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Morphology and growth mechanism of silicon
carbide chemical vapor deposited at low
temperatures and normal atmosphere
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With the method of phenomenology, a supersaturation-condensation-fusion (SCF)
mechanism is proposed to describe the growth of chemical vapor deposition silicon
carbide under normal atmosphere. The structure has been characterized by scanning
electron microscopy and transmission electron microscopy. Morphology characterization
of deposited crystallites and silicon carbide aggregates have been explained in terms of
SCF mechanism; Raman spectra analysis indicated that the major chemical bonds of
deposit were Si-C and -C=C-. Auger spectra analysis revealed that there were Si, C, S, ClI,
and O on the surface of the deposit. © 17999 Kluwer Academic Publishers

1. Introduction search on morphology deposit is usually based on the

Chemical vapor deposition (CVD) and derived chemi-thermodynamic calculations of chemical reactions.

cal vapor infiltration (CVI) technigues have been well The purposes of the current article are to examine

developed and used to prepare silicon carbide (SiC) oxithe chemical composition and microstructure of sil-

dation protection coating for carbon/carbon compositescon carbide deposited at low temperatures and nor-

(C/C) and ceramic matrix composites [1-4]. Comparedmal atmosphere pressure, and to investigate the growth

with reactions between liquids and solids, the reactionsnechanism of silicon carbide with the method of

between the gaseous species in CVD are more conphenomenology.

plex and difficult to control because more median re-

actions are involved in the CVD process. As aresult, a

small variation in deposition conditions contributes to2. Experimental procedure

the significant differences in both the morphology and2.1. Materials preparation

microstructure of the deposit. Usually, the propertiesSilicon carbide examined in the current study was

of the deposit are mainly dependent on the microstrucehemical vapor deposited at various temperatures rang-

ture characterization and morphology of the materialsing from 1000 to 1300C at a normal atmosphere.

which are strongly controlled by the growth behavior High-purity graphite film and T-300 carbon fiber were

of the deposit. used as deposition substrates. Methyltrichlorosilane
Based on the single-layer theory, the typical CVD (CH3SiCl; or MTS) was employed to deposit silicon

mechanism was developed, a mechanism usually desarbide because it contains the same number of sili-

scribed as follows [5, 6]: (1) transport of reactantcon and carbon atoms in one MTS molecule and thus

species to the vicinity of the substrate; (2) diffusion of can easily prepare stoichiometric silicon carbon [7-10].

reactant species to the substrate surface; (3) adsorptiddiTS was maintained at a constant temperature and car-

of reactant species; (4) surface diffusion, dissociationried to the reaction chamber by bubbling hydrogen gas.

inclusion of coating atoms into the growing surface, andn each run, the substrates were pre-cleaned and pre-

formation of by-product species; (5) de-absorption ofheated above the deposition temperature in hydrogen

by-product species; (6) diffusion of by-product speciesfor 30 min. The typical condition now being used for

into the bulk gas; and (7) transport of by-product speciesleposition is a hydrogen-to-MTS mole ratio of 10. Ar-

away from the substrate (exhaust). This theory succesgion was used as dilute gas to slow the reaction rate. The

fully explains the morphology of the thin film deposited details of the deposition apparatus and conditions have

high temperatures and low atmosphere pressure. Hoveen described elsewhere [11, 12].

ever, itis difficult to interpret the aggregate morphology

that appeared at low deposition temperature and high

atmosphere pressure. In the typical deposition theon2.2. Observation of the deposit

the gaseous species was considered in the moleculXrray diffraction (XRD) measurements were made

state. In fact, the gaseous species was in an ionic statgith a Rigaku D/Max-B diffractometer unit using Ni-

because of decomposition at high temperatures. The rdiitered ClK,, radiation at a scanning rate of 0.5ec*
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and scanning from 20to 80 of 20. The surface and then dimpled to a center using*Aibns at an inci-
morphology and cross-sectional microstructure of thedent angle of 15 The specimens were examined in an
deposited films were observed using scanning elecoperated at 200 kV.

tronic microscopy (SEM, Model Jeol 840). The sur-

face chemical composition and chemical bonds were

examined with scanning multiple Auger Probe (Perkin-3 Results and discussion

Elmers) and Raman spectra (U1000 Laser Raman Mi3 1. The characterization of the deposit

croprobe). Transmission electron microscopy (TEM,xRD patterns of the deposit at various temperatures
Jeol 2000 fx) was used to characterize the crystal strucyre shown in Fig. 1. Detailed analysis of the X-ray re-
ture and bulk microstructure of the deposits. TEM sam-|ts indicated that the deposits are pure silicon carbide
ples were cut to a thickness of 3@n using a low  composed mainly of cubic (3C) tygeSiC with a small
special diamond saw, mechanically thinned touf,  amount of 4H typex-SiC. It is clear that the diffrac-
tion angles of 354 41.3, 60.2°, 72.2°, and 75.5 cor-
respond tg8-SiC with cubic crystal structure and the
diffraction angle of 33.7corresponds ta-SiC with the
hexagonal crystal structure [13]. As deposition temper-
0 &-SiC atures decrease, the deposit became poorly crystallized
because the diffraction angles became broader. At the
deposition temperature of 1000, the deposit was in

a quasi-amorphous state. According to the breadth of
diffraction peaks, the crystallite sizes of silicon carbide
were calculated from the Scherrer equation [14],

