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Morphology and growth mechanism of CVD alumina—silica
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Abstract

The purpose of the present paper is to examine the morphology and growth mechanism of the CVD alumina-silica film deposited at low
temperatures and low pressure using the chemical reaction kinetics, the Gibbs—Thomson relation, solidification theory, and supersaturation
condensation fusion mechanism. The dense CVD alumina-silica films were deposited on the surface of graphite paper using AlCI;—SiCly—
H,—CO, as precursor in the temperature range of 300-550 °C. XRD and SEM were used to examine the phase composition and the
microstructure of the CVD alumina-silica, respectively. The CVD alumina-silica films were composed of a large number of spherical
particles accumulated by a number of fine-particles. The fusion took place among the solid particles. The spherical morphology and the fusion
all resulted from the liquid droplets, which resulted from the supersaturation of the chemical reaction gaseous species in CVD alumina-silica.
The liquid droplets were confirmed by comparing the morphology of the CVD alumina-silica with the typical and stable morphology of the
solidified mass from liquid.
© 2005 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The tendency for carbons to oxidize and become a vapor
was a problem that limited the use of carbons at high
temperatures. Structural carbons included carbon fibers,
carbon—carbon composites and graphite. They were used in
aerospace and various industrial applications. Much attention
had been given to the development of methods of oxidation
protection of carbon materials [1,2]. Mullite (3A1,03-2Si0,),
due to its thermal stability, superior corrosion resistance at
high temperature, had been targeted as a prime candidate
coating materials [3]. Since mullite coating by chemical vapor
deposition (CVD) using SiCl,/AlCl3/CO,/H, was proposed
by Sarin and Mulpuri [4], a comprehensive investigation of
the CVD of SiO,, Al,O3 and aluminosilicate coatings from
mixtures of SiCl, or CH5SiCl5 and AICI3 in CO, and H, was
carried out in previous studies [5—7]. However, because of the
high deposition temperature (above 950 °C) and resultant
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strong oxidation from H,O to carbon materials, SiC barrier
layer between mullite coating and carbon material was
necessary [8,9]. Even though, A SiO, interface resulted from
the H,O appeared between mullite and SiC coating [3]. To
avoid oxidation, the mullite films always were prepared by
pulsed laser deposition, electrophoresis deposition, dip-
coating and sol—gel [10-12]. However, CVD has been known
to be the most effective to prepare dense membranes without
defects. So that it is very necessary to find a CVD method of
low temperature to prepare mullite coating. The present
author prepared a dense alumina-silica film on the surface of
graphite paper by CVD at only 550 °C using SiCl4—AlCl;—
CO,—H,, and the film could be transferred into mullite coating
by heat-treatment in inert atmosphere. Morphology and
growth mechanism of CVD alumina-silica coating deposited
at relative low temperature has not been reported.
Compared with reactions between liquids and solids, the
reactions among the gases species are more complex and
difficult to control because more median reactions are
involved in the CVD process. As a result, a small variation in
deposition conditions contributes to the significant difference
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in both the morphology and microstructure of the deposit.
Usually, the properties of the deposit are mainly dependent on
the materials, which are strongly controlled by the growth
behavior of the deposit.

Based on the single-layer theory, the typical CVD
mechanism was developed, a mechanism usually described
as follows [13,14]: (1) transport of reactant species to the
vicinity of the substrate; (2) diffusion of reactant species to the
substrate surface; (3) adsorption of reactant species; (4)
surface diffusion, dissociation, inclusion of coating atoms into
the growing surface, and formation of byproduct species; (5)
de-absorption of by-product species; (6) diffusion of by-
product species into the bulk gas; and (7) transport of by-
product species away from the substrate (exhaust). The
morphology of the thin solid film deposited at high
temperatures and low atmosphere pressure was successfully
explained by the above theory. However, it is difficult to
interpret the morphology of the deposited film. In the typical
deposition theory, the gaseous species were considered in the
molecular. In fact, the gaseous species were in an ionic state
because of decomposition at high temperature. The research
on morphology of the deposit is usually based on the
thermodynamic calculations of chemical reactions. Xu [15]
proposed supersaturation condensation fusion mechanism in
CVD SiC deposited at high temperatures and atmosphere
pressure: the deposition obeys the typical CVD mechanism
and is constrained in a very thin layer. As the deposition
proceeds, the supersaturation is increased constantly, which
results in the formation of liquid droplets. When the liquid
droplets move toward the substrate, the fusion takes place
among the liquid droplets.

The purpose of the present paper is to examine the
morphology and growth mechanism of the CVD alumina—
silica film deposited at low temperatures and low pressure
using the chemical reaction kinetics, the Gibbs—Thomson
relation, solidification theory, and supersaturation conden-
sation fusion mechanism.

