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Chemical Vapor Deposition of Aluminosilicates from Mixtures of
SiCl4, AlCl 3, CO2, and H2
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A comprehensive study of the chemical vapor codeposition of silica, alumina, and aluminosilicates from SiCl4-AlCl3-H2-CO2 mix-
tures is presented. A hot-wall reactor, coupled to an electronic microbalance, is used to investigate the dependence of the deposi-
tion rate on temperature, pressure, composition, and total flow rate over a broad range of operating conditions. The experimental
observations are discussed in the context of the results obtained in independent deposition experiments of silica and alumina from
mixtures of SiCl4-H2-CO2 and AlCl3-H2-CO2, respectively, in the same apparatus. The results show that the deposition of silica
proceeds at very low rates that are by more than an order of magnitude lower than those of alumina deposition at the same tem-
perature, pressure, total flow rate, and carbon dioxide and chloride mole fractions in the feed. When both chlorides (SiCl4 and
AlCl3) are fed to the reactor, that is, in the codeposition process, the rate of SiO2 deposition is much higher than that seen in the
single species deposition experiments, while the opposite behavior is observed for the rate of deposition of Al2O3. The results of
deposition experiments conducted on refractory wires, in order to obtain information on the effect of the substrate position in the
reactor, show that manipulation of residence time offers a way to control the composition of the codeposited films in alumina and
silica. The experimental results are compared with those obtained in a past study using methyltrichlorosilane as silicon source.
© 2000 The Electrochemical Society. S0013-4651(99)02-031-5. All rights reserved.
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The preparation of films of metal oxides is of interest for a num
ber of applications, such as high-temperature gas separations,
tection of metals and other materials from corrosion and oxidatio
heterogeneous catalysis, and microelectronics.1-4 An important ap-
plication of inorganic oxides is in the field of structural application
where they find use as coatings for the protection of metals and o
materials from high-temperature corrosion caused by combust
gases and trace contaminants. Because of their high hardness an
cellent corrosion resistance, alumina and zirconia are very attrac
for use as coatings for wear and corrosion protection.3-6 Mullite
(3Al2O3?2SiO2) also possesses very attractive properties for stru
tural applications.7 Its thermal expansion coefficient is lower than
those of alumina and zirconia and similar to that of Si-based cera
ics (e.g.,silicon carbide). As a result, it is suitable for application o
SiC components that are subjected to thermal cycling in the cou
of their usage.

Several methods can be used for the preparation of inorga
oxides, such as thermal oxidation, sol-gel processing, and chem
vapor deposition. Because of their low cost, metal chlorides are 
most frequently used metal sources for the chemical vapor dep
tion of metal oxides. An extensive amount of work has been done
the chemical vapor deposition of Al2O3 through the oxidation or hy-
drolysis of AlCl3,

4-6,8-16but only a few groups have dealt with the
deposition of silica,17,18and fewer studies have examined the dep
sition of mullite.19-21SiCl4 is typically employed as silicon source in
the chemical vapor deposition of silica and mullite.

In a previous study,22 we investigated the chemical vapor codep
osition of SiO2, Al2O3, and aluminosilicates from mixtures of
CH3SiCl3 (methyltrichlorosilane, MTS), AlCl3, CO2, and H2. MTS
was used as silicon source because preliminary experiments sho
that the rates of deposition of silica and alumina from H2-CO2 mix-
tures containing MTS and AlCl3, respectively, were of comparable
magnitude for similar chloride concentrations, whereas mixtures
SiCl4, CO2, and H2 gave much lower rates of deposition of silica
The experiments revealed that the codeposition process exhib
deposition rates that were not only larger than those of the sim
oxides (Al2O3 and SiO2) from MTS and aluminum trichloride, re-
spectively, at the same operating conditions, but also larger than t
sum by a factor of two to three. The analysis of the composition
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the deposits showed that the increase in the codeposition rate
accompanied by a dramatic enhancement of the deposition of S2
and a reduction in the rate of Al2O3 deposition, the combination of
which led to very low Al/Si ratios in the deposits. 

In order to obtain higher Al/Si ratios in the codeposited film
(corresponding to stoichiometric mullite or alumina-rich mullite),
is necessary to suppress the enhancement of SiO2 deposition and
maintain the rate of Al2O3 deposition at least at the levels seen in th
absence of silicon precursors from the feed. Since the rate of S2
deposition in the codeposition process is much higher than the 
of silicon deposition in the absence of AlCl3, it is evident that it is
the interaction of aluminum and silicon precursors that is respon
ble for the enhanced deposition rate of silica and hence, the 
hanced codeposition rate. If the silicon surface species involved
the fast deposition steps are the same as those that lead to s
deposition in the single species deposition process, it is possibl
lower the rate of silica deposition in the codeposition process by e
ploying a silicon precursor that exhibits a much lower rate of Si2
deposition than MTS, such as SiCl4.

