrode separations were recorded at incidence angle of 1 and are shown in
Figure 3. The results are complimentary to the Raman spectroscopic results
discussed above. Similar kind of nanocrystalline-to-amorphous transition is
also observable in XRD results at d,;=25mm. Films deposited at
d.s < 25 mm shows a strong peak at 260 ~ 28.14° and less intense peaks occur
at 20~ 47.14° and ~ 55.75° corresponding to (111), (220) and (311) crystal
orientations. The dominant peak is (111). This result indicates that the
crystallites in the films have preferential orientation in the (111) directions.
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Fig. 2 — Raman spectra of films deposited at different inter-electrode separation by
PE-CVD method
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Fig. 3 — X-ray diffraction patterns of the films deposited at various inter-electrode
separations

The nano-crystallization at d,s < 25 mm for a fixed other deposition
parameters is governed by the gas phase reactions of wvarious species
occurring in the plasma before reaching the film growing surface. The three
main species of the plasma impinging the film growth surface responsible
for properties of the material are SiH3s, H and electrons. Impingement of
SiHj3 species on the substrate is believed to be the main species responsible
for deposition of nano-crystalline material on substrate in any case. Also,
SiH3 is the only species along with H species having highest density in
steady state plasma. At lower d., the probability of SiH3 species to undergo
secondary gas phase reactions and to form other species is less. This results
in formation of nanocrystalline material on the substrate surface from the
impinging SiHg species. The nano-crystallization of the material deposited at
lower d,.; was also observed recently by Chowdhury et al. [18]. They have
observed that by increasing the d,.,, the films deposited tend to become
amorphous or reduced crystalline fraction depending on the deposition
parameters. It also has been reported that at lower d,; the electron
temperature in the discharge is higher [17] which probably may responsible
for the nanocrystalline growth of the film.

The amorphous nature of the films for d,; > 25 mm may be due to the
increased secondary gas phase reactions of SiHj3 species and thus reduced
supply of the same on the film growing surface. This results in the depletion
in the supply of SiHj3 species and increase in the supply of vibrationally
excited silane species to the film growth surface. The impingement of
vibrationally excited silane on the film growth surface results in the
formation of dust and a-Si:H material. Also, the increase in d,,, results in
the reduced electron temperature in the discharge, whereby electron impact
on the film growth surface does not transfer sufficient energy to induce
crystallization.
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3.3 FTIR spectroscopic analysis

Fourier transform infrared spectroscopy (FTIR) is employed to gain
information about the hydrogen bonding structure and hydrogen content in
the films. The representative FTIR spectra of films deposited by PE-CVD at
various inter-electrode separations (d,;) are shown in Figure 4. For clarity,
spectra have been split horizontally and shifted vertically. It can be seen from
FTIR spectra that the films deposited at d,; = 15 mm has strong absorption
bands ~ 636 cm ~! and ~ 2099 cm ~1, which correspond to the stretching
vibrational modes of mono-hydride, Si-H and di-hydride, Si-Hy and poly-
hydride, (Si-H,), species [19] respectively. The absorption band ~ 874 cm ~1
has been also observed and assigned to stretching/bending vibrational modes
of di-hydride, Si-H,; and poly-hydride (Si-H,),, complexes (isolated or coupled)
[20] having relatively lesser intensity. Thus, for the films deposited at
d,s = 15 mm, the hydrogen incorporated in the film is mainly in Si-Hs and
(Si-Hy),, bonded species. In addition to these vibrational bands, a strong
absorption peak ~ 1014 cm ~! associated with the asymmetric Si-O stretching
vibration [21] is also observed for the films deposited at d.; = 15 mm. This is
indicative of an oxidation effect caused by its porous-like microstructure,
which is a typical feature for nc-Si:H [22].

Another key observation from the FTIR spectra is the shift of ~ 2090 cm ~ 1!
absorption band towards 2000 cm ~! with increase in inter-electrode separa-
tion. Thus, the film deposited at d,, = 25 mm and 35 mm the absorption of
band ~ 2090 cm 1 completely disappear and an absorption ~ 2008 cm ~!
emerge in the spectrum and its intensity increases with increase in inter-
electrode separation. According to the literature the absorption band
~ 2009 cm ~ ! corresponds to the wagging/stretching vibrational modes of
mono-hydride, Si-H bonded species [23]. These results indicates that with
increase in inter-electrode separation the hydrogen bonding in the films
shift from Si-H, and (Si-Hjy),, bonded complexes to Si-H species. This change
in hydrogen bonding can be attributed to nanocrystalline-to-amorphous
transition with increase in inter-electrode separation as revealed from
Raman spectroscopy as well as low angle XRD analysis. It is reported that
the hydrogen content (Cy) calculated by different methods is quite different.
However, it has been reported that the integrated intensity of the peak
~ 630 cm ~! is the best measuring method of hydrogen content and other
absorption bands are less reliable [24]. The variation of hydrogen content as
a function of inter-electrode separation is shown in Figure 5. As seen from
the figure the hydrogen content remains below 12 at. % for the films
deposited at d,; = 15 mm and 20 mm, but jumps to little more than 17 at.
% for the film deposited at d,; = 25 mm and then decreases gradually to
15 at. % till d,.; = 40 mm.

