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Abstract

To reduce the manufacturing cost of amorphous silicon(a-Si:H)-based photovoltaic devices, it is important to deposit high-
quality a-Si:H and related materials at a high deposition rate. To this end, we designed and constructed a hot-wire deposition
chamber with a coiled filament design and with multiple gas inlets. The process gas could be directed into the chamber through
the filament coil and have maximum exposure to the high-temperature filament surface. Using such a chamber design, we
deposited a-Si:H films at high deposition rates up to 800 A s and dense, low-void a-Si:H at rates up to 240 A s .y1 y1˚ ˚
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Considerable progress has been made in hydrogenated
amorphous silicon(a-Si:H)-based thin film photovoltaic
devices during recent yearsw1,2x. For high-efficiency
solar cells, the a-Si:H layers in these devices have
typically been deposited using RF plasma-enhanced
chemical vapor deposition(PECVD). While RF PECVD
produces cells with high efficiency, the deposition rates
are generally low, approximately 1–5 A s . A numbery1˚
of alternative deposition techniques have been explored
to deposit a-Si:H intrinsic layers at higher deposition
rates. Using a very high frequency(VHF) PECVD
process, high-efficiency solar cell devices have been
produced with a-Si:H intrinsic layers deposited at
approximately 10 A s w3,4x. Hot-wire CVDy1˚
(HWCVD) w5x, also called the catalytic CVD(Cat-
CVD) processw6x, has been used to deposit a-Si:H
based solar cells at higher deposition ratesw7–9x.
Although HWCVD-produced cells still show lower effi-
ciency than those produced by PECVD, the potential to
deposit a-Si:H at higher rates makes HWCVD an attrac-
tive process for a-Si:H solar cell fabrication. In addition
to photovoltaic applications, a-Si:H is also used for
other devices, such as charged particle detectorsw10,11x.
In these devices,p–i–n structures with i-layers of
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thickness up to 10–20mm are used to detect alpha
particles or neutrons. Therefore, it is important to explore
deposition processes that can be used to deposit a-Si:H
films at high deposition rates. In this paper we report
our study on the high-rate deposition of a-Si:H films
using a HWCVD process employing a coiled filament
designw12x and high flow rates.

2. Chamber description

The hot-wire chemical vapor deposition(HWCVD)
chamber, shown in Fig. 1, consists of a high vacuum
chamber, a substrate holder, a coiled filament perpendic-
ular to the substrate, two annular gas inlets near the
substrate and one axial gas inlet directed through the
filament coil, a gas confinement cup and an annular RF
electrode for PECVD. The substrate holder, capable of
holding a 10-cm=10-cm substrate, is inverted over the
gas confinement cup. Deposition was made on a variety
of substrates, including crystalline silicon(c-Si), quartz,
7059 glass, 1737 glass and stainless steel.
The filament coil is typically 1 m of 0.75-mm-

diameter tungsten wire wound in a coil, approximately
7 mm in diameter and 5 cm long, with approximately
40 evenly spaced revolutions. Both 0.2- and 0.5-mm-
diameter tungsten wires were tried, but did not support
themselves at deposition temperatures. The filament is
attached by a short, straight length of wire at the top
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Fig. 1. Schematic diagram of the hot-wire CVD deposition chamber.

Table 1
Deposition conditions of a-Si:H films using HWCVD

Sample Si H2 6 H2 Tsub Time Thickness Deposition Sample ID
flow flow (8C) (s) (mm) rate
(sccm) (sccm) (Ays)˚

A1 105 0 100q 30 2.1 700 HW107
A2 105 0 200q 30 1.4 460 HW113
A3 105 0 300q 30 0.72 240 HW112
A4 105 0 400q 30 0.72 240 HW111
B2 105 100 200q 30 0.54 180 HW108
B3 105 100 300q 30 0.60 200 HW109
B4 105 100 400q 30 0.46 150 HW110
C 70 0 175q 120 2.4 200 HW105
D 140 0 100q 30 2.4 800 HW106

All samples were deposited at 100 mTorr with a filament temperature of 20008C.

and bottom to two vertical posts running parallel to the
filament on either side, approximately 2 cm away. The
top of the filament can be positioned anywhere from
4.5 to 6.75 cm from the substrate, although 5.7 cm was
the distance used for this study. The temperature of the
filament was calibrated using an optical pyrometer in
vacuum and with hydrogen flow at various pressures.
To maintain the temperature of the 0.75-mm-diameter
tungsten wire at 20008C, currents between 29.5 and
31.5 A were required, depending on gas flow. Only a
slight dependence on flow rate was noted, although
higher pressures sometimes required a current increase
of 1–2 A to maintain filament temperature.
Process pressure ranged from 7 to 200 mTorr for

HWCVD and 500 mTorr for PECVD. Process gas flows
ranged from a few to 140 sccm. Deposition is fairly
uniform over a 2-cm=2-cm area in the center of the

substrate area, but falls off by 50% or less closer to the
edge.