The preparation of alumina, silica, and aluminosilicate (e.g.,mul-
lite) coatings through chemical vapor deposition from mixtures 
AlCl3, SiCl4, CO2, and H2 is the subject of the present study. Depo
sition experiments are carried out in a gravimetric, hot-wall chemi
vapor deposition (CVD) reactor over a wide range of operation
conditions in order to determine the dependence of the codepos
and single-species deposition rates on temperature, pressure,
rate, and feed composition. The effect of the substrate position in
reactor on the deposition rate and deposit composition is also stu
by conducting experiments on thin refractory wires placed along 
center line of the reactor. The results are compared with those
tained with MTS as silicon source and discussed in the contex
past studies on silica, alumina, and aluminosilicate deposition and
the basis of the results of thermodynamic equilibrium computatio

Experimental
CVD experiments were carried out in a vertical hot-wall react

made of quartz with a 15 mm internal diameter. The reactor is c
pled to an electronic microbalance (1 mg sensitivity) for continuous
monitoring of the weight of the deposit. Aluminum trichloride i
formed in situ in a packed-bed reactor (chlorinator) loaded wit
high-purity aluminum granules and kept at a temperature ab
2508C in order to achieve complete conversion of HCl to AlCl3.

4

The pressure in the deposition chamber is measured at the inle
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the reactor using a capacitance manometer, and it is regulated by a
throttling valve controlled by a pressure controller. Subambient pres-
sures are generated using a mechanical vacuum pump. The pump
and the control valve are protected by using a liquid nitrogen trap, a
soda-lime trap, and a particulate filter. The reactor tube and the sub-
strate are heated with a high-temperature single-zone resistance fur-
nace, which provides about 25 cm (10 in.) of heating zone. Temper-
ature measurements in the reactor showed that the part of the reactor
tube that lies in the heating zone is almost isothermal,23 with the
temperature being within 658C of the set-point value.

Local deposition rates were measured using small silicon sub-
strates (typically, 1.35 cm length,0.75 cm width,and 0.20 mm thick-
ness) obtained by depositing silicon from mixtures of silicon tetra-
chloride and hydrogen on substrates made of high-density graphite
blocks. The substrates were hung from the sample arm of the micro-
balance and placed within the heating zone, with the deposition sur-
face parallel to the flow of the reactive mixture, which enters the
chemical reactor from the top. Experiments were also carried out on
thin molybdenum wires placed along the center line of the tubular
reactor in order to obtain information on the profiles of deposition
rate and deposit composition along the reactor. At each set of ex-
perimental conditions,the deposition process was allowed to occur
for a period of time that was sufficient to extract a reliable deposi-
tion rate from the slope of the weight vs.time curve. 

Results and Discussion
The overall reactions that describe the deposition of silica,alu-

mina,and aluminosilicates (e.g., Al6Si2O13 and Al2SiO5) are

SiCl4 1 2H2O r SiO2 1 4HCl [1]

2AlCl3 1 3H2O r Al2O3 1 6HCl [2]

2SiCl4 1 6AlCl3 1 13H2O r Al6Si2O13 1 26HCl [3]

SiCl4 1 2AlCl3 1 5H2O r Al2SiO5 1 10 HCl [4] 

The overall reaction for the formation of water vapor is the water
gas-shift reaction

H2 1 CO2 r H2O 1 CO [5] 

These reactions do not represent what actually occurs in the CVD
reactor. The deposition process involves many homogeneous and
heterogeneous reactions in which many gas-phase species and specie
adsorbed on the deposition surface participate. The deposition rate at
a certain location in the chemical reactor is determined by the con-
centrations of the various species that take part in the heterogeneous
reactions that lead to solid deposition. These concentrations are in
turn determined not only by the composition of the feed but also by
the flow field in the chemical reactor and the rates of the other chem-
ical reactions that take place in the reactor. The chemical reactor we
use in this study has length much larger than its diameter, and thus,it
is characterized by a simple flow field, which permits its operation to
be described by a simple plug flow model. However, the interpretation
of the various effects that are revealed by the experimental data still
requires consideration of what the reactive mixture experiences be-
fore it reaches the deposition surface.

Most of the results that we present in this study were obtained
using mixtures of AlCl3 and (or) SiCl4 in H2, and CO2 with
300cm3/min total flow rate at 100 Torr total pressure. The substrates
were placed with their midpoint at a distance of 4 cm from the top
of the heating zone of the reactor (0 cm position). The top of the
heating zone almost coincided with the beginning of the isothermal
zone of the chemical reactor. The values of the operating parameters
are reported in the figures for each curve of experimental results
shown there. 

Temperature effects.—Figure 1 presents typical results on the
variation of the deposition rate of the single oxides and of the code-
position rate with the temperature in Arrhenius coordinates,that is,
as ln Rd vs. 1/T, with Rd being the deposition rate and T the absolute
temperature in the reactor. To obtain these results,the temperature
s

was varied between 850 and 11008C at 508C increments. The mole
fractions of the source gases were 0.006 SiCl4 (xSiCl4), 0.012 AlCl3
(xAlCl3), and 0.035 CO2 (xCO2). It is seen that the temperature has a
positive effect on the deposition rates of all three processes. This
effect is stronger in the case of SiO2 deposition,where the rate varies
by more than three orders of magnitude between the lower and the
upper temperature limit. When the CVD system operates at 10008C
or above, the deposition of silica proceeds at significant rates. The
decrease of the temperature from 1000 to 9508C is followed by a
dramatic reduction in the deposition rate. The resulting low values,
of the order of 1026 mg/cm2 min, lie within the limitations of our
microbalance for small-surface-area (nonporous) substrates.

