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ABSTRACT OF DISSERTATION

NUCLEATION AND GROWTH STUDIES OF POLYCRYSTALLINE COVALENT

MATERIALS

The chemical vapor deposition of different covalent polycrystalline materials—in-
cluding diamond, silicon carbide, and carbon nitride—in stagnation flow reactors was

rigorously simulated to determine the nucleation and growth mechanisms of these mate-
rials. Kinetic models were used to predict the rates of gas-phase and surface chemistry,
the temperature and velocity profiles, potential gaseous film growth precursors, the time
evolution of nucleation and intermediate layer formation, and the morphological evo-
lution of continuous polycrystalline films. Numerical studies were also carried out to
determine the dependence of the kinetics of nucleation and subsequent polycrystalline
film growth on operating conditions.

The calculated results for carbon nitride deposition indicate that the experimentally
measured bond types in the carbon nitride films must result from chemical bond rearr-
angement occurring on the deposition surface or in the bulk phase once gaseous film
growth precursors, including C, CH,, CHj3, C;H,, N, NH, NH;, HCN, and H,CN, are
adsorbed. Of these precursors, C and CH3; dominate the carbon contribution to carbon

nitride film growth, and atomic nitrogen is the principal nitrogen bearing species. When
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the evolution rates of a silicon carbide intermediate layer and diamond clusters are
calculated by accounting for gas-phase and surface reactions, surface and bulk diffusion,
the mechanism for intermediate layer formation, and heterogeneous diamond nucleation
kinetics, it is predicted that higher adsorption energies, in the range of 3.7 to 4.5 eV, lead
to larger surface adatom densities, lower saturated nucleation densities, and larger silicon
carbide intermediate layer thicknesses. The intermediate layer thickness becomes sat-
urated while the growing diamond nuclei still cover a very small fraction of the silicon
carbide. Reports of heteroepitaxial diamond nucleation without silicon carbide inter-
mediate layer formation may be readily explained by a significant decrease in the
intermediate layer thickness at lower substrate temperatures and at higher diamond nucl-
eation densities. Further, the resuits of the morphology evolution model reveal that the

crystallographic texture and surface morphology—surface roughness, film texture, and
grain size—of polycrystalline silicon carbide films, as well as diamond films deposited

on the silicon carbide layer, are strongly dependent upon the saturated nucleation density,
the deposition condition, and film thickness.

Jungheum Yun

Chemical Engineering

Colorado State University

Fort Collins, CO 80523
Fall 2003
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Chapter 1

BACKGROUND

1.1 Introduction

Novel covalent materials—including diamond, silicon carbide, and carbon nitri-
de—have been received a great deal of attention because of their unique chemical,
physical, and electronic properties. Of the different covalent materials, diamond exhibits
very attractive properties including extreme hardness, high thermal conductivity, exce-
llent infrared transparency, and other notable semiconductor properties [1-3]. Silicon
carbide has received attention as a wide band-gap semiconductor material that gives great
promise for use in high-temperature, high-power, high-frequency applications because of
its excellent properties. These properties include a high melting point, relatively large
band gap energy, high-saturated electron drift velocity, high breakdown field, high
thermal conductivity, and chemical resistance against oxidation and radiation [4,5]. These
properties, which are lacking in conventional semiconductor materials such as Si and
GaAs, would improve performance capabilities in a variety of potential silicon carbide
electronic device uses. Comparison of the physical and electronic properties of diamond
and SiC with conventional semiconductor materials is given in Table 1.1.

Since Liu and Cohen [6,7] predicted theoretically the extreme hardness of $-C3Nj, a

type of crystalline carbon nitride, to be comparable to or greater than that of diamond, in
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Table 1.1 Comparison of the physical and electronic properties of diamond and SiC with

conventional semiconductor materials [4].

Property Si GaAs B-SiC (6H-SiC) Diamond
Bandgap (ev) at 300 K 1.1 1.4 2.2(2.9) 5.5
Maximum operating o
temperature (°C) 300 460 873 (1240) 1100(?)
Melting point (°C) 1420 1238 Sublimes (>1800) | Phase Change
Physical stability Good Fair Excellent Very good
Electron mobility
(cm?/V-s) 1400 8500 1000 (600) 2200
Hole mobility
(cm?/V-s) 600 400 40 1600
Breakdown voltage
(10° V/em) 0.3 0.4 4 10
Thermal conductivity
(W/em-°C) 1.5 0.5 5 20
Electron mobility
(cm?/V-s) 1400 8500 1000 (600) 2200
Hole mobility
(cm/V-s) 600 400 40 1600
Breakdown voltage
(10° V/em) 0.3 0.4 4 10

the last decade there have been considerable efforts to synthesize the material. Besides
the predicted hardness of B-C3Ny, it may also have other potential applications in the field
of low-compressibility materials and thermal conductors because of its short bond length,
large band gap, and high atomic density [8].