1300 °C
’M 1200 °C D = 0.891/8 COS@)
,—-—-/\’\——M.. 1eo-c

. * B-SiC

: . X ) ’ 1000 °C where is the wavelength of characteristic X-rays,
20 30 40 50 60 70 80 is the Bragg angle, anélis the calibrated width of the
DEGREE() half-height of diffraction peaks.

The relationship between crystalline size versus de-
position temperature is shown in Fig. 2. With the depo-
sition temperature increased from 1000 to 1300the
crystallite size increased from 10 to 45 nm. The depen-
« as-deposited dence of crystallite size on deposition temperature was
o annealed attributed to the mobilities at different temperatures,

that is, high deposition temperatures led to high mobil-
[ ity of individual atoms over the crystalline surface and
I resulted in the formation of large crystallite size and
small lattice distortion, whereas low surface mobility
| of atoms led to small crystallite size at lower deposition

Figure 1 XRD patterns of the deposit at various temperatures.
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The surface chemical composition of silicon carbide
was analyzed by Auger probe, and the results are shown
in Fig. 3. Besides silicon and carbon, the elements S, Cl,
100 11so . 125 and O were also found on the deposited silicon carbide

TEMPERATURE(C) surface. After the sample was sputtered for 5 min, S
and CI were not detected, and the amount of O was

Figure 2 Relationship between crystalline size versus depositionobvious|y decreased. O disappeared completely after
temperature.
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Figure 3 Auger spectra of surface chemical composition of silicon carbide.
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the sample was sputtered for another 5 min. The sputtgrarticles became larger than those deposited at 1000
rate was 0.02 nmsec™™. It is clear that S, Cl, and O From the cross-section of the microstructure, it is ob-
were only located in a very thin layer~24 nm) on  served thatthe deposited film became very dense. Atthe
the surface of the silicon carbide. Furthermore, both Sleposition temperature of 1200, the size of particles
and Cl were absorbed on the surface and derived frorwas decreased, and no pores existed in the deposited
the reaction gaseous species of MTS. O existed in th&Im. It should be noted that many fine sub-particles
form of silica and was from the residuab@nd HO  were observed on the surface of based particles. When
in the reactant system. Experiments also indicated thahe deposition temperature was increased to 1800
even only a very small amount ob@ould resultinthe  the morphology of the deposit became cauliflower-like.
formation of silica. With regards to chemical reaction kinetics, CVD in-
volves two processes, i.e., gaseous species mass trans-
port and chemical reaction [12]. At low temperatures,
3.2. Morphology of CVD SiC on the chemical reaction is the limited process, but at rela-
graphite substrate tively high temperatures, the limited process is shifted
The morphology of the CVD SiC is very sensitive to to gaseous species mass transport. At a deposition tem-
the deposition temperature, which is shown in Fig. 4 perature of 1000C, the chemical reaction proceeds
At the deposition temperature of 1000, the deposit very slowly. As the deposition proceeds, the supersatu-
is composed of a large number of spherical particlesation of reactant species is increased because the par-
with a cloud-cluster shape. Among these particles, agtial pressure of reactant species increases within the
gregation and fusion are also observed. As discusseabundary layer of graphite substrate. According to the
in the section above on XRD results, it is easy to de-gas dynamics [15], the condensation of the vapor would
termine that each particle is an aggregate consistingccur if the supersaturation degree reaches the critical
of a large number of nanometer SiC crystallites rathevalues. The condensation in the boundary layer would
than one SiC single crystallite. Morever, there are manyead to the formation of liquid droplets composed of Si,
pores among the aggregates in the cross-section resuft, Cl, and H.
ing from the incomplete fusion of the particles. As the According to the Gibbs—Thomson relation [16], the
deposition temperature was increased to rIhe correspondence between crystal siB¢ (or aggregate
size) of droplets and supersaturatiax) can be ex-
pressed by:
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The increase of deposition temperature results in a
rapid chemical reaction rate, and the decrease of super-
saturation, in turn, leads to an increase of crystal size
of condensed liquid droplets. Consequently, the size of
SiC aggregates also increased. It should be noted that
the temperature became higher near the direction of the
deposition substrate. Accordingly, the contents of both
Cl and H were decreased and eventually became sto-
ichiometric SiC aggregates as liquid droplets moved
to the surface of the substrate in the boundary layer,
and the temperature increased. Raman spectra results
revealed that the main chemical bonds are Si-C and
—C=C- bonded on the surface of deposit (Fig. 5).
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(d) Deposition temperature 130G WAVE NUMBER(CM™)
Figure 4 Microstructure of CVD SiC on the graphite substrate. Figure 5 Raman spectra of silicon carbide surface.
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Figure 6 The typical equiaxed morphology of CVD SiC on the graphite substrate.