The apparent activation energy (Eapp), the slope of the ln Rd vs.
1/T curve, decreases with increasing temperature for the case of sil-
ica deposition. Linear regression over the entire temperature range in
which data are shown in Fig. 1 gives an activation energy value of
71.5 kcal/mol,while a much lower value of 28.5 kcal/mol is ob-
tained when the data at low temperatures (<10008C) are not includ-
ed in the calculations. The Arrhenius plot of the alumina deposition
process gives an apparent activation energy of 14 kcal/mol. This
value is lower than the value (19.6 kcal/mol) that was determined in
a past study22 in the same experimental arrangement using different
concentrations of aluminum trichloride in the feed (xAlCl3 5 0.009).

The overall deposition rate in the codeposition process changes
with the temperature in a similar way as the rate of Al2O3 deposition.
The Arrhenius plot of the codeposition process (Fig. 1) yields an
activation energy of 22.1 kcal/mol. This value is by a factor of three
larger than the activation energy reported in Ref. 19 (7.4 kcal/mol),
where the chemical vapor deposition of mullite from mixtures of
SiCl4,AlCl3, CO2, and H2 was investigated. The deposition rates that
are reported in that study are of the same order of magnitude as those
found here. The difference in the apparent activation energies is most
probably a reflection of the different reactor configurations and the
different operating conditions. 

The codeposition rate and the deposition rate of alumina have, in
general, comparable values. At temperatures greater than 9508C, the
codeposition rate is higher than the deposition rate of alumina,and
since the latter is much larger than the deposition rate of silica,high-

Figure 1. Temperature dependence of deposition and codeposition rates at
100 Torr.
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er than the sum of the deposition rates that are measured when only
one of the two chlorides (AlCl3 or SiCl4) is contained in the feed at
the same concentration as in the mixture (composite curve in Fig. 1).
This is an indication that in the codeposition process aluminum-con-
taining species and silicon-containing species participate in surface
reaction steps that lead to solid product deposition at rates that are
greater than those of the steps that lead to the deposition of SiO2 and
Al2O3 in the independent deposition experiments.

Pressure effects.—The effect of pressure on the reaction rate of
the three deposition processes is shown in Fig. 2 at 10008C and a
CO2/(SiCl4 1 AlCl3) feed ratio of 2. An increase of the total system
pressure is accompanied by an increase in the rate of SiO2 deposi-
tion, with the deposition rate changing by a factor of three between
the two limits of the pressure range. The deposition rate of alumina
also increases with increasing pressure over the entire pressure range
covered in Fig. 2. In contrast to the deposition rates in the single-
oxide deposition systems,the deposition rate of the codeposition
process displays a complex dependence on pressure. The codeposi-
tion rate increases as the pressure moves from 75 to 150 Torr, but
then it starts to decrease, reaching a minimum value at 250 Torr.
Subsequently, it starts to increase again with the rate at 300 Torr
being higher by more than a factor of two than the local minimum
rate at 250Torr. 

The negative effect of pressure on the codeposition rate at the
range 150-250 Torr is not surprising considering that a rise in the
pressure of operation affects various factors which may have quali-
tatively different effects on the deposition rate. With the feed com-
position and the temperature kept constant,an increase in the oper-
ating pressure increases both the concentrations of the reactants and
the residence time in the reactor. Larger concentrations tend to lead,
in general, to higher deposition rates,but this effect may be offset by
the greater consumption of reactive species and the greater produc-
tion of product species upstream of the deposition site, because of
the increased residence time.

It must be noted that the deposition rate may be negatively influ-
enced by the formation of powder in the reactor, since when this hap-
pens,the consumption rates of the gaseous reactants are increased.
Insignificant powder formation was observed in our experiments,
even at 300 Torr. This observation is consistent with the results of
Fig. 2 which show increasing deposition rate with increasing pressure
in the upper part of the pressure range where powder formation, if it

Figure 2. Pressure dependence of deposition and codeposition rates at
10008C. 
occurred, should proceed with higher rate. A reduction in the rate of
mullite deposition at pressures higher than 150Torr was observed in
Ref. 19,and was attributed to powder production. Positive influence
of pressure on Al2O3 deposition was reported by Colmet and
Naslain,6 who conducted experiments at low aluminum trichloride
concentrations (xAlCl3 5 0.008) without detecting occurrence of pow-
der formation even at ambient pressures. Funk et al.5 noticed a dra-
matic drop in the deposition rate of Al2O3 at pressures above 200
Torr. They attributed it to powder formation even though they used
mixtures with low AlCl3 content (xAlCl3 5 0.004).

Feed composition effects.—Results on the influence of the feed
composition on the deposition rate are shown in Fig. 3-6,which pre-
sent deposition rate vs. reactant mole fraction data for various tem-
peratures. The results of Fig. 3 refer to the effects of SiCl4 on the
deposition rate of silica. It is seen that the operating temperature may
affect the dependence of the deposition rate of silica on the mole
fraction of SiCl4 both qualitatively and quantitatively. The effect of
the mole fraction of SiCl4 on the deposition rate of silica changes
from negative at 10008C to positive at 10508C. At 11008C, the depo-
sition rate depends weakly on xSiCl4, presenting a shallow minimum
in the lower part of the 0.005-0.04 mole fraction range that is cov-
ered in the figure. As in the case of the data reported in Fig. 2, very
small amounts of powder were observed at the exit of the reactor. It
should be noted that powder formation cannot be the cause of th
negative dependence of the deposition rate on the SiCl4 mole frac-
tion at 10008C, because this phenomenon,whenever it occurs, tends
to intensify with increasing temperature. The complex dependence
of the deposition rate of silica on the mole fraction of SiCl4 most
probably reflects the effects of the reaction by-products and, in par-
ticular, of HCl. An increase in the SiCl4 mole fraction in the feed
leads not only to higher concentrations of SiCl4 in the reactor but
also to higher concentrations of HCl and of the other by-products of
the gas-phase decomposition reactions. 