As potential applications of diamond, silicon carbide, and carbon nitride are con-
tinuously discovered, it may be anticipated that the ultimate economic impact of the
emerging covalent materials on the defense, space, and commercial areas will exceed that
of conventional semiconductor materials. However, the difficulty in controlling the

growth of high quality material has far limited the use of covalent materials in potential
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applications although the materials provide the extremes of many technologically im-

portant properties.

1.2 Crystal Structure

A comprehensive understanding of material growth processes necessitates detailed
knowledge of atomic and crystal structures of the covalent materials. Diamond has a face
centered cubic (fcc) lattice crystal structure. In the structure, each carbon atom is
tetrahedrally coordinated, forming strong o bonds to its four neighbors using hybrid sp
atomic orbitals. Each tetrahedron joins with four other tetrahedral forming strongly
bonded, uniform, three-dimensional, and entirely covalent crystalline structure, as shown

in Figure 1.1.

Figure 1.1 Three-dimensional lattice structure of diamond showing the tetrahedral bond
arrangement.

The cubic structure of B-SiC results when silicon atoms are placed on one fcc lattice

and carbon atoms on the other fcc lattice in the diamond structure. The coordinates of the

silicon atoms in the fcc lattice are 000; Oll; lOl; ll0 ; the coordinates of the carb-
22 2 2 22
3
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on atoms are ; ; . There are four molecules of SiC per con-
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3
4

N
AW

1
4

Alw
AW

3
4

Iy

11
44’

=

ventional cell. However, 6H-SiC has a hexagonal closed-packed (hcp) lattice. The SiC
tetrahedral structures comprising both the cubic and the hexagonal crystal lattices are

shown in Figure 1.2. The fcc and hep structures of different SiC polytypes are made of

B-SiC (cubic)

6H-SiC(hexagonal)

Figure 1.2 Crystal lattice structures comprising both - and 6H-SiC.

close-packed planes of atoms. Polytypes are alike in the two dimensions of the close
packed planes but differ in the stacking sequence in the dimension perpendicular to these
planes. The polytypes of SiC differ from one another only in the stacking sequence of

double layers of Si and C atoms. Each double layer consists of a plane of closed-packed

4
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Si atoms over a plane of closed-packed C atoms; one Si atom lies directly over each C
atom in a double layer. Each successive double layer is stacked on a previous double
layer with a close-packed arrangement. The arrangement allows for the three possible
relative positions (A, B, and C) for the double layers, and several structures—including
cubic, hexagonal, and rthombohedral-are produced from the stacking sequence. If the
pure ABC stacking is repetitive, one obtains the cubic SiC called 3C-SiC or B-SiC, where
the 3 refers to the number of the planes in the periodic sequence necessary to describe the
unit cell. The hexagonal sequence (ABCACB...) is found to be 6H-SiC. Furthermore,
more than 170 polytypes are identified, and all of these noncubic structures are known
collectively as o.-SiC [4].

The structure of B-C3Nyis expected to be similar to that of B-Si;Ny, with carbon
replacing the silicon in a networking of CNjy tetrahedra linked at the corners. Its structure,

illustrated in Figure 1.3, would be sp® hybridized at carbon and sp” hybridized at nitrogen

Figure 1.3 Structure of B-C3Ny in the x-y plane. The hexagonal unit cell is shown in the
parallelogram and contains two formula units (14 atoms) with local order such that C
atoms occupy slightly distorted tetrahedral sites while N atoms sit in nearly planar triply
coordinated sites [7].

[7,9]. A local density approximation-based (LDA) calculation [10] for the structural and

5
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electronic properties of B-C3N, indicates that the phase might be an energetically
favorable in the C—N solid because the cohesive energy of -CsNy is predicted to be

moderately large, 81.5 eV/unit cell.

1.3 Nucleation and Continuous Growth of Polycrystalline Covalent Materials

A large variety of deposition techniques have been employed to synthesize high
quality films of crystalline covalent materials such as diamond, silicon carbide, and
carbon nitride. Among film deposition techniques attempted thus far, chemical vapor
deposition (CVD) shows the most promise for reproducibly attaining epitaxial film
deposition required for mass production because of its precise control of gas composition
and high incident surface flux of reactive gaseous species. The ability to coat a large area
on a variety of substrate materials with continuous films greatly can also expand the
potential application areas of covalent materials. Another highly desirable feature of
CVD is that it can be carried out at lower temperatures than PVD processes for epitaxial
growth, which reduces a high density of defects attributed to the difference in thermal
expansions between covalent material films and substrates.

However, numerous earlier attempts to grow the covalent material films on non-
covalent material substrates via CVD have yielded only polycrystalline films consisting
of randomly oriented crystals and containing a varying amount of non-covalent materials
and structure defects. Therefore, it has been increasingly evident that further techno-
logical development in CVD of the covalent material films, particularly in such a cha-
llenging area as the controlled growth of high quality epitaxial films, requires a more

thorough understanding and control of the fundamental phenomena associated with
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nucleation and continuous film growth. The phenomena in CVD processes—including
gas-phase and surface chemistries, heterogeneous nucleation and intermediate layer
formation, and film growth with morphology evolution—critically determine film
characteristics such as texture, morphology, and homogeneity. In this section, these
mechanisms during nucleation and continuous film growth are briefly reviewed.