At high deposition temperatures (100D), the sub-
stance diffusion is very difficult because of the high ac- m
tive energy of surface diffusion. Consequently, the ag- y : -

gregates maintain the as-formed spherical morphology.
Furthermore, it is very difficult for the as-formed liquid
droplets to fuse together, and as a result, there are many
pores within the deposited SiC film. As the deposition
temperature increases, the active energy of surface dif-
fusionisreduced. The surface diffusion led to the fusion
among the aggregates and crystal growth of SiC crys-
tallites. As a result, the size of both aggregates and SiC
crystallites increased, and the porosity of the depositedigure 7 SEM micrograph of the microstructure of CVD SiC on the
film also decreased. carbon fiber.

The presence of liquid droplets could be confirmed
by the microstructure shown in Fig. 6. With regards )
to solidification theory, the typical and stable charac-Plane layer in the form of deformed spheres. There are
terization of solidified morphology from liquid is an & large number of nano-crystals and pores among the
equiaxed structure in hexagonal form. The microcrack$Pheres. , _
in the texture of the deposit are attributed to the differ- 1he morphology difference of the deposit between
ence of the thermal expansion coefficient. At the detheresults on thg graphite and carbon fiber is attrlbu_ted
position temperature of 130C, the chemical reaction 0 the deformation of the droplets. On the graphite
proceeds very rapidly and the activities of atoms aresubstrate, the droplets can be easily absorbed on the
also increased further. Therefore, the liquid dropletsSubstrate without deformation, so the aggregates main-
fused completely together, and no pores were presefi@ined the as-formed form. The most stable form of
in the deposited film. Furthermore, the crystal size Oﬁjroplets isinthe hexagonal_state,_whlch is de_monstrated
SiC also increased and can be observed in SEM micrdD Fig. 6. As far as carbon fiber with a cylindrical form,

graphs. The aggregates are observed in caulifiower-liki'e 2ggregates should be deformed to suit the substrate
form. form. Subsequently, the plane structure is observed.

The supersaturation—condensation—fusion (SCF) de-
position mechanism is proposed as follows. The depo-
sition is defined in two stages: the first stage includes

3.3. Morphology of CVD SiC on T-300 the initial part in which the deposition obeys the typical
carbon fiber substrate CVD mechanism and is constrained in a very thin layer.

At the deposition temperature of 1100, the mor-  As the deposition proceeds, the supersaturation of the
phologies are as shown in Fig. 7 and the aggregateshemical reaction systemisincreased constantly, which
are in the state of planets perpendicular to the axresults in the formation of liquid droplets. It should be
ial of the carbon fibers. Obviously, the morphologiesnoted that the droplets consisted of the elements Si,
are significantly different than those on the graphiteC, H, and CI and could be deformed. The contents of
substrate. H and CI are decreased with the moving to the sur-

In the TEM micrographs (Fig. 8), the microstruc- face of the substrate, and stoichiometric silicon carbide
ture can be classified into three groups: (1) a very thin(Si: C=1:1) is eventually obtained. Meanwhile, the
layer of fine crystallites with isotropy near the carbonliquid droplets fused to each other to form solid film.
fiber; (2) the fish-scale-like layer with large crystallites; As the deposition temperature increased, the sizes of
and (3) the laminated layer with larger SiC crystallites,both aggregates and SiC crystallites also increased. The
which is located outside of the coated fiber. morphology of the deposited SiC film is shifted from

Further observation demonstrated that there is aneloud-like with a smooth surface to a cauliflower-like
other substructure within both fish-plane layer and thesurface.
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(b) Laminated layer

(c) Sub-structure in the deposit

Figure 8 TEM micrographs of the microstructure of CVD SiC on the carbon fiber.

4. Conclusions 2.
With the method of phenomenology, an SCF mecha-
nism is proposed to describe the growth of CVD silicon *
carbide under a normal atmosphere. The structure hag
been characterized by SEM and TEM. When the depo-
sition temperature increased from 1000 to 1300the
crystallite size increased from 10 to 45 nm. Aggregate
structures have been observed and explained in term
of SCF mechanism. The supersaturation of the chem-"
ical reaction system results in the formation of liquid
droplets containing Si, C, H, and Cl. The contents of
H and Cl are decreased with the moving to the surface’:
of the substrate, and stoichiometric silicon carbide is
eventually obtained. Raman spectra analysis indicate
that the major chemical bonds of the deposit were Si—
C and —G=C-. Auger spectra analysis revealed thatio.
there were Si, C, S, Cl, and O on the surface of the
deposit.
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