Figure 4 presents results on the dependence of the codeposition
rate and the deposition rate of Al2O3 in single-oxide deposition
experiments on the AlCl3 mole fraction in the feed at three tempera-
tures (1000,1050, and 11008C). The mole fractions of SiCl4 and
CO2 are 0.006 and 0.035,respectively, but similar results were
obtained for other values of these two operating parameters. It is
seen that the introduction of small quantities of AlCl3 in the SiCl4-
CO2-H2 mixture leads to a steep rise of the deposition rate. A simi-

Figure 3. Effects of the SiCl4 mole fraction on the rate of SiO2 deposition at
100 Torr and various temperatures.



Journal of The Electrochemical Society, 147 (3) 1050-1058 (2000) 1053
S0013-4651(99)02-031-5CCC:$7.00  © The Electrochemical Society, Inc.
lar observation was made by Auger and Sarin,20 but Mulpuri19

noticed a precipitous drop in the deposition rate as the Al/Si feed
ratio changed from zero to 0.5. As the AlCl3 feed mole fraction in the
feed is increased, both the codeposition rate and the deposition rate
of Al2O3 from AlCl3-H2-CO2 mixtures increase. Enhancement of the
codeposition rate with further increase of the Al/Si feed ratio was
observed in Ref. 19 after the initial drop, but the opposite behavior
was reported in Ref. 20 for experiments conducted in a simila
chemical vapor deposition apparatus. 

In the lower part of the AlCl3 mole fraction range covered in
Fig. 4, the codeposition process proceeds with lower rate than the
deposition of alumina. The AlCl3 mole fraction value at which the co-
deposition rate becomes larger than the rate of deposition of alumina
decreases with increasing reaction temperature. Experiments at other
conditions showed that this value also depends on the feed mole frac-
tions of SiCl4 and CO2. Using the results of Fig. 1 for the deposition
rate of silica,one finds that in the upper part of the AlCl3 mole frac-
tion range of Fig. 4,the codeposition rate is much higher than the sum
of the deposition rates of Al2O3 and SiO2 in independent deposition
experiments. This was also observed to be the case in Fig. 1 at high
temperatures. These results reinforce the conclusion that the surface
chemistry of the codeposition process must involve reaction steps that
include both silicon species and aluminum species.

Data on the effect of the feed mole fraction of carbon dioxide on
the deposition rate of the single oxides and on the codeposition rate
are presented in Fig. 5 and 6 at 10008C for several combinations of
mole fractions of chlorides. For the codeposition process,data are
also given at 10508C for 0.6% SiCl4 and 1.2% AlCl3 in the feed
(Fig. 6). The results show that the feed mole fraction of CO2 influ-
ences the deposition rates of the three processes in a complex way.
Depending on the values of the other operating parameters, an in-
crease in the CO2 mole fraction may increase, decrease, or have no
effect on the deposition rate. For the codeposition rate and the depo-
sition rate of alumina,the most common behavior pattern is an ini-
tial increase as the CO2 mole fraction is raised from the lowest value
used in experiments (i.e., 0.035) followed by a region on small
change or a maximum. For deposition of silica with 0.6% SiCl4 in
the feed, the deposition rate undergoes a small drop as the CO2 in the
feed is changed from 3.5 to 7% and shows little change after that. On
the other hand, for 0.011 SiCl4 mole fraction,it increases continu-
ously, but slowly, as the CO2 mole fraction is increased.

Figure 4. Effects of the AlCl3 mole fraction on the deposition rate in the pres-
ence or absence of SiCl4 at 100 Torr and various temperatures.
r

All codeposition rates vs.CO2 mole fraction curves in Fig. 5 and
6 present a maximum, which is more pronounced for reaction con-
ditions that give high rates of deposition. The CO2 mole fraction
value at which the maximum occurs lies in the 0.07-0.13 range, and
it tends to move toward lower values as the temperature is reduced
or as the mole fraction of SiCl4 is increased. Since these changes
lead to lower deposition rates,this behavior suggests that the loca-
tion of maximum is moved to larger CO2 mole fractions as the code-
position rate is increased. The appearance of a maximum in the vari-
ation of the deposition rate with the CO2 mole fraction has been ob-
served in many experimental studies on the chemical vapor deposi-
tion of alumina from mixtures of AlCl3, CO2, and H2.

13,16,24

Figure 5. Effects of the CO2 mole fraction on the deposition and codeposi-
tion rates at 100 Torr and 10008C for two sets of chloride mole fractions.