1.3.1 Gas-Phase and Surface Chemistries

The gas-phase chemistries occurring in diamond, silicon carbide, and carbon nitride
growth via CVD involve reactions containing the elements C/H, C/Si/H, and C/N/H,
respectively. Since the gas-phase kinetics involving these species has been the subject of
decades of experimental, theoretical, and modeling research, the homogeneous kinetics is
viewed well understood and documented [11-16]. In contrast, very little is known
regarding the surface chemistries leading to covalent material growth. Universally
accepted surface reactions mechanisms have still not yet been reported for any of the
materials considered in this dissertation, and the task of uncovering these mechanisms
may prove to be difficult.

However, if the goal is solely to predict the growth rate, it has been found that
relatively few surface reactions—including reactions of probable gaseous growth
precursors with surface reactive sites, H-atom abstraction, and surface reactive site
termination—will describe the features of interest. The growth rate can be quantitatively
determined once probable growth precursors are identified by examining mass fluxes of
gaseous species at the deposition surface using simplified surface reaction mechanisms

and comparing these to experimentally determined deposition rates.
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1.3.2 Heterogeneous Nucleation and Intermediate Layer Formation

The emphasis of most studies on nucleation of covalent materials has been placed
on the heterogeneous formation of the nuclei on substrate surfaces. The island growth, or
Volmer-Weber growth, is the mode of nucleation and growth of polycrystalline covalent
materials directly on non-covalent material substrates due to a large lattice mismatch
between the film and the substrate. This results in film structural defects that affect film
qualities and consequently limit field applications of the materials. Among the covalent
materials considered, diamond films on non-diamond substrates grown as a result of the
island growth mode contain a significant degree of structural defects associated with
grain boundaries and undesirable consequences of surface roughness because of the
highest surface energies of diamond among any known materials in addition to the lattice
mismatch. However, undesirable film morphologies might be minimized by initiating
diamond deposition on non-diamond substrates with a relatively high nucleation density.
A variety of substrate pretreatments in addition to the optimization of operating
conditions can reduce the incubation period and enhance the nucleatation density by
providing favorable chemical properties and surface conditions for diamond nucleation
on substrates.

A conventional growth process in CVD of polycrystalline diamond films on non-
diamond substrates generally consists of five distinguishable stages: (i) incubation period,
(i7) three-dimensional heterogeneous nucleation of individual nuclei on the substrate sur-
face, (iii) termination of nucleation and subsequent three-dimensional growth of diamond
nuclei to individual crystallites, (iv) coalescence of individual crystallites and formation

of continuous film, and (v) growth of the continuous film [17]. Before nucleation begins,
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the system undergoes an incubation period that may vary from seconds to minutes, dep-
ending upon specific surface pretreatment methods and operating conditions. During the
incubation period prior to actual diamond nucleation, the experimental studies reveal the
formation of intermediate layers on non-diamond substrate surfaces. The intermediate
layer forms due to chemical reactions between adsorbed gaseous species and the substrate
material. It is generally agreed that the intermediate layer formation enhances diamond
nucleation densities [18-22] and thus strongly affects the morphology [18-20] and
orientation [23,24] of diamond films subsequently grown on the layer. When Si is used as
a substrate, diamond nucleation on Si is almost always preceded by the formation of a 3-
SiC intermediate layer, and nucleation occurs on the surface of the carbide.

Compared to extensive experimental investigations of intermediate layer formation
during diamond CVD, fundamental scientific issues related to intermediate layer
formation remain less well addressed, and further work is needed in this areas. A compre-
hensive theoretical model—including gas-phase and surface reactions, impingement,
adsorption and desorption, surface and bulk diffusions, diamond nucleation, and B-SiC
intermediate layer formation—with detailed information of adsorption energies, bulk
diffusion energies, and sticking coefficients is required to achieve a thorough understand-
ing of intermediate layer formation processes and to reveal the role of the intermediate
layer in diamond nucleation. The critical features of the intermediate layer formation and
the early stage of diamond nucleation are illustrated in Figure 1.4.

1.3.3 Epitaxial Growth and Morphology Evolution
When the covalent materials such as diamond and silicon carbide are grown on

substrates via the island growth mode, the epitaxial growth can be described using an ev-
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Figure 1.4  Critical features of the intermediate layer formation and the early stage of
diamond nucleation.

olution mechanism, termed the van der Drift model [25,26], of orientated crystals from

randomly orientated nuclei. The model is expressed by the growth-rate parameter, osp =

\/5 Vieo /V111 , where Vjgo and Vy;; are the growth velocities of the {100} and {111 }-facets.

The oi3p value can be determined from the texture of a continuous polycrystalline film,
assuming the absence of secondary nucleation and twinned crystals [26], and the
parameter depends most strongly on substrate temperature and the near—surface gas
composition. In this model, the growth competition between evolving nucleated seed
crystals, correlated to this one parameter (0Oi3p), results the texture and morphology of
polycrystalline films. As growth proceeds, those crystals having their fastest growth
direction perpendicular to the substrate surface overgrow crystals with different
orientations, and the orientation of the surviving crystals are then represented on the film

surface. Thus, once a continuous film forms the overall film misorientation decreases
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with increasing film thickness, and the misoriented crystals are eventually buried by
growing diamond films out to greater thicknesses.

