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Abstract . The paper presents a study on the kinetics of a Homogeneous
CVD process for a-Si:H preparation. The growth rate of a-Si:H films (on
substrates) versus Sill4-gas temperature is investigated under various gas
pressures. The rates of two by-way processes: a-Si film deposition (on the
reactor walls) and the (SiHx )n powder formation (in the gas phase) are
also investigated in dependence on gas temperature and pressure. The
correlations between all these dependencies are used to establish a set of
the optimum gas phase conditions for high-quality a-Si:H film preparation
at reasonable deposition rates.

H. D. Fuchs . Phys. Rev. D47

1. Introduction
Hydrogenated amorphous silicon (a-Si:H) is an attractive semiconductor material ,
suitable for a number of applications in thin film optoelectronic devices [1]. Plasma
Enhanced Chemical Vapour Deposition (PECVD), referred to also as "SiH 4 glowdischarge" method , is the conventional technology for a-Si:H preparation. Some
other CVD methods are under development as alternatives to the PE CVD method ,
in order to avoid some unwanted plasma effects. A survey on CVD modifications is
made in [2, 7]. One of the prospective CVD methods, known at present as "Homogeneous" CVD (HOMO CVD), has been suggested in 1981 independently by us [3]
and by Scott et al. [4] . The method is characterized by thermal gas-phase (homogeneous) decomposition of silane (SiH 4 ) at high gas temp eratures Tg > 400 °C and
at low pressure P < 10 3 Pa in the reactor chamber. The a-Si:H films are grown on
substrates, placed within a hot reactor zone, but sustained at lower temperatures
Ts < 400 °C by cooling. An advantage of the method is that the mean gas particle
energy is of the order of k.Tg (k is the Boltzman constant), i.e. the films are not
exposed to high energy electron and ion bombardmen t as in the case of the PE CVD
method.
@1995 St. Kliment Ohridski University Press All rights reserved
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The HOMO CVD process involves a variety of gas-phase and surface reactions
resulting in three solid products, formed in different parts of the reactor: an a-Si :H
film (on the cooled substrate), a hydrogen-free a-Si film (on the hoL reacLor walls)
and (SiHx)n powder (within the hot gas- phase). The iniLial reaction, taking place
within the hot gas volume, is (4, 5]
SI'H 4 Tg>400°C : S'H
I 2 + H2 .

which is kept at a definite·
holder, frontally, 20 x 20 en
the top of the heater. The i
fixed at an additional subs
middle by a thermocouple

(1)

This pyrolytic reaction is well studied (5]. It occurs at temperatures higher Lhan
400 °C with a thermally activated rate (activation energy Ea = 234 kJ /mo!). After diffusing to the substrate, the :SiH 2 biradicals, obtained in this reaction , can
participate without thermal activation in a-Si :H film growth at low substrate temperatures T5 . The details of this process are still not clear enough. It is known,
however, that reaction .(1) is Lhe limiting step for a-Si:H deposition by HOMO
CVD.
On the other hand, :SiH2 radicals can take part in gas-phase reactions too (5]

+ SiH4 --;:::::: Si2H6
: SiH2 + Si2H6 --;:::::: Si3Hs
: SiH2

(2)
(3)

... and so on up to (SiHx)n; x-+ 2.
The final products of these spontaneous reactions are solid poly hydride particles
(SiHx )n appearing like a powder in the reactor volume, which can deposit onto Lhe
substrates. Such a by-way gas-phase nucleation is one of the problems with HOMO
CVD and finding conditions to avoid it is of substantial importance.
Another by-way process is the deposition of a hydrogen-free a-Si film on the hot
reactor walls. It is described by Lhe net empirical reaction

(4)
Tw being the temperature of reactor walls, which almost equals Tg. Different inLermediate steps can lead to this resu lt. Such a heterogeneous process (occurring aL
the gas/solid interface) is responsible for a significant consumption of SiH 4 , which
has to be decreased.
Though not clear enough, the process of a-Si:H growth has been the major
subject of previous studies, while the by-way processes of powder formation and of
a-Si film deposition are still to be investigated in details.
The purpose of the work is , by investigating the competition between the three
main processes mentioned above, to find a set of optimal gas-phase conditions for
preparation of high-quality a-Si:H fi lms.

