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Abstract

Different amounts of oxygen, boron-doped hydrogenated amorphous silicon (a-Si:H) and hydrogenated microcrystalline silicon

(mc-Si:H) deposition were carried out using catalytic chemical-vapor deposition (Cat-CVD) process. Pure silane (SiH4), hydrogen (H2),

oxygen (O2), and diluted diborane (B2H6) gases were used at the deposition pressure of 0.1–0.5Torr. The tungsten catalyst temperature

(Tfil) was varied from 1700 to 2100 1C. Sample transmittance measurement shows an optical-band gap (Egopt ) variation from 1.45 to

2.1 eV X-ray diffraction (XRD) spectra have revealed silicon microcrystalline phases for the samples prepared at the temperature greater

than Tfil�1900 1C. For the used silicon oxide deposition conditions, no strong tungsten filament degradation was observed after a

number of sample preparations.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since Carlson and Wronski have developed the first
hydrogenated amorphous silicon (a-Si:H) solar cell in
1976 [1], many efforts have been done for improving its
energy conversion efficiency. Beside stable and reliable
intrinsic a-Si:H material research, it has been paid an
especial attention on wider and higher conductive p-type
window-layers. After more than two decades, boron-doped
hydrogenated amorphous silicon-carbide (p-a-Si:C:H) con-
tinues as one of the best thin-film silicon-based window
material [2,3].

Table 1 shows a brief synthesis for different window
materials obtained for the thin-film silicon-based solar cell
application. There have been different window materials
mostly based on silicon-carbide by plasma-enhanced
chemical-vapor deposition (PECVD), photochemical
vapor deposition (Photo-CVD), electron cyclotron reso-
nance chemical vapor deposition (ECR-CVD) and later on
by catalytic chemical vapor deposition (Cat-CVD). By
e front matter r 2007 Elsevier B.V. All rights reserved.
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means of PECVD technique, Fujikake et al. obtained the
hydrogenated amorphous silicon oxide (a-Si:Ox:H) using
CO2 as an oxygen source [4]. This window-layer processed
in 1992, contributed with the highest conversion efficiency
of 12.5% for 1 cm2 area solar cells, and more than 10%
efficiency for the correspondent 30� 40 cm2 sub-module.
In spite of these results, the a-Si:Ox:H window is still a less
explored material for solar cell application.
In the other hand and more recently, there have obtained

a-SiC:H by using Cat-CVD technique [5,6]. The Cat-CVD
process, it takes place upon catalytic cracking of the
reactant gases at the surface of a filament heated at
temperatures in the range of 1500–2000 1C [7]. Cat-CVD
offers several features that overcome some of the PECVD
limitations, as an absence of ion bombardment during
deposition, high deposition rate, and low maintenance
costs. This technique has been expanding for a great variety
of suitable materials for electronic device applications
[8–11]. Furthermore, approaches to obtain a-Si:Ox:H
deposition has been made using this technique [12,13].
Even though, there exist very scarce reports about
a-Si:Ox:H materials prepared by Cat-CVD. In this work,
boron-doped microcrystalline phase-involved a-Si:Ox:H

www.elsevier.com/locate/solmat
dx.doi.org/10.1016/j.solmat.2007.12.008
mailto:ymatsumo@cinvestav.mx


ARTICLE IN PRESS

Table 1

Different p-type a-Si and mc-Si-based windows for solar cell developments

Year Researchers Type of material Deposition method Results (%)

