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Abstract— Nanocrystalline silicon (nc-Si:H) deposited with
ETP-CVD shows a high degree of porosity. In this paper the
underlying reasons for this porosity are investigated, using
infrared  absorption = measurements,  optical  emission
spectroscopy, and spectroscopic ellipsometry. The influence of
applying RF biasing on the substrate is investigated. In that case
material with a higher density is obtained, which is ascribed to a
higher surface mobility of radicals on the film surface during
growth as a result of higher atomic hydrogen formation, ion
bombardment and to modifications in the mechanism of cluster
incorporation. The results suggest that this porosity is due to a
lack of atomic hydrogen formed close to the growing surface. The
position where the hydrogen feed gas is injected influences the
porosity of the material, as in this way the atomic H
concentration near the growing film surface is increased.

Index Terms—Semiconductor growth, Infrared spectroscopy,
Hydrogen, Chemical vapor deposition.

I. INTRODUCTION

MORPHOUS and nanocrystalline silicon (a-Si:H and
nc-Si:H) are materials with demonstrated properties for
photovoltaic application. These materials are expected to be
used for mass production of cheap and high efficient solar
cells. Due to the low absorption of nc-Si:H a thick layer
(> 1 um) is required, which renders the deposition rate a
crucial parameter. Several techniques are used to grow nc-
Si:H at high deposition rates. Promising results have been
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achieved by very high frequency (VHF) plasma-enhanced
chemical vapor deposition (PECVD) in the high-pressure
depletion (HPD) regime [1,2] and VHF-PECVD in a triode-
reactor configuration [1]. The combination of VHF-PECVD
and HPD achieves high deposition rates due to an efficient
dissociation of feed gases together with a decrease in ion
energy and an increase in ion flux at higher frequencies. With
this technique nc-Si:H solar cells with 9.9% efficiency at 0.45
nm/s and 6.4% at 4.5 nm/s have been obtained [2]. Using the
triode reactor configuration nc-Si:H solar cells with 3.4%
efficiency at 6 nm/s have been deposited [3].

Expanding thermal plasma chemical vapor deposition
(ETP-CVD) is a remote plasma technique characterized by
high deposition rates and low-energy ion bombardment. In
this technique plasma is created in a cascaded arc at high
pressure and this plasma then expands into the reactor that is
maintained at lower pressure. It was reported earlier that with
this technique nc-Si:H could be grown at 3.7 nm/s [4]. Also it
was shown that the material properties of nc-Si:H could be
influenced significantly by moving the injection ring towards
the substrate [5], though the results suggested that the mix of
depositing radicals did not change when moving the injection
ring [6]. The initial implementation of nc-Si:H in solar cells
shows that porous material with crack-like voids is deposited
with ETP-CVD [7]. So far, the porosity of the nc-Si:H is a
characteristic systematically observed when using ETP-CVD
[11].

In this paper we will study the causes of the porosity and
we will study the changes in porosity with bias and hydrogen
injection position. First, ETP-CVD is described briefly and
subsequently the different experimental results are presented
and discussed. The paper will conclude with remarks.

II. EXPERIMENT

The films were deposited by ETP-CVD, a remote plasma
technique in which plasma is created in the cascaded arc at
high pressure (0.2 to 0.5 bar). In our vertical configuration,
the arc is located above the substrate. Via a nozzle the plasma
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expands to a reactor at lower pressure (~ 0.2 mbar), where the
atomic hydrogen emanating from the arc reacts with SiH,
injected further down into the expanding plasma through an
injection ring. Due to the limited pumping capacity the reactor
pressure is determined by the total gas flow. The depositions
were performed at pressures between 0.12 and 0.28 mbar. The
current through the cascaded arc plasma was 35 A. The
hydrogen can be injected in the arc, the nozzle and/or the
injection ring. The hydrogen flow injected into the arc was
kept constant to maintain the same plasma conditions. In a
first series of experiments the hydrogen flow injected in the
nozzle was varied to control the dilution. In a second set of
experiments, similar hydrogen flows were injected through the
injection ring instead of the nozzle. The main difference
between the nozzle and the injection ring is the position with
respect to the substrate holder. The nozzle is located 45 cm
while the injection ring is located 5.5 cm above the substrate
holder. The substrate temperature was 200°C. Further, the
substrate can be biased independently to control the ion
bombardment by applying a 13.5-MHz RF signal to the
substrate with the walls of the reactor as ground. The power
varied between 0 and 30 W. When an RF voltage is applied to
the substrate in combination with ETP-CVD, the substrate
potential consists of two parts: a DC voltage, Vg4, and an AC
voltage. With the frequency used, the DC voltage determines
the energy of the impinging ions. Films of 500 nm were
grown on Corning 1737 glass and on one-side-polished
monocrystalline Si wafer with native oxide.