2. Experimental
Fig. 1 shows schematically the reactor where a-Si:H films have been prepared. The
reactor is a quartz tube (8) (60 mm in diameter, 350 mm long), which is closed by
stainless steel flanges at both tips. The reactor is located inside a 120 mm long tu be
heater ( 7). The stainless steel holder ( 3) is cooled by fluid (air, water or oil) ( 2),
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which is kept at a definite temperature using a thermostat . At the lower edge of the
holder, frontally, 20 x 20 cm 2 substrates ( 4) are placed at a distance of 30 cm under
the top of the heater. The substrate temperature Ts is measured by a thermocouple,
fixed at an additional substrate ( 5). The temp erature m easured at the reactor wall
middle by a thermocouple ( 6) is assumed to be the gas temp erature Tg.

(1)

peratures higher than
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Fig. 1. Schematic representation of the HOMO CVD reactor:
1 - silane flow, 2 - gas or liquid flow for cooling the
holder, S - holder, 4 - substrate, 5 - thermocouple T,,
7 - heat er, 8 - quartz tube , 9 - to the vacuum

100 % electronic purity silane (SiH 4 ) has been used . It streams down from the
top, in the direction indicated by arrows in Fig. 1. Thereby the solid polyhydride
particles, formed in the gas-phase , are drawn apart from the substrate surface.
Flow direction and reactor geometry have been selected as a result of previous
experiments [7].
The SiH 4 flow FsiH 4 has been kept at 10±1 seem by a mass-flow-controller in all
experiments. The total pressure in the reactor P is adjusted by a throttle valve,
mounted between the reactor outlet and the vacuum pumps . It is measured independently on the gas composition by a Pirani-meter and by a U-shap ed oil gauge.
The following variables have been measured in order to investigate the kinetics
of the HOMO CVD process:
• Vsi:H in nm/min - rate of a-Si:H film growth (substrate);
• Vsi in g/cm 2 .min - rate of a-Si film deposition (reactor walls) ;
2
• Vpoly in g/cm .min rate of polyhydride formation (hot gas volume).
Vsi :H is determined as the ratio between a-Si:H film thickness and deposition
time. The film thickness has been measured by a stylus instrument "Talystep"
at the film edge and it is represented as the mean value of 16 measurements for
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each film. This value is also checked by the thickness obtained from the optical
transmission measurements according to the procedure suggested by Swanepoel
(8]. For all samples, comparable results within the error limit are given by both
ways.
Vs; is obtained by measuring the weight of a-Si films deposited on a quartz plate
of 20 x 20 cm 2 area, which is fixed at the reactor wall in the middle of the hot zone.
The film weight is the difference between the weights of the plate prior and after
deposition.
Another 20x20 cm 2 glass plate is places outside the down edge of the hot zone
with its surface perpendicular to the gas stream. Thus, the polyhydride powder,
drawn out of the hot gas volume, falls on the plate. Vpoly is determined as the
weight of deposited powder, which is normalized to the plate area and is divided
to the deposition time.
The a-Si:H films have been deposited on different substrates suitable for various
film characterization measurements:
• double-side polished c-Si (100 n.cm) for investigation of infrared absorption and
Raman spectra;
• sodium glass substrates for film homogeneity investigation by micro pore density
determination (9];
• quartz and Corning glass substrates for optical transmission measurements and
for electric measurements.