These results clearly indicate that the nanocrystaline films have less
bonded hydrogen content than the amorphous counterparts and can
attributed to shifting of hydrogen bonding configuration from Si-H, and
(Si-Hs), bonded complexes to Si-H species with increase in inter-electrode
separation.
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Fig. 4 — FTIR spectra of some films deposited by PE-CVD at various inter-electrodes
separations. Horizontal break between 1100 cm ~1 to 1700 em ~ 1 is added for better
clarity
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Fig. 5 — Variation of bonded hydrogen content as a function of inter-electrode
separation. The line drawn is guide for eyes

3.4 Variation in band gap

The band gap (E,) of the PE-CVD grown films at various inter-electrode
separations were investigated from UV-Visible-NIR spectroscopy using
Tauc’s method. The Figure 6 shows the variation of band gap as a function
of inter-electrode separations. As seen from the figure, the films deposited
at d.s =15 mm and 20 mm have band gap ~ 2.0 eV which is typical for nc-
Si:H films.
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Fig. 6 — Variation of band gap of the films deposited at different inter-electrode
separations

Indeed, the band gap decreases with increase in inter-electrode separation.
The band gap of Si:H is mainly determined by the hydrogen content in the
films [25]. The decrease in band gap with increase in inter-electrode
separation can be attributed to the decrease in hydrogen content in the films
with increase in inter-electrode separation (see Fig. 5).

3.5 Dark conductivity, photo conductivity and photosensitivity

The effect of inter-electrode separation (d,,) on dark conductivity (opg+) and
photoconductivity (oppe) of Si:H films deposited by PE-CVD is shown in
Figure 7. As seen in the figure, the dark conductivity of the films decreases
from 1.4 x 10 ~4S/cm to 4.7 x 10 ~ 10 when inter-electrode separation inc-
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Fig. 7 — The variation of (a) dark conductivity (opg.r) as well as photo-conductivity

(Ophoto) and (b) photosensitivity (Opurk/Opnoto) for the films deposited at various
inter-electrode separations (d,.;). Lies drawn are guides for eyes.
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reases from 15 mm to 40 mm. This indicates that the films deposited with
increasing inter-electrode separation get structurally modified. Furthermore,
the photoconductivity of the films remains almost constant in the range
10 410 ~5 S/cm over the entire range of inter-electrode separation studied.
As a result, the photosensitivity gain, taken as ratio of photoconductivity to
dark conductivity (oppoto/Cparr) for these films increases from 1.3 to 4 x 10°
when inter-electrode separation increased from 15 mm to 40 mm. We
attribute the drastic increase in the photosensitivity due the nanocrystalline-
to-amorphous transition because the uc/nc-Si:H films prepared by different
methods show high dark conductivity and negligible photosensitivity
depending upon the crystallite size and its volume fraction [26]. This
inference is further strengthened from Raman spectroscopic and low angle
XRD results.

4. CONCLUSIONS

An attempt has been made to ascertain the role of inter-electrode separation
on the electrical, optical and structural properties of nc-Si:H films deposited
by PE-CVD technique. The inter-electrode separation showed marked effect
on these properties. The following aspects have been convincingly revealed
by the above results. The deposition rate was observed maximum for the nc-
Si:H film deposited at 30 mm inter-electrode separation. It decreases on both
lower as well as higher inter-electrode separations. This result indicates that
the deposition rate of nc-Si:H films critically depends up on the plasma
chemistry/gas phase chemistry and hence inter-electrode separation. Raman
spectroscopy and low angle X-ray diffraction spectra indicate that the films
deposited at low inter-electrode separations (15 mm and 20 mm) are
nanocrystalline whereas as nanocrystalline-to-amorphous transition has been
for the films deposited at inter-electrode separation > 20 mm. The FTIR
spectroscopic analysis indicates that the nanocrystaline films have less
bonded hydrogen content than the amorphous counterparts and can
attributed to shifting of hydrogen bonding configuration from Si-Hy and (Si-
H,),, bonded complexes to Si-H species with increase in inter-electrode
separation. However, the band gap shows decreasing trend with increase in
inter-electrode separation. The photosensitivity gain or photosensitivity
enhances with inter-electrode separation can attributed to nanocrystalline-to-
amorphous transition.
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