Figure 6. Effects of the CO2 mole fraction on the deposition and codeposi-
tion rates at 100 Torr and 10008C. Codeposition results are also shown at
10508C. 
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The increase in the deposition rate with an increase in the CO2
mole fraction is most probably caused by the increase in the concen-
tration of H2O or of other oxygen-donor species with high surface
reactivity, such as OH. The appearance of a maximum suggests that
the formation of oxygen-donor species ceases to be the rate-limiting
step of the overall process above some value of CO2 concentration.
As the mole fraction of CO2 in the feed is increased, the concentra-
tions of species that contain metal (Si or Al) and oxygen should also
increase at the expense of silicon or aluminum species that contain
chlorine or hydrogen. For deposition of silicon from SiCl4, past stud-
ies25,26have shown that SiClx are the species that are mainly respon-
sible for Si incorporation in the deposit. If an analogous situation
exists in the case of metal incorporation in the deposit during deposi-
tion of oxides,that is, SiClx and AlClx are the main surface reactive
species,the reduction in the concentration of metal-chlorine with the
increase of the concentration of CO2 should eventually offset the pos-
itive effect of the increase in the concentrations of the oxygen-donor
species on the reaction rate. CO2 appears to affect differently the
deposition rate of silica from the deposition rate of alumina and the
codeposition rate because the former is considerably lower at similar
reaction conditions; therefore, the formation of water and of other
oxygen-donor species stops being the controlling step of the deposi-
tion process at much lower values of CO2 concentration.

The results of Fig. 3 showed that the increase of the SiCl4 mole
fraction in the feed has a negative effect on the silica deposition rate
at 10008C. Figure 5 shows that this is also the case for the codeposi-
tion rate at this temperature. The aluminum chloride mole fraction is
larger in the case with the higher value of SiCl4 mole fraction,but this
parameter does not affect significantly the deposition rate of alumina
and the codeposition rate at 10008C when its value is above 0.01 (see
Fig. 4). Because of the decrease that the codeposition rate undergoes
as the SiCl4 mole fraction is changed from 0.006 to 0.011,the code-
position rate and the deposition rate of alumina have comparable val-
ues for 1.1% SiCl4 in the feed, whereas they differ by almost a factor
of two at the lower value. It was argued in the presentation of the
results of Fig. 3 that the negative effect of the increase of the concen-
tration of SiCl4 on the deposition rate of silica is most probably a con-
sequence of the increase in the concentration of gas-phase reaction
products (such as HCl),which have an inhibitory effect on the solid
formation reactions. The results of Fig. 5 suggest that this must also
be the case in the codeposition process.

Effects of residence time.—The total flow rate and position in the
reactor are the two variables that have the most influence on the res-
idence time of the reactant molecules in the hot zone of the reactor
upstream of the substrate. The effect of the total flow rate on the
codeposition and the single-species deposition rates is shown in
Fig. 7 for two temperatures (1000 and 10508C), 100 Torr total pres-
sure, and an Al/Si feed ratio of two. As the flow rate changes from
200 to 500 cm3/min, a dramatic reduction in the rate of silica depo-
sition takes place. Above 500 cm3/min, the rate decreases only
slightly with an increase in the flow rate. Since the mass-transport
coefficient increases with increasing velocity of flow of the gaseous
mixture over the deposition surface, the negative effect of flow rate
on the deposition rate indicates that there are insignificant mass-
transport limitations from the bulk of the gas phase to the deposition
surface. The increase in the total flow-rate also has a negative effect
on the codeposition rate. However, there are regions of flow rate val-
ues where the deposition rate tends to increase with increasing flow
rate, and this leads to appearance of local maxima in the deposition
rate vs. flow rate curve. The negative effect of the flow rate on the
codeposition rate becomes stronger as the temperature decreases. A
maximum also appears in the variation of the alumina deposition
rate with the total flow rate. 

Decrease in the deposition rate with increasing total flow rate
was observed in a study of SiO2 particle generation from oxidation
of SiCl4.

27 A similar observation was also made by Klaus et al.28

and Wise et al.,29 who reported that the growth rate of SiO2 films
formed on silicon surfaces through atomic layer control from SiCl4
and H2O using binary reaction sequence chemistry increased signif-
icantly with increasing exposure time. For alumina deposition, the
decrease of the deposition rate at flow rates higher than 400-
500 cm3/min in Fig. 7 is at variance with the behavior seen in
Ref. 30, where a square root dependence on the total flow rate was
observed. This was construed as an indication of the existence of
mass-transport limitations on the deposition process. Park et al.11 re-
ported linear decrease of deposition rate of Al2O3 with decreasing
flow rate from 800 to 300 cm3/min at 10508C. The presence of mass-
transport limitations was proposed as an explanation for this behav-
ior. Other observations made in Ref. 11 were insignificant change of
the deposition rate for flow rates greater than 800 cm3/min and no
deposition below 300 cm3/min. These results are in disagreement
with the behavior seen in Fig. 7. The differences are most probably
due to the use of a different reactor arrangement from that used in
the present study, namely, a vertical cold-wall reactor. 

To obtain results on the effects of the position of the substrate on
the deposition rate from a single experiment,experiments were car-
ried out on thin molybdenum wires placed along the center line of the
reactor. Results on the variation of the codeposition rate with the dis-
tance from the entrance of the reactor at 10008C are given in Fig. 8.
Kinetic data are shown in the figure for positions lying within the
isothermal zone of the reactor, that is 0-23 cm,and therefore, the
changes in the deposition rate reflect changes in the composition of
the gaseous mixture and not in the temperature of the reaction. The
variation of the codeposition rate with the distance in the reactor pre-
sents a maximum at about the middle of the isothermal zone of the
reactor. This behavior is in agreement with that seen in Fig. 7 for the
effects of flow rate. [It must be noted that deposition rate measure-
ments conducted at the same distance from the entrance of the reac-
tor on different substrates (walls of the reactor, plates, and wires)
showed small differences among the various substrates. This is a fur-
ther indication of the absence of significant mass-transport limita-
tions at the conditions of our experiments.] The appearance of the
maximum in the variation of the deposition rate of alumina and in the
codeposition rate with the residence time is most probably the result
of the interaction of the formation of surface reactive species,the
depletion of the species in the deposition reactions,and the formation
of reaction by-products that have inhibitory effects on solid formation
reactions (e.g., HCl). This interaction must also be taking place in the

Figure 7. Deposition rate vs.total flow rate for the deposition and codeposi-
tion processes at 100 Torr and 1000 and 10508C.
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case of silica deposition,but because of the much lower values of
deposition rate, the maximum deposition rate probably occurs at flow
rates below the lower limit of the range covered in Fig. 7. 