3. Results and Discussion
3.1. Dependencies of a-Si:H growth rate on gas temperature and pressure
The Arhenius plots of a-Si:H film growth rate versus gas temperature are shown in
Fig. 2 for three different gas pressures: 400 Pa (curve 1) , 130 Pa (curve 2) and 65 Pa
(curve 3) respectively.
In the low-temperature region, the a-Si:H growth rate goes exponentially up
with Tg for the three pressure values. Dense films of good adhesion and mirror-like
surfaces are obtained for all pressure values in the temperature region mentioned.
The rate is thermally activated and follows the relation
Va-Si:H

= const exp (- {;.g)

where Ea is the apparent activation energy, k is the Boltzmann constant and Tg
is the gas temperature. The Ea values, determined from the line slopes in Fig. 2,
depend on silane pressure and are 310, 305 and 133 kJ /mol for pressures of 400,
130 and 65 Pa, respectively. Similarly, Scott [4] calculated Ea = 234 kJ /mo! for
P = 200 Pa, Hirose (10] - 144 kJ /mol, Qian (6] - 67 kJ /mol for P = 65 Pa. For
comparison, the activation energy of the homogeneous thermal SiH 4 decomposition
process, which results in :Siih generation, is about 260 kJ /mol if it is not disturbed
by other by-going processes (5].
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Fig. 2. Growth rate of a-Si:H films as a function of gas temperature
10 3 /Tg:
1 - silane pressure PsiH 4 = 400 Pa, 2 - 130 Pa, S - 65 Pa