2. Experimental procedure

Alumina-silica film examined in the present study was
prepared by CVD at various temperatures ranging from 300 to
550 °C using the AlCI;-SiCl4—H,—CO, system on a graphite
paper. The AICI; evaporator was maintained at 130 °C in an
oil bath. The SiCl, bubbler was maintained at 20 °C in a
refrigerated bath. The gas lines from the AlICl; evaporator to
the reactor were heated to 200 °C in order to prevent AlCl;
from condensing. All reactant gases were mixed just before
introduction into the reactor. The stoichiometry of the input
AICI5/SiCl4 mol ratio and the total pressure in the reaction
chamber were fixed at 3:1 and 75 torr, respectively. The
deposition time of every circle was 5 h.

The films were examined by X-ray diffraction (XRD,
Rigaku D/Max-B) for phase identification using Ni-filtered
Cu Ko radiation at a scanning rate of 0.5°/s and scanning

from 20 to 70° of 26. The surface morphologies of the films
were observed by scanning electronic microscopy (SEM,
Model JEOL 840). The chemical compositions of the films
were analyzed by energy dispersive spectroscopy (EDS,
LINK-860).

3. Results and discussion

3.1. The characterization of the CVD alumina-silica film

The chemical reactions in CVD alumina-silica film are as
followed.

H, + CO, = H,O + CO (1)
2AICI; + 3H,0 = Al,O; + 6HCI )
SiCly + 2H,0 = SiO, + 4HCl 3)

Figs. 1 and 2 show the XRD patterns and EDS spectrum
of the CVD alumina-silica film deposited onto the graphite
paper at 550 °C, respectively. Because the CVD alumina—
silica film was too thin to hold up the X-rays, the strong
graphite peaks attributed to the graphite paper substrate
were observed in the XRD patterns. These results indicate
that the CVD alumina-silica film is composed of y-alumina
containing amorphous silica. According to the breadth of the
diffraction peaks, the size of the y-alumina crystals was
calculated from the following Scherrer equation [16].
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Fig. 1. XRD pattern of the CVD alumina-silica film deposited at 550 °C.
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Fig. 2. EDS spectrum of the CVD alumina-silica film deposited at 550 °C.
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Fig. 3. CI content in the CVD alumina-silica film deposited at different
deposition temperature.

where A is the wavelength of the characteristic X-rays,
0 is the Bragg angle, and g is the calibrated width of the
half-height of diffraction peaks. The average size of the
v-alumina crystals was about 10-20 nm.

Because the XRD patterns of the CVD alumina-silica
film deposited below 550 °C show amorphous phase, by
which the CVD alumina and silica cannot be distinguished,
they were absent in the paper.

Fig. 3 shows the CI content in CVD alumina-silica film
deposited at different temperature. It indicates the higher the
deposition temperature was, the less the Cl content in the
deposit was. For the deposition temperature of 550 °C, Cl
element was not observed in the film.

3.2. Morphology of the CVD alumina-silica film

Fig. 4 shows the SEM photographs of the surface
morphology of the CVD alumina-silica film deposited at
different deposition temperature. The micro-cracks in the
texture of the film deposited at 300 °C are attributed to the
difference of the thermal expansion between the CVD
alumina—silica and graphite paper. The SEM photographs
indicate the films are composed of a large number of
spherical particles and the morphology of the CVD
alumina-silica is dependent on the deposition temperature.
For the deposition temperature of 400 °C, the size of the
particles is smaller and more homogeneous than that
deposited at 300 °C. For the deposition temperature of
550 °C, the film was dense and the size of the particles was
homogenized, and hyper-particles existed in the film
deposited at 300 °C were not observed.

With regard to chemical reaction kinetics, CVD includes
two processes, i.e., mass transport and chemical reaction of
the gaseous species [17]. At low temperatures, chemical
reaction is the rate limiting process, but at relatively high
temperatures, the rate limiting process is shifted to mass
transport. At a deposition temperature of 300 °C, the
chemical reaction proceeds very slowly and the concentra-
tion of H,0, resulting from the reaction between H, and
CO,, was low. As the process proceeds, the supersaturation
of reactant species increases because the partial pressure of
reactant species increases within the boundary layer of the
graphite substrate. According to the gas dynamics [18], the
condensation of the vapor would occur when the super-

(c) CVD temperature 550°C

Fig. 4. SEM photographs of the surface of the CVD alumina-silica.

saturation degree reaches the critical values. The condensa-
tion in the boundary layer would lead to the formation of
liquid droplets.