As with any CVD process, the crystallographic texture and surface morphology of a
continuous polycrystalline film are both strongly affected by the operating conditions and
film thickness. Accordingly, the microstructural and morphological film characteristics—
surface roughness, film texture and orientation, and grain size—can be optimized by
applying different combinations of the deposition conditions. However, it should be
noted that determination of the dependence of polycrystalline film characteristics on the
deposition conditions is not yet sufficiently quantitative to the degree required for precise
control of film characteristics. At the present time, covalent films synthesized by a
variety of CVD processes often have randomly orientated crystals and highly disordered

texture, as well as poor surface morphology.

1.4 Research Objectives

The objectives for this work are

(7) to simulate the chemical vapor deposition of polycrystalline carbon nitride in stag-
nation flow reactors. It has been predicted by Liu and Cohen [6,7] that B-C3Ny, a
polytype of crystalline carbon nitride (C—N), would have a hardness comparable to
or greater than that of diamond. In the last decade there have been considerable
efforts to synthesize and analyze B-C;Ny films. Unfortunately, adequate samples for
quantitative measurements of the bulk modulus of the crystalline 3-C3N4 have not
yet been synthesized, and most investigators have observed the formation of amor-

phous carbon films containing varying amounts of nitrogen, generically referred to
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as CN,. However, high quality crystalline 3-C3N4 may be synthesized using thin

film techniques if a more thorough understanding of carbon nitrogen deposition
conditions is achieved. The purpose of this study is to explore the gas phase
chemistry and its dependence on operating conditions, temperature and velocity
profiles, to determine potential gaseous film growth precursors of carbon nitride
film deposition occurring inside pedestal stagnation flow CVD reactors, and to
evaluate the likelihood of bond rearrangement occurring in the bulk phase or on the
deposition surface subsequent to the adsorption of the gaseous precursors.

(i7) to investigate the formation of the B-SiC intermediate layer during nucleation and
the early stages of diamond deposition in CVD reactors. It appears that when a f3-
SiC intermediate layer develops at the interface between a diamond film and a Si
substrate, it is due to the bulk diffusion of carbon atoms through the intermediate
layer toward the Si substrate surface under the operating conditions conductive to
diamond nucleation; however, theoretical modeling studies of intermediate layer
formation are scarce, and the kinetics are not completely understood. The purpose
of this study is (@) to predict the time evolution of a B-SiC intermediate layer under
the operating conditions conductive to diamond nucleation via HFCVD; (b) to det-
ermine the dependence of the time evolution of the layer on operating parameters
such as substrate temperature and inlet gas composition; (c) to compare the time
scales associated with intermediate layer growth and diamond nuclei growth; (d) to
examine discrepancies in published adsorption energies of gaseous hydrocarbon
precursors on the B-SiC (100) surface and then determine the most reasonable value

or range of adsorption energy consistent with published experimental data on inter-
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mediate layer thickness; and (e) to discern, quantitatively, the operating conditions
that lead to intermediate layer growth followed by diamond deposition versus those
that yield heteroepitaxial diamond nucleation without intermediate layer formation.

(iii) to gain insight into the polycrystalline growth of B-SiC films on Si (100) substrates
in stagnation flow reactors. One of silicon carbide polytypes, B-SiC, is considered
as an excellent candidate for use in high power electronic applications. However,
the difficulty in achieving uniform texture and morphology of films via CVD has
limited the possible application of B-SiC. The surface morphology of a continuous
polycrystalline $-SiC film may be determined by the reactor operating conditions,
including the substrate temperature and the inlet gas composition. At this time, the
effects of these operating parameters on the resulting surface morphology are not
fully understood. An understanding of the relationships between operating cond-
itions and film morphology may lead to optimal yield of films that are highly
<100>-textured, with {100} facets. The purpose of the present work is to predict the
dependence of the surface morphology of -SiC films grown by CVD on substrate
temperature and inlet atomic ratio of Si to C, and to model the morphological
evolution of the growing polycrystalline film.

(iv) to study the crystallographic texture and surface morphology of diamond films
deposited on pretreated Si substrates, including flat and stepped B-SiC layers, via a
two-stage CVD process comprised of (1) diamond nucleation and (2) continuous
film growth. It is generally recognized that the texture and morphology of diamond
films are strongly affected by the deposition conditions. However, quantitative

understanding of the dependence of diamond film characteristics on the deposition
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conditions is primarily speculative and is needed to improve to the degree required
for precise control of diamond film characteristics. The purpose of this theoretical
study is to develop a fundamental understanding of the diamond nucleation and film
growth mechanism on different pretreated Si substrates, including flat and stepped
B-SiC layers, and apply this knowledge to optimize the texture and morphology of

diamond films through control of the deposition conditions.

