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Abstract

The growth of b-SiC films via chemical vapor deposition (CVD) has been under intensive investigation because this is viewed
to be an enabling material for a variety of new semiconductor devices in areas where silicon cannot effectively compete. However,
the difficulty in achieving single-crystal or highly textured surface morphology in films with low bulk defect density has limited
the use of b-SiC films in electronic devices. Although several researchers have reported results relating the morphology of b-SiC
films to deposition parameters, including substrate temperature and gas composition, detailed knowledge of the effects of deposition
parameters on film morphology and crystallographic texture is still lacking. If these relationships between deposition parameters
and film morphology can be quantified, then it may be possible to obtain optimal b-SiC film morphologies via CVD for specific
applications such as high-power electronic devices.

The purpose of this study is to predict the dependence of the surface morphology of b-SiC films grown by CVD on substrate
temperature and inlet atom ratio of Si:C, and to model the morphological evolution of the growing polycrystalline film. The Si:C
ratio is determined by the composition of the reactant gases, propane (C3H8) and silane (SiH4). A two-dimensional numerical
model based on growth rate parameters has been developed to predict the evolution of the surface morphology. The model
calculates the texture, surface roughness, and grain size of continuous polycrystalline b-SiC films resulting from growth competition
between nucleated seed crystals of known orientation. Crystals with the fastest growth direction perpendicular to the substrate
surface are allowed to overgrow all other crystal orientations. When a continuous polycrystalline film is formed, the facet
orientations of crystals are represented on the surface. In the model, the growth parameter a2D, the ratio of the growth rates of
the {10} and {11} faces, determines the crystal shapes and, thus, the facet orientations of crystals. The growth rate parameter
a2D used in the model has been derived empirically from the textures of continuous b-SiC films reported in the literature. © 2000
Elsevier Science S.A. All rights reserved.
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1. Introduction inlet gas composition. At the present time, the effects of
these operating parameters on the resulting surface

One of the silicon carbide polytypes, b-SiC, is consid- morphology are not fully understood. An understanding
ered as an excellent candidate for use in high-power of the relationships between operating conditions and
electronic devices. However, the difficulty in achieving film morphology may lead to an optimal yield of films
single crystal films and uniform surface texture via that are highly 100�-textured, with {100} facets.
chemical vapor deposition (CVD) has limited the pos- The van der Drift model [1,2] represents a growth
sible application of b-SiC. mechanism of continuous polycrystalline films from

The surface morphology of a continuous polycrystal- randomly oriented nucleated seed crystals. This model
line b-SiC film is determined by the reactor operating calculates the crystallographic texture and the surface
conditions, including the substrate temperature and the morphology of the continuous polycrystalline film

resulting from growth competition between nucleated
seed crystals. As the film thickness increases and a
continuous film is formed, those crystals having their* Corresponding author. Fax: +1-970-491-7369.
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surface will overgrow all other orientations and the restricted to the situation where SiC is deposited on
Si(100) substrates; when SiC is grown on Si(111), theorientation of the crystals are represented on the surface.

The model is expressed by the growth-rate parameter, {110} and {111} orientations are typically observed.
Although it has been possible in the present study toa
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correlate the growth parameter a2D with operating condi-velocities of the {100} and {111} facets. The a3D value
tions using published experiments, it has proven difficultcan be determined from the texture of a continuous
to extract consistent growth rate data from the samepolycrystalline film, assuming the absence of secondary
body of work. In an attempt to quantify the dependencenucleation and twinned crystals [2]. After the film
of growth rate on deposition conditions, Allendorf andgrowth rate V100 is determined, the growth rate V111 of
Kee [13] calculated SiC growth rate as a function of{111} face can be calculated from the known values of
substrate temperature and Si:C inlet atom ratio througha3D and V100.
the use of a detailed gas-phase and surface chemicalDuring the past several years X-ray diffraction
kinetic mechanisms. Allendorf and Kee [13] considered( XRD) has been used to determine the effects of operat-
steady-state, rotating disk APCVD of SiC from aning parameters on polycrystalline b-SiC film orientation.
SiH4 and C3H8 mixture in H2 carrier gas. Using theMany investigators [3–12] have reported XRD data for
validated theoretical predictions of Allendorf and Keethe growth of b-SiC films on Si(100) substrates using
[13], it has been possible to obtain realistic values foratmospheric-pressure CVD (APCVD) and an SiH4,
the growth rate of (100)b-SiC, and these are used, alongC3H8, H2 inlet gas mixture. Using XRD, these investiga-
with the experimentally determined values of a2D, in ators have examined the dependence of b-SiC morphol-
morphology evolution model to study the effect ofogy on substrate temperature and inlet Si:C atom ratio.
operating conditions on film texture and roughness.Among these, Wu et al. [3] reported a series of XRD