1976 Carlson and Wronski [1] First a-Si solar cell Plasma-CVD 2.4

1982 Hamakawa and co-workers [2] a-SiC Plasma-CVD 8.0

1985 Yamada et al. [21] a-SiC, Egopt ¼ 2:0 eV, 7� 10�5 Sm�1 Photo-CVD 9.5

1988 Goldsteim et al. [22] mc-SiC, 1� 10�3 Scm�1 Plasma-CVD

1990 Hamakawa et al. [23] mc-SiC, Egopt ¼ 2:1 eV, 10 S cm�1 ECR-CVD 12.0

1992 Demichelis et al. [24] mc-SiC, Egopt ¼ 2:1 eV, 1� 10�3 S cm�1 Plasma-CVD

1992 Fujikake et al. [4] a-SiO Plasma-CVD, CO2

Cell area ¼ 1 cm2 12.5

Sub-module 30� 40 cm2 10.1

1995 Dasgupta et al. [25] mc-SiC, E04 ¼ 2.2 eV, 2� 10�2 S cm�1 High power photo-CVD

1998 Rath and Schropp [26] mc-Si, 1.0� 10�2 S cm�1 Plasma-CVD, wide-gap solar cell

1999 Carabe et al. [27] mc-Si, Egopt ¼ 2:1 eV, 1� 10�2 S cm�1 Plasma-CVD, B(CH3)3; BF3

2000 Ray and Ray [28] mc-SiO, Eg ¼ 1.95 eV, 0.22 S cm�1 Photo-CVD CO2

2000 Jadkar et al. [29] mc-Si, Egopt ¼ 2:0 eV, 0.08 S cm�1 Cat-CVD

2001 Mukherjee et al. [30] mc-Si, 1 S cm�1 Cat-CVD, B(CH3)3
2002 Wada et al. [31] mc-Si, carbon add, Voc increment Plasma-CVD solar cell

2003 Chikusa et al. [32] a-SiC, pin-type solar cell Cat-CVD

2004 Toyama et al. [33] mc-SiC, E04 ¼ 2.0 eV, 1� 10�3 S cm�1 VHF plasma-CVD, 40MHz, C2H6

2007 Konagai [34] mc-3C-SiC,Eg ¼ 2.0 eV, 1� 10–2 S cm�1

2007 Itoh et al. [35] mc-SiC, E04 ¼ 1.99 eV, 15.1 S cm�1 Cat-CVD, SiH3CH3
A
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Fig. 1. FTIR spectra for the samples deposited using Cat-CVD. Oxygen

incorporation is appreciated with oxygen flow increment.
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deposition feasibilities are presented with its correspondent
electrical and optical properties.

2. Experimental development

Cat-CVD deposition system consists of stainless-steel
chamber evacuated through a turbomolecular pump
(Varian model V-550) with the background vacuum level
of 1.0� 10�6Torr. First, the hydrogenated amorphous
silicon oxide (a-Si:Ox:H) deposition were carried out on
glass and c-Si substrates at different catalyzer and substrate
temperatures using pure SiH4, H2, and O2. After that,
boron-doped samples were prepared using 1% diborane
(B2H6) gas diluted in H2. The gas sources were directed
toward a 15-cm-long, 0.75-mm-diameter coiled tungsten
catalyzer. The catalyzer temperature (Tfil) was varied from
1700 to 2100 1C and monitored by an IR detector (Chino
model IR-AHS). The substrate temperature (Tsus) was
varied form 100 to 400 1C, while the chamber pressure were
controlled by a throttle valve (MKS model 253B),
maintaining 0.1 Torr and the deposition time was fixed to
20min for all the samples.

The deposited films were analyzed by the transmittance
spectra (Shimadzu UV-2401PC) and Fourier transformed
infrared (FTIR) spectroscopy (Thermo Nicolet model 470)
with 4-cm�1 resolution to observe hydrogen- and oxygen-
related bond natures. The thin-film structural analysis
was made using X-ray diffraction spectroscopy (XRD),
(Siemens D5000). Optical-band gap (Egopt ) was estimated
from transmittance data using Swanepoel’s procedure [14].
Photo-conductivity measurements were carried out for the
prepared samples using ELH halogen-lamp with dichroic
reflector at 100mW/cm2.
3. Characterization