According to the Gibbs—Thomson relation [19], the
correspondence between the size (B) of the liquid droplets
and supersaturation (Ap) of the reactant species can be
expressed by the following equation:

B 1/In(Ap) (5)

The increase of deposition temperature results in faster
chemical reaction rate, and then the increase of the
supersaturation of H,O, in turn, which leads to a decrease
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of the size of the condensed liquid droplets. Consequently,
the size of the alumina-silica particles decreased with the
increase of the CVD temperature.

Because of the high activation energy required for surface
diffusion at 300 °C, the complete fusion among the particles
is very difficult. The resulting particles maintain the as-
formed spherical morphology and there are many especially
big and small particles in the alumina-silica film. The
surface diffusion can carry out with the increase of the CVD
temperature, so that the fusion takes place among the CVD
alumina-silica particles. The dependence of the size on
deposition temperature was attributed to the mobility at
different temperature, that is, high deposition temperature
led to high mobility of individual atoms over the particles
surface and resulted in the decrease of the size of large
particles, whereas low surface mobility of atoms led to
heterogeneous particles size at low deposition temperature.
Therefore, the size of alumina—silica particles became into
homogeneous when deposition temperature was 550 °C.

In general, the chloride free-water can react with H,O to
form hydroxide colloids. Consequently, AI(OH);-xH,0 and
Si(OH)4- yH,O colloids or their mixture, which have the
spherical characteristic and can deform when adsorbing one
another, must have existed in the liquid droplets. According
to Fig. 3 result, the liquid droplet must have been composed
of a number of colloids including CI™. By reason of the
surface adsorption and wetting among the hydroxide
colloids, the liquid droplets absorbed onto the surface of
the substrate fused together like fused metal. The fusion
among the CVD alumina-silica particles was observed in
Fig. 4. The liquid droplets were pyrolyzed in situ to form the
spherical particle. One particle should have been resulted
from one liquid droplet.

The presence of liquid droplets could be confirmed by the
microstructure shown in Fig. 5, which is a magnified SEM
photograph of Fig. 4(c). With regard to solidification theory,
the typical and stable morphology of the solidified mass from
liquid is an equiaxed structure in hexagonal form. At the
deposition temperature of 550 °C, the chemical reaction
proceeds very rapidly and the activities of atoms are also
increased further. Therefore, the liquid droplets fused

Fig. 5. The typical equiaxed morphology of the CVD alumina-silica.

completely together, and no voids were present in the
deposited film. It should be noted that many fine-particles
were observed on the surface of the based particles deposited
at 550 °C. Therefore, each particle could be looked as an
aggregate. The size of the y-alumina crystalline calculated by
Scherrer equation was about 10-20 nm, so that the fine-
particles could be composed of a large of nanometer particles.
The aggregates are in cauliflower form like CVD SiC [15].
Each fine-particle in the aggregate could result from each
hydroxide colloid particle in the liquid droplet. Because all
reactant gases were mixed just before introduction into the
reactor, and the CVD processes were carried out at low
pressure, the molecules of the AICl; and SiCly in reaction
chamber must have been homogeneously mixed. Therefore,
each colloid particle in the liquid droplet was the mixture of
Al(OH);-xH,0 and Si(OH),- yH,O, in turn, each fine-particle
in the aggregate was the mixture of alumina and silica.
Because of the surface tension of the liquid droplets, the fine
alumina-silica particles nucleated and grown in the droplet
were restrained to form an aggregate.

4. Conclusion

(1) Morphology and growth mechanisms of the CVD
alumina-silica deposited at low temperature and low
pressure obey the supersaturation condensation fusion
theory. As the deposition proceeds, the supersaturation
of the chemical reaction gaseous species constantly
increase, which results in formation of liquid droplets.
The liquid droplet must have been composed of a
number of AI(OH);-xH,0 and Si(OH)4- yH,O colloids
or their mixture including C1™.

(2) The CVD alumina-silica film is composed of a number
of spherical particles. Each particle often is composed of
anumber of fine-particle. The difference of the size of the
CVD alumina-silica particle was reduced with increas-
ing CVD temperature in the range of 300-550 °C. The
phase composition of the CVD alumina-silica film
deposited at 550 °C was +y-alumina containing amor-
phous silica.

(3) The spherical morphology and the fusion among the
CVD alumina-silica particles all resulted from the
liquid droplets. Because of the high activation energy
required for surface diffusion at 300 °C, the complete
fusion among the particles is very difficult. The liquid
droplets were pyrolyzed in situ to form the spherical
particle. As the deposition temperature increases, the
activation energy of surface diffusion is reduced and the
activities of atoms are increased further. Therefore, the
fusion takes place among the CVD alumina-silica
particles to form a dense film.

(4) Each CVD alumina-silica aggregates resulted from one
liquid droplet and each fine-particle in the aggregate
result from one hydroxide colloid particle in the liquid
droplet.
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