1.5 Organization of the Dissertation

A brief outline of the chapters are given below.

Chapter 2: “Analysis of carbon nitride growth in pedestal reactors by chemical
vapor deposition.” In this chapter, a model is developed to investigate chemical
vapor deposition of polycrystalline carbon nitride in stagnation flow reactors under
conditions representative of those used in published experimental studies. The
governing conservation equations, including gas phase and surface reactions, are
solved numerically to simulate these aspects of carbon nitride film growth.

Chapter 3: “A kinetic model of diamond nucleation and silicon carbide interlayer
formation during chemical vapor deposition.” This chapter includes a theoretical
study of important aspects of the formation of the B-SiC intermediate layer between
diamond films and Si substrates during nucleation and the early stages of diamond
deposition. A kinetic mechanism—including gas-phase and surface reactions, impin-
gement, adsorption and desorption, surface and bulk diffusions, diamond nucleation,

and B-SiC intermediate layer formation—is built up on an existing diamond
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nucleation model with detailed information of adsorption energies, bulk diffusion
energies, and sticking coefficients.

Chapter 4: “A model of morphology evolution in the growth of polycrystalline f-
SiC films.” A numerical model based on growth rate parameters is applied to predict
the evolution of the surface morphology of continuous polycrystalline B-SiC films.
The model quantifies the texture, surface roughness, and grain size of the films
resulting from growth competition between nucleated seed crystals of known
orientation.

Chapter 5: “A morphological study of diamond films deposited on pretreated Si
substrates.” In this chapter, a morphology evolution model is applied to calculate
the texture and morphology of diamond films grown on flat and stepped B-SiC
layers during diamond nucleation and continuous film growth stages. The model is
also used to capture the dependence of the diamond film characteristics—mean
surface roughness, average peak-to-valley height, grain size ratio <10>/<11>, and
average grain size—on different pretreated substrates under operating conditions
conductive to both diamond nucleation and continuous film growth.

Chapter 6: This chapter includes the overall conclusions and recommendations for

future work.
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Chapter 2

ANALYSIS OF CARBON NITRIDE GROWTH IN PEDESTAL REACTORS BY

CHEMICAL VAPOR DEPOSITION
2.1 Introduction

Liu and Cohen [1,2] have predicted that 3-C5N4, a polytype of crystalline carbon
nitride (C—N), would have a hardness comparable to or greater than that of diamond. The
postulation was based on a combination of an empirical model [1] and an ab initio
calculation [2], indicating that a large bulk modulus could be achieved for a covalent
solid formed between carbon and nitride with short covalent bond lengths and low
ionicity. The material is expected to have a structure similar to that of —SizNy4, with
carbon replacing the silicon in a network of CN, tetrahedra linked at the corners. Its
structure would be sp3 hybridized at carbon and sz hybridized at nitrogen [2].

The theoretical prediction of Liu and Cohen was supported by a local density
approximation-based (LDA) calculation for the structural and electronic properties of 3-
C3Ny [3]. The LDA calculation indicated that $-C5N, might be an energetically favorable
phase in the C-N solid because the cohesive energy of -C;N4 was predicted to be
moderately large, 81.5 eV/unit cell. It was also predicted that two metastable structures,
one resembling a zinc-blende CN vacancy per cubic cell and the other resembling

graphitic CN with one C vacancy per four N sites, could be synthesized in addition to the

The text of Chapter 2 consists of manuscript which has been submitted for publication in
Diamond and Related Materials.
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hexagonal -C;Ny structure [3,4]. According to that study, both the refined -phase and
the cubic phase would also have compressibilities comparable to that of diamond
(1.7x107" cm?/kg), where the compressibility of diamond is lower than any known
material.

However, Guo and Goddard [5] produced a theoretical result contradicting the
hypothesis of Liu and Cohen [1-4]. Guo and Goddard’s prediction of the crystalline
properties of C;N4 was based on the method of molecular simulation force field (MSFF).
They pointed out the restrictions of the calculation carried out by Liu and Cohen [2,3]
that led to different quantitative results. It was concluded by Guo and Goddard that, in the
earlier calculations, the bulk modulus of C;N,; was over-predicted because the possibility
of nonplanar nitrogen in the C3Ny structure was not considered and a uniform scale in the
coordinate system was assumed. The results of Guo and Goddard indicated that 0-C5Ny
would be more stable than B-C3N4 due to the large energy difference between these
phases. Thus, according to Guo and Goddard, a carbon nitride film formed with thin film
deposition techniques would be 0-C3Ny. In addition, they predicted that the bulk modulus
of o- and B-C3N4 would be about half the value for diamond and, incredibly, that the
Poisson ratio of a-C3N, would be negative.

Despite the predictions of Guo and Goddard [5] to the contrary, in the last several
years there have been considerable efforts to synthesize and analyze carbon nitride films
[6-46]. Most investigators have observed the formation of amorphous carbon films

containing varying amounts of nitrogen, generically referred to as CN,. The synthesis of

crystalline 3-C3Ny4 in amorphous C—N films has been reported in only several cases [38-

46]. Film deposition techniques in these investigations have included pulsed laser
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ablation [38], radio frequency (rf) [39,44] and plasma arc sputtering [40], chemical vapor
deposition (CVD) [41,42,46], shock wave compression [43], and ion-assisted deposition
[45].