3.1. IR and optical characterization

Fig. 1 shows the FTIR spectra obtained from the films
deposited on c-Si substrates at the chamber pressure (Ps) of
0.5 Torr, SiH4 ¼ 7 and H2 ¼ 5 standard cubic centimeter
per minute (SCCM) for different oxygen flow at Tfil and
Tsus of 1750 and 200 1C, respectively. In general, the
obtained spectra resemble to a-Si:Ox:H films that obtained
by means of PECVD technique, which is widely discussed
by different authors [15–17]. In Fig. 1, the corresponding
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oxygen-related IR-absorption spectra are indicated by the
downward directed arrows. As can be seen, all of the
observed oxygen-related spectra increase, indicating that
the oxygen concentration in the films is augmented by
oxygen flow increment. The absorption peaks placed on
480, 800 (the small peak), and 1050 cm�1 correspond to the
rocking, bending, and stretching modes, respectively, while
2090 cm�1 absorption correlates the Si–H bond-stretching
vibration of monohydrade phase [18].

Notice that IR spectra of the sample prepared without
oxygen flow shows Si–O related peak at 1108 cm�1, which
is probably due to c-Si bulk-related oxygen.

For the samples prepared without diborane doping, the
Egopt reaches the maximum value of about 2.1 eV at
O2 ¼ 20 SCCM (not shown in this work). Furthermore, for
the sample prepared at Tfil ¼ 1950 1C, the corresponding
Egopt achieved wider value of about 2.70 eV at the same
20SCCM oxygen flow [19].

4. Results and discussion

Fig. 2 shows the characteristics of the prepared boron-
doped samples for the Egopt , conductivity (s), and its
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Fig. 2. Optical-band gap (Egopt ), electrical conductivity (s), and deposi-

tion rate (dr) for the samples prepared at different tungsten catalyst

temperature (Tfil).
deposition rate (dr). The p-a-Si:O:H films were prepared at
different tungsten catalyst temperature (Tfil) with the
substrate temperature (Tsus) of 200 1C, deposition chamber
pressure (Ps) of 0.1 Torr, SiH4:H2:O2 fixed all to 5 SCCM
and B2H6 to 10 SCCM. As can be seen, when Tfil increases
from 1700 to 2100 1C, the dr and s tends to increase, while
the Egopt has an ‘‘U’’-shaped tendency with the lowest Egopt

at Tfil ¼ 1850 1C. For lower catalyst temperature of
1700 1C, the maximum optical-band gap were 1.87–
1.93 eV with s of 1.0� 10�8–5.0� 10�7O�1 cm�1. The
maximum Egopt of 1.98 eV was obtained at Tfil ¼ 2050 1C,
s of about 4� 10�4O�1 cm�1 with the deposition rate of
0.48 nm/s. The best conductivity s of 1.0� 10�2O�1 cm�1

was achieved at Tfil ¼ 1950 1C with its corresponding Egopt

of 1.82–1.88 eV. The steep conductivity increment above
Tfil ¼ 1900 1C is due to the silicon microcrystallization in
the a-Si:O:H matrix as is described by XRD spectra inset in
Fig. 1. The given XRD peak shows an ordinary preferential
silicon grain orientation.
Fig. 3 shows Egopt , s, and dr for the samples deposited at

Tfil ¼ 1950 1C, Ps ¼ 0.1 Torr at different Tsus. The source
gases flow were the same as the samples prepared
previously. As can be seen, when the Tsus increases from
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Fig. 3. Egopt , s, and dr for the samples deposited at Tfil ¼ 1950 1C,

Ps ¼ 0.1 Torr at different substrate temperature (Tsus) of 100–400 1C.
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100 to 400 1C, the Egopt decreases steeply from 1.93 to
1.45 eV, but the conductivity tends to remain with certain
fluctuations. The sample deposited at Tsus ¼ 100 1C, its
final temperature increases to 146 1C after 20min due to the
catalyst thermal induction. This sample with Egopt ¼ 1:93
and s ¼ 1.5� 10�3O�1 cm�1, could be as a candidate for
the solar cell window material. The correspondent deposi-
tion rate was dr ¼ 0.45 nm/s.