Deposit composition and morphology.—The composition and
morphology of the deposits were examined employing energy dis-
persive X-ray analysis (EDXA) and scanning electron microscopy
(SEM), respectively. X-ray diffraction (XRD) analysis revealed that
the films of pure alumina consisted of polycrystalline k- and u-
Al2O3,

22 whereas the silica films were amorphous. Films deposited
from SiCl4-AlCl3-CO2-H2 mixtures were dense and uniform in thick-
ness. Several codeposited films were analyzed with XRD, and for
deposition temperatures above 10008C, they were found to be a mix-
ture of an amorphous component and k- and u-Al2O3. The alumina
peaks in the codeposits were rather weak in comparison to the peaks
seen in pure alumina deposits,suggesting that the amounts of crys-
talline Al2O3 were small and that significant amounts of Al2O3 were
incorporated into amorphous aluminosilicates. No crystalline phase
was detected in deposits obtained at temperatures lower than 10008C.

Figure 9 shows SEM micrographs of codeposited films formed at
4 cm location, 100 Torr, 300 cm3/min total flow rate, 0.006 SiCl4
mole fraction,0.012 AlCl3 mole fraction,0.035 CO2 mole fraction,
and two deposition temperatures (1000 and 11008C). It is seen that
the macroscopic morphology of the surface of the deposits is of
nodular structure. The average nodule size decreased slightly as the
temperature was changed from 1000 to 11008C (compare Fig. 9a and
b), and the surface of the deposit became rougher and similar to that
of pure alumina deposits. The analysis of the composition of the
deposits (see below) revealed that this change was accompanied by
an increase in the aluminum content of the deposit.

The composition of the deposits was analyzed by EDXA. Since
the deposition of alumina proceeds at much higher rates than the
deposition of silica (Fig. 1),one would expect that if the two oxides
(SiO2 and Al2O3) were deposited in the codeposition process at rates
proportional to those seen in the independent deposition experiments
at the same operating conditions,Al2O3 would be the main compo-
nent of the codeposited films, especially at low temperatures
(<10008C) where the codeposition rate is comparable to that of alu-
mina. However, the results showed that SiO2 was the main con-
stituent of the deposit in the entire temperature range, suggesting
that the incorporation of silica in the codeposit is more favored than

Figure 8. Deposition rate vs. position in the CVD reactor for the codeposi-
tion process at 100 Torr and 10008C.
that of alumina. From the values of the codeposition rate and the film
composition in SiO2 and Al2O3, the rates of incorporation of the
oxides in the codeposited films were computed as functions of tem-
perature, and the results are shown in Fig. 10. The comparison of the
alumina and silica deposition rates in the codeposition process and
in the single-oxide deposition experiments shows that the codeposi-
tion process is followed by a dramatic enhancement of the deposi-
tion of silica and an equally dramatic reduction of alumina deposi-
tion. As a result,the Al/Si ratio in the deposit is by a few orders of
magnitude lower than the ratio expected on the basis of the deposi-
tion rates of silica and alumina in single-oxide experiments at the
same conditions (compare dashed and solid curves in Fig. 10).

An increase in the reaction temperature has a positive effect on
the content of the codeposited films in Al in Fig. 10,but the oppo-
site effect is observed for the Al/Si ratio that is predicted on the basis
of the single-oxide deposition experiments. Increasing Al/Si ratio of
the deposit with increasing temperature was also reported in Ref. 19,
where it was also observed that the deposition rate and the aluminum
content of the deposit increased with increasing deposition time.
Insignificant variation of the composition of the deposit and of the
deposition rate with time was observed in the present study, and a
similar observation was made in our past study of aluminosilicate
deposition using MTS as silicon source.22

Figure 11 presents the variation of the Al/Si ratio along the length
of the reactor for the film formed on a refractory wire at the condi-

Figure 9. SEM micrographs of CVD films at 100 Torr, xSiCl4 5 0.006,
xAlCl3 5 0.012,substrate at 4 cm,and 300 cm3/min total flow rate. Deposi-
tion temperature: (a) 1000 and (b) 11008C.
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tions of Fig. 8. It is seen that the Al/Si deposit ratio increases with
increasing distance from the entrance of the reactor, reaching a max-
imum close to the center of the hot zone. Since the maximum in the
deposition rate and the maximum in the Al/Si ratio in the deposit
occur at the about same position in the reactor (compare Fig. 8 and
11), one is led to conclude that high deposition rates promote the
incorporation of Al in the deposit. The results of Fig. 11 suggest that
it may be possible to circumvent the effects of the enhancement o
the deposition rate of SiO2 in the presence of AlCl3 in the feed and
obtain deposits with significant alumina and aluminosilicate (e.g.,
mullite) content by manipulating the residence time of the reactive
mixture in the reactor. 