The purpose of the present work is to predict thepatterns of polycrystalline b-SiC films grown at substrate
dependence of the surface morphology of b-SiC filmstemperatures from 1263 to 1433 K and a fixed inlet Si:C
grown by CVD on substrate temperature and inletratio of 0.42. They found that, whereas the preferred
atomic ratio of Si to C, and to model the morphologicalorientation of continuous polycrystalline films was (111)
evolution of the growing polycrystalline film. In thisat 1323 K with negligible degree of (100) orientation,
study, b-SiC APCVD films grown on Si(100) substrateits orientation changed to (100) by increasing the sub-
with an SiH4–C3H8–H2 inlet gas mixture are considered.strate temperature to 1433 K.
The growth rates of the films are calculated from aSince two preferred surface orientations, {100} and
rigorous transport and kinetic model applied to a{111}, are usually observed in b-SiC APCVD growth
pedestal reactor, using gas-phase momentum, mass, andon Si(100) substrates using a silane–propane–hydrogen
energy conservation equations containing detailedinlet reactant gas mixture [3–12], the model can be
homogeneous and heterogeneous chemistry. The growthsimplified to the growth of two-dimensional crystals
rate parameter a2D is determined empirically from thefrom the growth of three-dimensional crystals. In a two-

dimensional model, the growth parameter is defined as texture of continuous b-SiC films reported in the litera-
ture [3–12]. Finally, a two-dimensional numerical modela
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velocities of the {10} and {11} facets. This approach is based on the growth-rate parameter a2D and the film

Table 1
Simplified surface reaction mechanisma

Reaction A b E

H+Si(S)�Si(S)MH 2.180×1012 0.5 0.0
H+C(S)�C(S)MH 2.180×1012 0.5 0.0
2Si(S)MH�2Si(S)+H2 7.230×1024 0.0 61 000.0
2C(S)MH�2C(S)+H2 7.230×1024 0.0 61 000.0
CH4+Si(S)�C(S)+Si(B)+2H2 4.197×107 0.5 0.0
C2H4+2Si(S)�2C(S)+2H2+2Si(B) 9.367×1017 0.5 0.0
C2H2+2Si(S)�2C(S)+2Si(B)+H2 1.216×1019 0.5 0.0
SiH2+C(S)�C(B)+SiH2(S) 6.120×1011 0.5 0.0
Si+C(S)�C(B)+Si(S) 6.334×1011 0.5 0.0
2CH(S)�2C(S)+H2 2.250×1024 0.0 61 000.0
2SiH(S)�2Si(S)+H2 2.250×1024 0.0 61 000.0
SiH2(S)�Si(S)+H2 2.912×1014 0.0 9000.0

a Arrhenius parameters in form k
i
=ATb exp(−E/RT ) in units (A in moles, cubic centimeters, and seconds; E in calories per mole). The surface

radical sites and bulk species are represented by S and B.
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(a)

(b)

Fig. 1. Growth rate of b-SiC film as a function of (a) the substrate temperature and (b) the inlet Si:C atom ratio, for the operating conditions:
Tinlet=300 K; P=760 Torr; Uinlet=2.49 cm/s; L=3 cm; and inlet mole fractions XH

2

=0.9964; XSiH
4

=2×10−4 ; XC
3
H
8

=1.6×10−4.

growth rate is used to simulate the evolution of the The evolution of surface morphology of two-dimen-
sional polycrystalline b-SiC films is simulated by a two-surface morphology.
dimensional numerical model, which is based on pre-
scribed values of the growth rate parameter a2D and the
film growth rate V10 obtained from the pedestal reactor2. Model description
calculations. Initially, randomly oriented seed crystals
are placed at random locations on the substrate, andA numerical model is applied to calculate growth

rates of b-SiC films in stagnation flow (pedestal ) reac- each face of each crystal is propagated over a finite time
step using the prescribed a2D and V10.tors. Calculations are also performed to determine the

effects of operating conditions, such as substrate temper-
atures and Si:C inlet atom ratio, on the growth rate. A
computer program [14] is used to compute gas-phase 3. Results and discussion
composition, temperature and velocity profiles, and
deposition rates. The Fortran chemical kinetic codes As stated above, the values of a2D used in this study

are based on published XRD data taken from b-SiCcalled Chemkin-III [15] and Surface Chemkin [16 ] are
used for the analysis of gas-phase and surface chemical films grown on Si(100) using SiH4, C3H8, and H2. Those

data were taken at substrate temperatures ranging fromkinetics. The gas-phase reaction and surface reaction
mechanisms used in the calculations are simplified from 1323 to 1673 K, and inlet Si:C atom ratios between 0.2

and 0.83. The experimental results indicate that the SiCthose reported by Allendorf and Kee [13]. The gas-
phase multicomponent transport properties are calcu- films have (100)-preferred orientations at substrate tem-

peratures above approximately 1423 K and for inlet Si:Clated by using a computer package [17].
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Fig. 2. Film morphology predicted by two-dimensional numerical model. The average distance between nucleated seed crystals is represented as
d0. (a) and (b) The relatively thin film (thickness: 10d0) morphologies for two different growth parameter values: (a) a2D=1.0 and (b) a2D=1.95.
(c) and (d) The relatively thick film (thickness: 260d0) morphologies for two different growth parameter values: (c) a2D=1.0 and (d) a2D=1.95.