Fig. 4 shows electrical conductivity and its corresponding
Egopt values for the samples prepared at constant SiH4 and
H2 flow of 5 SCCM. The B2H6 flow was varied from 5 to
15SCCM and the O2 flow was settled for 5 and 10SCCM.
The Tfil, Ps, and Tsus were 1950 1C, 0.1Torr, and 200 1C,
respectively. As can be seen, the sample conductivity
increases with the B2H6 flow increment, which means boron
incorporation. However, as is expected, the Egopt decreases
with the diborane flow. The sample prepared at the
maximum B2H6 flow with O2 flow of 5SCCM, remains its
optical-band gap of 1.79 eV and conductivity of about
0.02O�1 cm�1. The sample deposited with 10SCCM O2

flow and at the same diborane flow ratio, the Egopt increases
to 1.90 eV due to greater oxygen incorporation in the
deposited film, while its s reduces to 5.1� 10�5O�1 cm�1.
Even though, this material also could be another candidate
for thin-film solar cell window-layer.

For the samples prepared at diborane and oxygen flow
of 5 SCCM, the optical-band gap achieves above 2.05 eV,
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Fig. 4. Optical-band gap Egopt and its corresponding electrical conductivity

values for the samples prepared with different amount of diborane

concentration. A constant SiH4 and H2 flow of 5 SCCM, and two different

amount of oxygen flow were considered.

Fig. 5. Optical-band gap and conductivity for the samples prepared at

different deposition chamber pressure.
but with only s of about 5.0� 10�7O�1 cm�1, which has to
be improved. The deposition rate of the sample was
0.41–0.57 nm/s (not shown in the figure).
Fig. 5 shows optical and electrical properties of a p-type

a-Si:Ox:H as a function of deposition pressure (Ps). The Ps

was varied in the 0.1–0.4 Torr interval with constant flow
for SiH4, H2, O2, of 5 SCCM, B2H6 of 10 SCCM, Tfil ¼

1950 1C, and Tsus ¼ 200 1C. The Egopt has a tendency to
grow as Ps increases, but s decreases. The maximum
achieved Egopt was 2.1 eV at 0.4 Torr with its conductivity
s ¼ 5.0� 10�6O�1 cm�1 with the deposition rate of about
0.34 nm/s. This value, also have suitability for thin-film
solar cell window-layer application.
For the used Cat-CVD deposition condition, the

detected tungsten filament degradation was found as
normally occurs in a-Si:H deposition, and no accelerated
degradation were observed due to the possible corrosion
reactions. The H2 injection in Cat-CVD deposition system,
may contribute to avoid the direct oxygen reaction at the
filament surface. As is ascribed by Hickmott, the kinetic
process at the surface of the filament depends on the rates
of chemisorptions, surface diffusion, and evaporation of
the molecular and atomic hydrogen production ratio [20].
So, if the hydrogen component at the filament surface is
more active than that of oxygen, there may reduce the
oxygen direct interaction.
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5. Conclusions

p-Type a-Si:Ox:H and mc-Si:Ox:H films have been
obtained using pure silane, hydrogen, oxygen, and diluted
diborane by means of Cat-CVD technique. Optical and
electrical properties as a function of substrate temperature,
catalyst temperature, deposition pressure, and boron
doping ratio were elucidated. Different amount of boron
and oxygen incorporation were confirmed by electrical
conductivity and FTIR measurements, respectively.

The best p-type mc-Si:Ox:H material having Egopt of
1.98 eV, with the conductivity of about 4� 10�4O�1 cm�1

was obtained for Tfil ¼ 2050 1C, Tsus ¼ 200 1C and the
deposition rate of 0.48 nm/s. For samples prepared at
Tfil ¼ 1950 1C with the substrate temperature of 100–
146 1C was Egopt of 1.93 eV, and s�1.5� 10�3O�1 cm�1

with 0.45 nm/s deposition rate has been obtained. These
prepared samples could be as a thin-film solar cell window-
layer application candidate.

The tungsten catalyst had a similar degradation as that
observed in a-Si:H film deposition for the used processes
conditions.
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