Niu et al. [38] reported the synthesis of microcrystalline B-C3;N4 using pulsed laser
ablation of graphite targets combined with an intense atomic nitrogen source. It was
observed that controlling the atomic nitrogen flux varied the average nitrogen content in
the films. Yu et al. [39] detected growing crystalline B-C3N, grains on Si (100) wafers
using rf diode sputtering of a pure graphite target together with pure Nj. These grains had
typical dimensions of 0.5 to 1 uwm and occupied less than 5% of the volume of the 1 um-
thick layer of amorphous C—N film in which they were embedded. In that study, it was
found that the crystalline particles were difficult to locate in the amorphous graphitic
phase. The particles were more frequently found in regions where the overlayer C—N film
peeled off, because the particles were preferentially crystallized on the Si (100) surface
and were buried by an amorphous C-N film for which the N/C ratio was lower than that
in the particles. Matsumoto et al. [40] grew crystalline 3-C5N4 from CN radicals prepared
by the reaction of gaseous N atoms with C atoms sputtered from a graphite rod anode in
an argon-nitrogen plasma arc at atmospheric pressure. They concluded that crystalline
carbon nitride would be deposited from CN or C;N; radicals created in the nitrogen
plasma arc irradiating the carbon anode. Yen and Chou [41,42] observed the formation of
nanocrystalline B-C3Ny4 (~0.1 um crystals) in carbon nitride films with an overall N/C
ratio of approximately 0.75. These films were deposited using rotating arc-plasma jet
chemical vapor deposition on nickel substrates. Bursill et al. [43] grew carbon nitride

films containing both crystalline and amorphous components using a high-energy shock
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plasma deposition technique. Zhang et al. [44] reported the growth of polycrystalline f3-
CsNy films on single-crystal KBr wafers using rf diode sputtering. In that study, the
substrate temperature was held below 373 K to reduce the loss of nitrogen species from
the growth surface through thermal desorption.

Wu et al. [45] prepared films of various carbon phases containing tetrahedrally
bonded carbon nitrides, $-C3Ny, and other carbon nitrides (the N:C ratio varied from 0.5
to 1.1 in the films) grown using an ion beam enhanced deposition technology. They
found that the concentration of the 3-C;Ny phase in the deposited films increased with a
simultaneous increase of total nitrogen concentration in the films. Zhang et al. [46]
reported that crystalline carbon nitride films with large crystalline grains, up to ~10 pm in
size, and film-like regions of the crystalline phase were grown on polycrystalline Ni
substrates using a plasma-assisted hot filament chemical vapor deposition technique.
They ‘observed the crystallographic structure associated with -C3;Ny in the deposited
films using the X-ray diffraction (XRD) spectrum.

Most experimental investigations into the growth of B-CsN;, which have used a
mixture of CHy and N as the feed, indicate that the CN films have much lower nitrogen
concentration than the 57% required for stoichiometric $-C3Ny. This result suggests that
very high concentrations of reactive nitrogen bearing gaseous species, including atomic
nitrogen, are necessary for the growth of B-C5Ny4 [41]. Among the various low pressure
film deposition techniques attempted thus far, CVD is an attractive method for the -
C3N4 synthesis because of its precise control of gas composition and high incident
surface flux of reactive gaseous species. Studies on the synthesis of B-C3;Ny4 have been

conducted using techniques similar to those used in diamond CVD, with the addition of a
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nitrogen component [46]. Unfortunately, adequate samples for quantitative measurements
of the bulk modulus of the crystalline carbon nitride have not yet been synthesized.
However, it may be possible to determine the crystal structure, stability of B-C3;Ny, and
other metastable carbon nitride phases if thicker, higher quality films of crystalline
carbon nitride can be deposited on substrates. High quality crystalline carbon nitride may
be synthesized using thin film techniques if a more thorough understanding of carbon
nitride deposition conditions is achieved.

A detailed theoretical analysis of the elementary surface reactions leading to carbon
nitride growth has not yet been reported, and the task of uncovering these mechanisms
may prove to be difficult. However, if the goal is limited to predicting the growth rate of
the carbon nitride film, relatively few surface reactions—including reactions of probable
gaseous film growth precursors with surface reactive sites, H-atom abstraction, and
surface reactive site termination—will describe the features of interest. Further, the
growth rate can be maximized if the near-surface concentrations of the most probable
gaseous film growth precursors are maximized. This can only be achieved by identifying
probable growth precursors. Probable growth precursors of carbon nitride may be
identified by examining mass fluxes of gaseous species at the deposition surface using
simplified growth mechanisms and comparing these to experimentally determined
deposition rates. In addition, the availability of data describing the relative concentrations
of different bond types (C-N, C=N, C=N, C=C, etc.) in solid CN; films [14] provides the
opportunity to explore the extent to which bond rearrangement occurs on the deposition
surface or in the bulk phase once reactive species are adsorbed. Put another way, since

CN, films grown to date do not exhibit exclusive sp’ hybridization for nitrogen and sp3
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hybridization for carbon, it’s useful to ask whether these films inherit their spectrum of
bond types directly from the species adsorbing from the gas phase, or by subsequent
chemical rearrangement of the bonds after the molecules have been adsorbed. This issue
can be investigated by examining whether the predicted fluxes of gaseous species at the
surface correlate with the relative concentrations of bond types in the films.