The temporal evolution of the material was followed in situ
by Spectroscopy Ellipsometry (SE) and Optical Emission
Spectrospocy (OES). SE measurements were carried out usin
a J. A. Woollam Co., Inc M-2000F rotating compensator
spectroscopic ellipsometer. Control of the measurement setup
and data acquisition were done via WVASE provided by J. A.
Woollam Co., Inc. Spectra were collected from 250 to
1000 nm in 470 separate channels. The angle of incidence was
about 68° and the light beam passed through non-strain free
windows, so a window effect had to be included in the data
analysis. For all in-situ experiments 8 measurements were
averaged, resulting in a time resolution of about 1.8 seconds.
The OES system consists of an AvaSpec-3648 spectrometer
connected to the reactor chamber through a 20-cm long arm

flowed with He. A shutter and two slides are installed inside
the arm to reduce deposition on the quartz crystal, which seals
the arm. The OES system is aligned parallel to the substrate
holder. Four emission lines where simultaneously monitored:
Si* [288 nm], SiH* [414 nm], H, [656 nm] and Hg [486 nm].

The IR-absorption measurements between 400 and
6000 cm™ wave numbers were performed with a Nicolet 6700
FT-IR spectrometer on films deposited on crystalline Si
wafers. The wave-number range from 2000-6000 cm™ was
used to determine the thickness of the sample accurately,
which in turn was used to calculate the absorption coefficient
and the hydrogen concentration. To analyze the FTIR spectra
in the region 800-950 cm™ we have followed the assignment
of these peaks reported in Ref. [8]. For the region 1800-
2200 cm™ we have followed Ref. [9]. The modes analyzed are
separated between bulk and surface modes, where the surface
modes originate from dangling bonds terminated by hydrogen
at the inner surfaces of voids. From the IR-absorption, we
determine the microstructure factor, R*, which is defined as
the ratio of the areas of the multihydrides in the bulk to
monohydrides and multihydrides in the bulk. To determine the
crystalline fraction, fc, of the films deposited on glass we used
a Renishaw InVia Raman microscope with a 514-nm Ar laser.
In order to obtain fc, first three peaks are used to fit the
amorphous part of the Raman spectrum (not including from
470 to 540 cm'). Afterwards, the amorphous part is
subtracted from the measurement. The remaining spectrum is
associated with the nanocrystalline part of the material and is
fitted with two modes at 510 and 520 cm’. The crystal
fraction is then calculated as fc = (Is;otlsp) /
(0.8*L4g9Is10Hs520)-

III. RESULTS AND DISCUSSION

A. External RF biasing

In a previous study [11] we have shown the influence of
external RF biasing on the densification of the material.
Figure 1 compares the IR absorption spectra of two dilution
series, the first without RF biasing (Fig. 1(a)) and the second,
similar to the first one, but now with RF biasing (Fig. 1(b)).
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Fig. 1. FT-IR absorption spectra of nc-Si:H films prepared at several H, flow conditions: (a) without RF bias and H, injected through the nozzle, (b) with RF bias
and H, injected through the nozzle, (c) with RF bias and H, injected through the injection ring. These flows result in different crystalline factors (fc) and
microstructure factors (R*) at different deposition pressure (see text), given in the graphs.
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Fig. 2. OES emission intensity of p,-line for three different deposition
conditions: no RF bias with H; injected though the nozzle, with RF bias and
with H, injected through the nozzle, and with RF bias and with H, injected
through the injection ring.

The change in dilution is achieved by increasing the hydrogen
flow through the nozzle. This change in dilution (increasing
from samples al to a4 and from bl to b4 in Fig. 1) results in
higher crystalline fractions and deposition pressure. The
crystalline fraction, microstructure factor, and the deposition
pressure are given in Fig. 1.