3. Experimental details

A series of nine samples was prepared at high flow
rates, both with and without hydrogen dilution on a
variety of substrates, including 1737 glass, 7059 glass,
quartz, c-Si and stainless steel(SS). The pressure was
100 mTorr and the filament temperatureT was 2000fil

8C for all samples. Mixtures of Si H and H were used2 6 2

as the process gases. The substrate temperatureTsub
ranged from 100 to 4008C, which was the temperature
(actually measured at the position of the heater) before
filament was turned on. The actual temperature of the
substrate is expected to be higher due to filament
heating. The other deposition conditions are summarized
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Table 2
Properties of a-Si:H films deposited using HWCVD

Sample n E (opt)g CH R* sdark sphoto Photosensitivity
(eV) (at.%) (V cm )y1 y1 (V cm )y1 y1

A1 1.9 ;1.9 )10 1.0 -2=10y11 1=10y10 )5
A2 2.3 1.74 12 0.90 -2=10y11 2=10y9 )1=102

A3 3.6 1.63 10 0.17 4=10y10 4=10y9 9=100

A4 3.7 1.61 6 0.11 4=10y10 5=10y9 1=101

B2 3.6 1.78 19 0.50 -2=10y11 2=10y8 )1=103

B3 3.9 1.62 7 0.04 3=10y10 1=10y8 4=101

B4 4.3 1.63 3 0.05 2=10y10 2=10y8 1=102

C 3.6 1.63 8 0.36 2=10y11 8=10y8 4=103

D 1.6 ;1.9 )8 1.0 3=10y11 6=10y9 2=102

R* calculated using 2000 vs. 2100 cm .y1

in Table 1. A surface profilometer was employed to
measure film thickness. Transmission was measured to
determine the thickness and refractive index from the
interference fringes and bandgap from the Tauc plot.
Fourier-transform infrared spectroscopy(FTIR) was per-
formed to determine hydrogen content from the inte-
grated area of the 640-cm peak and bond preferencey1

from comparing the 2000-(monohydride) and 2100-
cm (dihydride) peak heights. The microstructure fac-y1

tor, R*, the relative concentration of H in silicon
dihydride and silicon polyhydride to the total H in the
film, is calculated from the ratio of integrated absorption
in the FTIR wA xy(wA xqwA x). Lower R* sug-2100 2100 2000

gests that the film is dense and has fewer micro voids.
Electrical conductivity was measured to determine dark
conductivity (s ), photoconductivity(s ) and thedark photo

photoydark conductivity ratio.

4. Results

Table 1 shows the deposition conditions of a series
of nine samples deposited under different conditions.
Samples A1, A2, A3 and A4 were deposited at substrate
temperatures of 100, 200, 300 and 4008C, respectively.
All of these four samples were deposited with a Si H2 6

flow of 105 sccm without hydrogen dilution. Samples
B2, B3 and B4 were deposited atT of 200, 300 andsub

400 8C, while the flow of Si H and H was kept at2 6 2

105 and 100 sccm, respectively. Samples C and D were
deposited with different Si H flow, designed to deter-2 6

mine whether the deposition rate is limited by Si H2 6

gas flow. All of the nine samples were deposited at a
pressure of 100 mTorr, filament temperature of 20008C
and deposition time of 30 s, except sample C, which
was deposited in 120 s. The deposition time was
controlled by a shutter. The total time taken in opening
and closing the shutter was estimated to be less than
1.5 s. The thickness reported in Table 1 was obtained
using a surface profilometer, measured near the center

of the film, directly above the coiled filament. From
Table 1, it is evident that the deposition rate of the films
ranges from 150 to 800 A s , depending on the Si Hy1

2 6
˚

gas flow and the substrate temperature.
The deposition uniformity is poor on the 10-cm=10-

cm substrates due to the nature of the coiled filament
and the fact that all of the process gases were directed
into the chamber through the inlet adjacent to the
filament. For example, profilometer measurements indi-
cated that at a position 3 cm away from the center the
film, thickness drops approximately 30%. However, the
thickness is fairly uniform within a 2-cm=2-cm area
near the center.
In Table 2, we summarize the results from UV-visible

transmission spectroscopy, FTIR spectroscopy, and photo
and dark conductivity measurements. The first column
lists the refractive indexn, calculated by dividingnd
from the transmission spectroscopy andd from the
profilometer measurement. We did not rely solely on
the thickness obtained from transmission measurements,
as there is a large variation in the refractive index in
this set of films and the films may not be highly uniform
in thickness. Heren is the index in the long wavelength
region. The optical bandgapE was calculated using ag