The results of two experimental studies by Ricci et al. [14] and Zhang et al. [46] are
compared to the predictions in this study. Although there have been a number of attempts
to synthesize P-C3Ny via CVD, detailed data on the deposition rate of the B-C5Ny film
and the relative concentrations of different bond types in carbon nitride films are not
readily available in the literature. Zhang et al. [46] synthesized crystalline 3-C;Ny at a
relatively high film growth rate, 1.2 wm/h, using a hot filament CVD reactor, while Ricci
et al. [14] determined the different bond types in the carbon nitride films by using
infrared (IR) absorption.

The primary purposes of this study are to explore the gas phase chemistry and its
dependence on operating conditions, temperature and velocity profiles, and to determine
potential gaseous film growth precursors of carbon nitride film deposition occurring
inside pedestal stagnation flow CVD reactors. In addition, it is worthwhile exploring
whether significant bond rearrangement occurs on the deposition surface or in the bulk
phase once the gaseous precursors are adsorbed because this may give some indication of
the possible complexity of quantitative deposition models. The governing conservation
equations, including gas phase and surface reactions, are solved numerically to simulate

these aspects of carbon nitride film growth.
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In the examination of both probable growth precursors and bond type correlation, a
simplified set of surface reactions is applied to obtain mass fluxes of gaseous species at
the deposition surface. The collision and subsequent surface reaction of a gaseous species
with the deposition surface results in the formation of a surface species; bulk species are
then formed when all reactive bonds of a surface species are to other surface species or
bulk species through surface reactions. The surface reactions are considered as irever-
sible, and the rate constants are represented by sticking probabilities.

First, the CVD system under study is described, and the corresponding governing
equations and boundary conditions are discussed. The experimental data of Ricci et al.
[14] is used to see whether a correlation exists between bond types of adsorbing species
and bond types in the carbon nitride films. The film growth rate is calculated for each
presumed growth precursor using the experimental operating conditions of Zhang et al.
[46]. Then, comparisons between the computational results and experimental data are
used to predict the possible gaseous species contributing to the growth of carbon nitride.
Finally, the numerical model is applied to investigate the effects of various operating
parameters—the inlet and substrate temperatures, reactor pressure, and inlet gas compo-
sition—on the concentrations of probable growth precursors at the deposition surface.
The operating conditions to be used are selected from existing experimental data on

carbon nitride growth via CVD.

2.2 Model Description

Consider a system configured with the inlet axis orthogonal to the substrate such

that a forced flow of reactant gases impinges upon an isothermal substrate, as illustrated
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in Figure 2.1. The geometry of the system is described in terms of cylindrical coordinate

r
—

Figure 2.1 Schematic diagram of the CVD geometry considered. The geometry of the
system 1s represented in terms of the cylindrical coordinates (r, ¢, 7).

(r, @, z), with the origin of the coordinate system located at the center on the substrate
surface. An idealized stagnation flow geometry is assumed to exist in the region between
the inlet and the substrate. The gas flows uniformly downward from the inlet towards the

substrate surface with known temperature, velocity, and composition at the inlet. The

uniform axial down flow at inlet, located at the position z = L, is given by —U.., and the

temperature and mole fractions at this location are denoted by 7. and X;... The axial

velocity component does not vanish at the substrate surface due to the net deposition of
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mass onto that surface. The radial velocity component at the surface vanishes due to the

no-slip condition. At the deposition surface the gas temperature matches that of the
substrate, T;. At steady state the net production rate of a gaseous species at the substrate

surface is equal to its mass flux at the substrate surface, and the net production rate of any
surface species on the substrate surface is zero.

The steady-state conservation equations describe the momentum and energy tran-
sport, convective and diffusive transport of the species, the chemical composition of the
gas phase, and the surface concentrations of the adsorbed species [47,48]. The cons-
ervation equations consist of radial, axial, and circumferential momentum equations,
gaseous species continuity equations, a mixture continuity equation, thermal energy
equation, and surface species conservation equations. The conservation equations yield
an axisymmetric similarity solution for the geometry shown in Figure 2.1 because all
dependent variables in the equations may be considered to be functions only of axial
coordinate, z, with radial and angular velocities rescaled by the radial coordinate, r [49].
The conservation equations are comprised of K +K+4 coupled ordinary differential
equations, together with the necessary constitutive equations and boundary conditions,
where K, and K are the numbers of gaseous species and surface species in the model,
respectively.