For RF biased a-Si:H the microstructure factor is higher for
unbiased material (R* ~ 0.55 for sample al) than for biased
(R* ~ 0.24 for sample bl) material. We conclude that the
material deposited with no RF bias has a higher degree of
porosity than material deposited with RF bias. Further, the
narrow infrared absorption peak at 2105-2112 cm™ observed
for unbiased amorphous material (see al and a2 in Fig. 1(a)) is
not observed for biased material. Following Ref. 9, we assign
this mode to high hydride configurations on void surfaces.
Therefore, we conclude that the density of these
configurations is large in unbiased material.

The effect of biasing is also observable for nanocrystalline
material, with a similar trend as for a-Si:H: R* of biased
material is significantly lower than for unbiased material,
indicating a more compact structure when external RF biasing
is used. Further, the integrated absorption of the peak doublet
at 2080 and 2100 cm™ is reduced (from 4 cm™ to 2 cm™, for
samples a4 and b4, respectively), possibly an indication of
better inter-grain and inter-phase boundaries between the
amorphous and the crystals.

The intensity of the H,-line measured for samples (a4) and
(b4) is shown in Fig. 2. The presence of an external RF bias
for nanocrystalline deposition conditions creates a secondary
plasma that might be responsible for the creation of the extra
atomic hydrogen measured by OES. The SiH*-line and the
intensity ratio of the Hg-line over the H,-line, related to the
electron temperature, remain unaltered. Additional H ion
implantation together with the ion bombardment resulting for
the RF biasing may be responsible for densification under RF
biasing, as has been previously reported [12].

B. Injection position of H, feed gas

With the use of biasing the structure of the material has
become more compact, although the microstructure factor is
still relatively high (R* ~ 0.4 for sample b4 in Fig. 1). Due to
the large distance between the injection of H, gas in the
nozzle and the substrate holder (45 cm) significant loss of
atomic H can occur due to recombination reactions. Assuming
that densification of nc-Si:H is a consequence of a higher
atomic H density close to the growing surface, we have
repeated the series of samples (b) from Fig. 1, modifying the
position where the H, gas is injected. In the new series
(sample (c) in Fig. 1) the H, is injected closer to the substrate
holder. We expect to reduce loss of atomic hydrogen.

The infra-red spectra of samples with similar crystalline
fraction but with different position of H, gas injected are
shown in Fig. 1 by samples (b4) and (c3). From this figure the
mode at 2000 cm™, assigned to the stretching mode of
monohydride (SiH) bonding configuration in the bulk of the
material, is significantly increased when H, is injected near
the substrate. As a result R* is reduced from 0.39 to 0.31,
indicating a reduction in the porosity of the material. This
porosity reduction is also confirmed by ellipsometry
measurements as shown in Fig. 3. Fig. 3 shows the effect of
the H, injection position on the imaginary part of the pseudo-
dielectric function (<g,>), measured in situ and extracted from
SE data. The amplitude of <e,> depends on the crystalline
fraction, the crystal size, the surface roughness and the
porosity of the material. The shape of <e,> remains similar for
both samples while the magnitude increases when injecting
the H, closer to the substrate. These two factors (shape and
intensity) suggest a decrease in the void fraction for the
material deposited with H; injected closer to the substrate.

The intensity of the H,-line measured for samples (b4) and
(c3) is shown in Fig. 2. Also in this case the SiH*-line and the
intensity ratio of the Hg-line over the H,-line remain unaltered.
The injection of H, close to the substrate generates a higher
concentration of atomic H. The additional H ion implantation,
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Fig. 3. Effect of the injection position of the H, feed gas on the imaginary

paet of the pseudo-dielectric function of <g,> of the nc-Si:H samples with
crystalline fraction of ~50 %.
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together with the ion bombardment resulting for the RF
biasing may be responsible for the densification under RF
biasing [12], as the energy transferred from the ions to the
growth surface results in an ordered film structure with lower
defect density and film porosity.

In conclusion, a densification of the nc-Si:H deposited by
ETP-CVD can be achieved combining external RF bias of the
substrate with a higher concentration of atomic hydrogen
close to the growth surface. Due to the formation of a
secondary plasma when the bias is applied, more insight is
needed to clarify the role the RF bias on H, dissociation and
ion acceleration.
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