Silicon tetrachloride vs. MTS as silicon source gas.—It was men-
tioned in the introduction that in a past study22 we carried out a com-

Figure 10. Effect of temperature on the rates of incorporation of Al2O3 and
SiO2 in the deposit and the Al/Si ratio at 100 Torr.

Figure 11. Al/Si deposit ratio vs. position in the reactor at the conditions of
Fig. 8. 
f

prehensive study of the deposition of silica,alumina,and aluminosili-
cates from mixtures of CH3SiCl3 (MTS),AlCl3, CO2, and H2. Results
from that study on the variation with the temperature of the codeposi-
tion rate and the deposition rates of silica and alumina in independent
experiments are compared in Fig. 12 with deposition rate results meas-
ured when SiCl4 is used as silicon source (Fig. 1). The comparison of
the two sets of data reveals that when MTS is used as silicon source,
both the deposition rate of silica and the deposition rate in the code-
position process are much higher (by almost an order of magnitude)
than the corresponding values for SiCl4 at all temperatures. It should
be noted that with the exception of the mole fraction of CO2 and the
total pressure, the other operating parameters (chloride mole fractions,
flow rate, and measurement location) do not have the same values in
the two sets of data. However, as the results of Fig. 3-8 on the effects
of these parameters on the codeposition rate and the deposition of sil-
ica show, the differences in Fig. 12 are much larger (by more than an
order of magnitude in some cases) than the differences that would be
expected from the different operating conditions and, in several cases,
of the opposite sign. For example, as the results of Fig. 3 and 5 show,
changing the SiCl4 mole fraction from 0.006 to 0.011 (the MTS mole
fraction in Fig. 12) would decrease both the codeposition rate and the
deposition rate of silica at 10008C and thus lead to larger differences
between SiCl4 and MTS as silicon source.

The apparent activation energies that are extracted for deposition
of silica and aluminosilicate deposition (codeposition) from the re-
sults of Fig. 12 with MTS as silicon source (25.9 and 22.9kcal/mol,
respectively) are very close to the values found in this study for
deposition from mixtures containing SiCl4 [26.5 (excluding data
below 9258C) and 22.1 kcal/mol,respectively (see Fig. 1)]. Even
though apparent activation energies are influenced by several other
factors in addition to the intrinsic kinetics of processes,the small dif-
ferences in the activation energies for the two silicon sources offer a
strong indication that the same controlling steps are probably in-
volved in the deposition mechanisms of aluminosilicates and silica
in the two cases.

It is possible to explain some of the differences that are observed
in Fig. 12 between MTS and SiCl4 using thermochemical equilibri-

Figure 12. Comparison of deposition rates using MTS (d, m, j) and (s, n,
h) SiCl4 as silicon source at 100 Torr and 3.5% CO2. Other reaction condi-
tions: (d, m, j) 1.1% MTS, 0.9% AlCl3, 250 cm3/min total flow rate, and
substrate at 7 cm. (s, n, h) 0.6% SiCl4, 1.2% AlCl3, 300 cm3/min total flow
rate, and substrate at 4 cm.
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um analysis. Figure 13 presents results on thermochemical equilibri-
um in the Si/C/Cl/H/O system for elemental loadings corresponding
to MTS-CO2-H2 (Fig. 13a) and SiCl4-CO2-H2 (Fig. 13b) mixtures
having the compositions used for deposition of silica in Fig. 12. Fig-
ure 14,on the other hand, presents results for thermochemical equi-
librium in the Al/Si/C/Cl/H/O system for elemental loadings corre-
sponding to the AlCl3-MTS-CO2-H2 and AlCl3-SiCl4-CO2-H2 mix-
tures used for codeposition in Fig. 12 (Fig. 14a and b, respectively).
More results on thermochemical equilibrium in silica,alumina,and
aluminosilicate deposition with MTS as silicon source have been pre-
sented in Ref. 22. Only species having mole fractions larger than
1026 are shown in Fig. 13 and 14,and the presented results refer to
thermodynamic equilibrium with only gas-phase species allowed to

Figure 13. Equilibrium mole fraction vs. temperature for SiO2 deposition at
100 Torr. Solid phases are not allowed to form. (a, top) CO2/MTS 5 3.3,
xMTS 5 0.011; (b, bottom) CO2/SiCl4 5 5.8,xSiCl4 5 0.006.
form. This was done because the quantities of material that must be
transferred from the gas phase to the solid phase (i.e., to the walls of
the reactor) in order to establish complete gas-solid equilibrium are
very large, requiring residence times that are several orders of mag-
nitude larger than those prevailing in the experiments or in typical
CVD reactors. A large database of gas-phase species with thermody-
namic data compiled from various sources (see Ref. 22 and refer-
ences therein) was used for the thermodynamic computations,which
were carried out using a free energy minimization method. 