In the next temperature region, where the maximal growth rates are achieved,
a-Si:H films deposited at different pressures exhibit different characteristics:
• At silane pressure of 400 Pa, the films deposited above Ts~ 540 °C are rough, of
poor adhesion, powder containing, and for Tg ~ 580 °C and higher the deposit
consists entirely of powder. Thus, films of high quality are obtained at growth
rates below 1 nm/min at this pressure.
• At pressure of 130 Pa, the growth rate has a well pronounced maximum of 810 nm/min at Tg = 630 °C. The a-Si:H films, deposited under these conditions,
exhibit some roughness due to the contamination with small amount of polyhydride powder. Such films are obtained in a narrow temperature region around
Tg (610-660 °C), corresponding to the maximum of the growth rate, while the
character of the films deposited at higher temperature changes as discussed bellow.
• At pressure of 65 Pa, the growth rate increases i11 .the whole temperature region,
reaching 1-1.2 nm/min at Tg
700 °C (the practical limit of our experiment).
No powder formation was noticed in this case and the films obtained are of good
mechanical properties and have mirror-like surfaces.
Obviously, the conditions of this region are not suitable for preparation of high
quality a-Si:H films due to the contamination with polyhydride powder at high
pressure or because of the low-deposition rate at too low pressure.
An interesting kinetic region is the one, observed at high Tg and at pressure of
130Pa. As can be seen in Fig.2 (curve 2), the a-Si:H film growth rate decreases
when the gas temperature rises in this region. A similar region has been indicated
also by Scott et al. [4] and Qian et al. [6], although the authors do not discuss the
quality of films obtained in it. The films, prepared by us at these conditions , have
mirror-like surfaces even for the highest values of Tg. They demonstrate a dark con-
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ductivity of the order of 10- 9 (D.cm)- 1 , a photoconductivity of 10- 4 (D.cm)- 1 at
AMl illumination and defect density N 8 = (1-2) x 10 16 cm- 3 [11]. These characteristics are typical for the device quality a-Si:H. Because of the weaker temperature
dependence, reproducible results can be obtained at growth rate 6-7 nm/min, which
is several times higher than the one, achieved by Scott et al. in the low-temp erature
region [4].
The complicated dependencies of the a-Si:H film growth rate on gas temperature
and pressure spring from the competition between parallel processes, occurring at
different places in the reactor chamber. The results, presented bellow, contribute
to the understanding of those secondary processes. A more detailed study, based
on their analysis, is to be published later on.
3.2. Rate of a-Si deposition on the reactor walls versus gas temperature and pressure
Fig. 3 represents the deposition rate of nonhydrogenated silicon on reactor walls
Va-Si in dependence of gas temperature for pressures of 400 Pa and 130 Pa (curves 1
and 2 respectively). For comparison, the temperature dependencies of a-Si:H growth
rate for the same pressures are also shown (curves 1' and 2'). The a-Si deposition
rate is recalculated from (g/cm 2 .min) units into (nm/min) units, assuming that
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Fig. 3. Deposition rate of a-Si on the reactors walls in dependence on
gas temperature.
Curve 1 - PsiH 4 = 400 Pa, curve 2 - 130 Pa. In comparison, growth
rate of a-Si:H - 11 and 21 for 400 and 130 Pa respectively
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a-Si film density is 2.3 g/cm 3 , i.e. about 0.9 of the c-Si density. As can be seen in
the figure:
• a-Si deposition rate on reactor walls is higher than a-Si:H growth rate in the
whole temperature range and for both pressure values;
• the process of heterogeneous SiH 4 decomposition, responsible for a-Si deposition ,
is thermally activated. Two slopes are noted on the Arrhenius plot in the figure,
the greater one for the lower temperatures. Tg values, for which a change in the
slope appears, are very close to those at which the maximum a-Si:H growth rate
is achieved.
The correlations between a-Si deposition rate and a-Si:H film growth rate can be
seen more clearly in Fig. 4, where their ratio is shown in function of Tg for pressures
of 400 Pa (curve 1) and 130 Pa (curve 2). In both cases it is a correlation curve
with a minimum. The temperature, at which the minimum occurs, corresponds to
temperatures of the maximum a-Si:H growth rate. At 130 Pa pressure the minimal
value of the ratio Va-si/Va-Si :H is two times lower than that at 400 Pa and is shifted
towards higher temperatures.
Our investigations show that the lower the pressure and the higher the gas
temperature, the smaller the rate of a-Si deposition on the reactor wall and silane
consumption. Therefore, one of the ways to raise a-Si:H growth rate is a lower
pressure and a higher temperature of the gas to be kept in the reactor.
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3.3. Dependence of polyhydride powder (SiHx)n formation rate on gas temperature and pressure
In Fig. 5 the poly hydride formation rate versus the gas temperature is shown at
silane pressures of 400 Pa (curve 1), and 130 Pa (curve 2). At pressure 65 Pa no
powder formation has been checked on the control plate. For comparison, the a-Si
formation rate (curves 1' and 2 ') is shown in the same units (g/ cm 2 .min).
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Fig. 5. The polyhydride formation rate in dependence on gas temperature for
400 Pa - curve 1 and for 130 Pa (130 Pa) - 2'
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At 400 Pa pressure the powder formation process is dominating at temperatures
above 580 °C. In the whole temperature range the powder formation rate remains
lower than Va-Si for 130 Pa pressure. If Tg < 630 °C, the process is thermally activated with Ea = 269 ± 12 kJ /mo!), i.e. it is obviously limited by :SiH 2 radical
formation rate (Ea= 260kJ/mol). On the other hand, the rate of powder formation at this pressure saturates for higher temperatures, which indicated that :SiH 2
radicals are preferably consumed by another process.

4. Conclusions
After detailed studies on gas-phase conditions it was established that:
(1) The temperature dependence of a-Si:H growth rate is dominated by three
processes, not by two, as suggested by Scott. Heterogeneous SiH 4 decomposition, resulting in a-Si deposition, plays a substantial role.
(2) The ratio between the rates of different processes appears more favorable
for Va-Si:H at higher temperatures and lower pressures'.
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(3) Conditions, under which films of proper mechanical and semiconductor
properties can be grown with a sufficient reproducibility, have been established. The growth rate of 6-7nm/min, achieved at these conditions, is
several times higher than the one achieved by Scott (4]. Films with defect
density Ns = (1-2) x 10 16 cm-3, photoconductivity of 10- 4 (D.cm)- 1 and
dark conductivity of the order of 10- 9 (D.cm)- 1 (11] are prepared at gas
temperature Tg = 660 °C and silane pressure P = 130 Pa. These parameters characterize a device quality grade material.
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