Fig. 3. Surface roughness prediction for different film thickness and a2D values.
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(a)

(b)

Fig. 4. Evolutions of (a) the relative sizes of the 10�- and 11�-orientated grains and (b) the average grain sizes with the film thickness for
a2D=1.95.

ratios between 0.3 and 0.83. In those studies, as long as of each elementary surface reaction has been evaluated
to identify the predominant surface reactions from thethe inlet Si:C ratio was below unity, the resulting film

orientation was relatively insensitive to that parameter detailed surface reaction mechanism. It is found that,
among carbon-containing species, heterogeneous reac-when the substrate temperature was above 1423 K.

These observations are consistent with thermodynamic tions involving CH4, C2H2, and C2H4 are the most
important, and among the Si-containing gas species, thecalculations of the Si–C system, which predict that

optimum values of Si:C in the gas phase will be slightly heterogeneous reactions involving SiH2 and Si are the
most significant. The simplified surface reaction mecha-less than unity for single-phase growth of SiC [18,19].
nism is listed in Table 1.

The growth rates have been calculated at the different3.1. Simulations of film growth rate
substrate temperatures that are to be used in the two-
dimensional morphology evolution model. In the modelAlthough the surface reaction mechanism of b-SiC

growth proposed by Allendorf and Kee [13] is somewhat the substrate temperature is varied between 1323 and
1623 K. The upper limit of substrate temperature 1623 Kcomplex, the mechanism can be simplified if the goal is

solely to determine the growth rate. Numerical calcula- is chosen to avoid the melting point of the Si substrate,
which is 1683 K [13]. Other operating conditions aretions have been performed to obtain a simplified surface

reaction mechanism for b-SiC growth. The reaction rate chosen to match the experimental data of Wu et al. [3].
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The Si:C inlet atomic ratio is fixed at 0.42, a standard ing film thickness for both a2D values. However, when
a2D is 1.95, the surface morphology of the film is smoothervalue. The inlet mole fractions of SiH4 and C3H8 are
than that for a2D=1.0. This result suggests that the {10}set to 2.0×10−4 and 1.6×10−4 respectively. The inlet
facets result in an increasingly smoother surface morphol-mole fraction ratio of H2:(SiH4+C3H8) is 2778.
ogy. The evolution of the relative sizes of the 10�- andThe predicted growth rate of b-SiC as a function of
11�-orientated grains and average grain sizes are shownsubstrate temperature and inlet Si:C ratio is shown in
in Fig. 4. When a2D=1.95, the average grain size increasesFig. 1. At lower temperatures, the strong dependence of
with increasing film thickness as expected, and the grainb-SiC growth rate on temperature indicates that the
size ratio 10�/11� also increases with film thicknessgrowth rate is surface reaction rate limited, yielding an
because the preferred 10� orientation of the crystalliteoverall activation energy of approximately 4.5 kcal/mol.
continues to evolve for this value of a2D. As can be seenThe dominant rate-limiting mechanism changes from
in Fig. 4b, the evolution of grain size follows the expectedthe surface reaction rate to the mass transfer rate as the
square-root scaling with film thickness.substrate temperature increases. This growth rate depen-

dence on the substrate temperature is in reasonable
agreement with the results of Wu et al. [3]. As can be
seen in Fig. 1b, the system is mass transfer limited in
the silicon precursor species when the inlet Si:C ratio

4. Summaryfalls below 0.6.

In this work calculations have been performed to
determine the growth rate of (100)b-SiC and the evolu-3.2. Simulations for surface morphology
tion of film morphology. The dependence of growth
rate and morphology on substrate temperature and inletFrom experimental data [3], it is concluded that the
reactant composition have been examined. A two-increase of the growth rate parameter a2D from 1 to
dimensional morphology evolution model has been used1.95 is due mainly to an increase in the substrate
to calculate the texture, surface roughness, and graintemperature from 1323 to 1423 K. The effect of Si:C
size of continuous polycrystalline b-SiC films. The resultsinlet atom ratio on the a2D is not considered here because
indicate that the surface morphology and the film texturethe experiments [3–12] indicate that, for inlet Si:C atom
of b-SiC are strongly affected by the substrate temper-ratios ranging from 0.3 to 0.83, b-SiC films have (100)
ature. The results also determine the operating condi-film texture for substrate temperatures above 1423 K.
tions optimizing the smoothness of surface morphologyThe two-dimensional numerical model has been used
of b-SiC.to calculate the surface morphology of polycrystalline

b-SiC films based on the growth rate parameter a2D and
the growth rate of (10)b-SiC. Fig. 2 shows the surface
morphologies and the film textures of continuous poly-
crystalline b-SiC films for two different a2D values: 1.0
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