The comparison of Fig. 13a and 14a with Fig. 13b and 14b, re-
spectively, shows that even though the MTS mole fraction in the feed
is by about a factor of 2 larger than the mole fraction of SiCl4, the

Figure 14. Equilibrium mole fraction vs. temperature for codeposition at
100Torr. Solid phases are not allowed to form. (a,top) CO2/AlCl3/MTS 5
3.3/0.8/1,xMTS 5 0.011; (b, bottom) CO2/AlCl3/SiCl4 5 5.8/2/1,xSiCl4 5
0.006.
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mole fractions of SiCl2 and SiCl3 are almost an order of magnitude
larger in Fig. 13a and 14a. These two radicals are the main products
of silicon tetrachloride and MTS pyrolysis,25,26and their high surface
reactivity renders them the principal precursors for silica incorpora-
tion in the deposit. The thermodynamic equilibrium results of Fig. 13
and 14 are therefore consistent with the much higher deposition rates
of silica and aluminosilicates when MTS is used as silicon source. 

The introduction of AlCl3 in the reactive mixture appears to affect
insignificantly the fraction of HCl both for MTS and for SiCl4 in the
feed. The computation of thermodynamic equilibrium in the
Al/C/Cl/H/O system (see results reported in Ref. 22) gave much
lower mole fractions of hydrogen chloride at the conditions of Fig. 13
and 14. Since HCl is the main by-product of reactions forming alu-
mina from AlClx and HyOz species,this result can explain the sup-
pression of the deposition of alumina when silicon chloride (MTS or
SiCl4) is added to the AlCl3-CO2-H2 mixture. Figures 13 and 14 show
that the introduction of AlCl3 in the reactive mixture also has rather
insignificant effects on the concentration of the various Si-containing
species,such as SiClx. Therefore, the dramatic enhancement of the
deposition of silica with the addition of AlCl3 in the feed cannot be
justified on the basis of thermochemical equilibrium analysis alone.
It is believed that the increased rate of silica deposition is due to sur-
face reaction steps involving aluminum and silicon species,adsorbed
on the surface, whose main reaction product is silicon oxide. It is
interesting to point out that studies on the codeposition of C and SiC
from MTS and ethylene mixtures31 indicated that a similar interac-
tion of silicon-containing species and carbon-containing species -
sorbed on the deposition surfaces might be responsible for a dramat-
ic enhancement of the deposition rate of carbon.

Conclusions
The chemical vapor codeposition of silica,alumina,and alumi-

nosilicates from SiCl4-AlCl3-CO2-H2 mixtures was investigated in a
subambient pressure hot-wall reactor by monitoring gravimetrically
the deposition rate on small substrates. To determine the variation of
the deposition rate and deposit composition with the location in the
CVD reactor, deposition experiments were carried out on refractory
wires placed along the center line of the reactor. 

The results showed that both the codeposition rate and the single-
oxide deposition rates were positively influenced by temperature.
Similar values of apparent activation energy (around 20 kcal/mol)
were determined for the three deposition processes for temperatures
above 10008C. The deposition rate of alumina and silica in indepen-
dent experiments increased with increasing pressure for pressures
between 75 and 300 Torr, but the codeposition rate exhibited local
minima and maxima in the intermediate pressure range. The alu-
minum trichloride mole fraction had a positive effect on the rate of
codeposition and the rate of alumina deposition. The effect of carbon
dioxide mole fraction on the deposition rate was also investigated.
The deposition rate vs. CO2 mole fraction curves exhibited a maxi-
mum for all three deposition processes. The flow rate had a strong
influence on the codeposition rate and the deposition rates of silica
and alumina. The codeposition rate and the SiO2 deposition rate
were negatively affected by an increase in the flow rate, whereas the
deposition rate of Al2O3 exhibited a maximum in its variation, the
location of which was shifted to higher flow rates with increasing
temperature. A maximum in the codeposition rate was also present
at about the middle of the isothermal region of the CVD reactor. 

The deposition of Al2O3 from mixtures containing AlCl3 pro-
ceeded much faster than the deposition of SiO2 from SiCl4-CO2-H2
mixtures of comparable chloride concentration. When both chlorides
were fed into the chemical reactor, the overall deposition rate (i.e.,
the codeposition rate) was higher than the sum of the deposition
rates of the simple oxides in the single-species deposition experi-
ments at the same conditions for temperature above 9508C. The dif-
ference between the codeposition rate and the alumina deposition
rate increased with increasing temperature and aluminum trichloride
concentration. The elemental analysis of the codeposited films re-
ad

vealed that in comparison to the rates seen in single-species deposi-
tion experiments,the codeposition process was characterized by a
dramatic enhancement of the deposition of SiO2 and a reduction in
the deposition of Al2O3. This result was in agreement with what was
seen in a past study where methyltrichlorosilane was used as silicon
source. However, in that case, the rate of silica deposition in single-
species deposition experiments was much larger (by more than an
order of magnitude),and the codeposition rate was by more than a
factor of three higher than the sum of the deposition rates of the two
oxides in independent experiments.

The morphology and the composition of the films were deter-
mined using SEM,XRD, and EDXA. The silica films were amor-
phous,and the alumina films consisted of k-Al2O3 and u-Al2O3.
These two alumina forms were also found to exist in codeposited
films along with amorphous components. The analysis of the compo-
sition of composite films deposited on wires showed that the Al/Si
ratio increased with increasing distance from the entrance of the reac-
tor, reaching a maximum in the middle of the hot zone. The alu-
minum content of the codeposition product also increased with in-
creasing temperature. These results indicate that it may be possible to
obtain Al/Si deposit ratios that are close to that of stoichiometric mul-
lite and alumina-rich mullite by manipulating the temperature of the
reaction and the residence time of the mixture in the reactor. 
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