Tauc plot(ahn) sB(hnyE ). The bandgap for sam-1y2
g

ples A1 and D is approximate, since the Tauc plots did
not yield straight lines. The hydrogen content(C ) wasH

calculated from the bending mode of the Si–H absorp-
tion (640 cm ) in the FTIR spectrum. We use ay1

conversion factor of 2.3=10 between H concentration19

and the integrated peak at 640 cmw5x and a Si densityy1

of 5=10 cm to calculateC . For samples A1 and22 y3
H

D, the actual Si density could be lower, so theC valueH

could be higher than is listed in Table 2. The table also
lists the film microstructure factorR*, calculated from
FTIR spectra. In the last three columns of Table 2, we
show s , s , which was measured under unitdark photo

sunlight intensity, and photosensitivity(s ys );photo dark

s ands were measured using a coplanar geom-photo dark

etry with painted silver paste electrodes.
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For the four samples in series A that were deposited
without H dilution, whenT increases from 100 to 400sub

8C, the deposition rater drops from 700 to 240 A s ,y1
d

˚
as observed from Table 1. However, as reflected in the
increase in refractive index to;3.7 and decrease inR*,
at higherT , the films are dense with few micro voids.sub

The bandgap drops from;1.9 to 1.61 eV, due to the
drop inC in the film from 12 at.% or greater down toH

6.0 at.% whenT is increased from 100 to 4008C,sub

since at higherT , more H diffuses out of the filmsub

during the deposition, leaving less H inside.sdark

increases withT , consistent with the reduced bandgapsub

at higherT . s increases withT , partially duesub photo sub

to the reduced bandgap and partially to the improved
structural properties. There is no obvious trend in the
photosensitivity, sinces is below the limit of thedark

electrometer currently used in our set-up. Sample A1,
although deposited at high deposition rate, contains a
high concentration of H in dihydride andyor polyhydride
forms, indicating a porous film, and is not of interest
for photovoltaic applications.
With H dilution during the deposition, samples in

series B show a similar trend, i.e. at higherT thesub

films show highern, lower bandgap and lowerC , butH

with lower R*. Comparing samples B2 and A2, a
moderate level of H dilution, with HySi H s1:1.05,2 2 6

reduces the deposition rate, but significantly improves
the structural quality of the film, as reflected in the
reducedR* and higher refractive index. B2 contains
more H than A2 and has a slightly higher bandgap.
Comparing samples B3 and B4 with A3 and A4, a
moderate level of H dilution does not change the
bandgap ors but it reducesC andR*, and increasesdark, H

s and the photosensitivity, and is thereforephoto

beneficial.
Sample A1, A2, C and D exhibit the effect of Si H2 6

gas flowF, as well asT . At higherF and lowerTsub sub

(samples A1 and D), the deposition rate is high, up to
800 A s . However, the film is porous, withR*s1.y1˚
At higher T but lower F (sample C), the film issub

denser and with lowR*, but with lower r , which isd

still much higher than the deposition rate typically
reported in the literature, usually less than 50 A s .y1˚
The photosensitivity is comparable among this set of
films.

5. Discussion

We believe that the ability to grow films at high
deposition rate is largely due to the highly efficient
dissociation of gases at the filament due to the increased
interaction time of the process gas with the filament.
However, when the high flux of SiH and other radicals3

arrive at the growth surface, SiH radicals and H atoms3

do not have sufficient time to move around and find an
appropriate site before the next radical arrives. Thus,

the non-ideal structure gets ‘frozen’ and the material
becomes porous. High temperature is needed so that the
radicals on the surface can quickly move to favorable
sites.
However, at these high temperatures, hydrogen dif-

fuses out of the film at a correspondingly high rate. To
maintain a high deposition rate and still retain H within
the a-Si:H structure, we suggest rapid cooling of the
substrate to below 2508C after the completion of
deposition at highT . In this way, high surface mobilitysub

can be maintained during the growth to promote dense,
void-free films, without losing hydrogen from the bulk
due to effusion after the film is deposited.

6. Conclusion

Using a HWCVD process employing a coiled filament
adjacent to the gas inlet, we deposited a-Si:H films at
high deposition rates, in the range of 140–800 A s .y1˚
The higher-rate samples are porous and contain H in
mostly polyhydride bonding. At higher substrate tem-
perature, a-Si:H films with low microstructure were
deposited at a rate up to 240 A s . These films arey1˚
dense, but with relatively low H content. We suggest
that dense a-Si:H films could be deposited at a high rate
(e.g. 800 A s ) at a higher substrate temperature(e.g.y1˚
400 8C) but the substrates need to be rapidly cooled
down from the growth temperature immediately after
deposition to prevent H from effusing.
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