Numerical solutions for the governing equations and the appropriate boundary
conditions are found for the gas composition, temperature and velocity profiles, and
deposition rates [47]. Chemkin-III, a Fortran chemical kinetics package, is used for the
analysis of gas phase chemical kinetics [50]. The gas phase reaction mechanism used in

this study is listed in Table 2.1 [51]. The reaction mechanism for C/N/H gas mixtures has
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Table 2.1 Gas-phase reaction mechanisms for C/N/H gas mixtures.

Reaction A,-a1 b,—a Eia
Gl H+H+MoH+M 0.100x10" -1.0 0.0
G2 H+H+H,oH,+H, 0.920x10" -0.6 0.0
G3 CH; + CH; (+M) & CHg (+M) 9.220x10"¢ ~1.174 635.8
G4 CH;+H (+M) & CH, (+M) 6.000x10'¢ ~-1.0 0.0
G5 CH,+H< CH;+H, 0.220x10° 3.0 8750.0
G6 CH;+H<o CH,+H, 0.900x10'* 0.0 15100.0
G7 CH,+H< CH+H, 0.100x10" ~1.56 0.0
G8 CH+H< C+H, 0.150x10% 0.0 0.0
G9 CH+CH,« CH,+H 0.400x10' 0.0 0.0
G10 CH+CH; & CH; +H 0.300x10" 0.0 0.0
G11 CH+CH,«> CHs+H 0.600x10" 0.0 0.0
Gl12 C+CH; < CH, +H 0.500x10" 0.0 0.0
G13 C+CH, < CH+H 0.500x10" 0.0 0.0
G14 C,Hg + CH; <> CoHs + CH, 0.550x10° 4.0 8300.0
G15 CyHg + H «> C,Hs + H, 0.540%10° 3.5 5210.0
Gl16 C,Hs+H e CH; +Hy 5.420x10™ 0.0 14902.0
G17 CH,+ CH; & C,Hy + H 0.400x10' 0.0 0.0
G18 H + CoHy (+M) > CoHs (+M) 0.221x10" 0.0 2066.0
G19 C,Hs+H < CH; + CH; 1.000x10™ 0.0 0.0
G20 H +CoH e CoH, + H 0.409%10° 2.39 864.3
G21 H + CH, (+M) &> C,Hs (+M) 0.554x10" 0.0 2410.0
G22 CH;+H o CHy +Hy 0.400x10™ 0.0 0.0
G23 CH; + CH & C,H, + CoH, 0.300x10™ 0.0 0.0
G24 C,H; + CH & CH, + C,H, 0.500x10™ 0.0 0.0
G25 CHxS)+M < CH, + M 0.100x10" 0.0 0.0
G26 CHy(S) + CHy <> CH; + CH; 0.400x10™ 0.0 0.0
G27 CHx(S) + C,Hg <> CH; + C,H; 0.120x10% 0.0 0.0
G28 CHy(S)+H, <> CH;+H 0.700x10™ 0.0 0.0
G29 CH,(S) + C,H, <> CH; + C,H, 4.0x10" 0.0 0.0
G30 CHxS)+H o CH, +H 0.200x10" 0.0 0.0
G31 CHxS)+H <« CH +H, 3.000x10"? 0.0 0.0
G32 CHy(S) + CH; <> C,;H, + H 2.000x10" 0.0 0.0
G33 Cy+H, > CH+H 4.0x10° 2.4 1000.0
G34 CH,+CH, & CH, +H+H 0.400x10'* 0.0 0.0
G35 G, +M o CH+H+M 0.420%x10"7 0.0 10700.0
G36 CHu+ M o CH, +Hr + M 0.150%x10'® 0.0 55800.0
G37 CHy+M & CH; +H+M 0.140x10"7 0.0 82360.0
G38 CH+N; <> HCN +N 5.400x10"2 0.0 25000.0
G39 C+N; & CN+N 6.300x10" 0.0 46019.0
G40 CH, + N, <> HCN +NH 0.100x10™* 0.0 74000.0
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Table 2.1 (Continued)

G41
G42
G43
G44
G45
G46
G47
G438
G49
G50
G51
G52
G53
G54
G55
G56
G57
G58
G59
G60
G61
G62
G63
Go64
G65
G66
Go67
G68

H,CN + N < N, + CH;
HCN+M«~HCN+H+M
CH, + N« HCN+H
CH+N&CN+H

CH; + N H,CN+H
C,;H; + N <> HCN + CH;
CN+H,; <> HCN +H

CH + HCN < CH,; + CN
CN+HCN < C;N>, +H
CN + CH; ¢ CH; + HCN
CN + CyHg «> C;Hs + HCN
NCN+H<«> HCN +N
NH+N<+< N;+H
NH+H«< N +H;

NH; + H <> NH + H;
NH3+H(—)NH2+H2
NNH <« N, +H
NNH+H+«+> N; + H;

NNH + NH, <> N, + NH;
NNH + NH < N; + NH,
NH, + NH < N,H, + H
NH+NH< N,+H+H
NH; + N« N;+H+H
N.-Ho+ M« NNH+H+M
N>H,; + H<> NNH + H,
N;H, + NH <> NNH + NH,
N>H, + NH, <> NH; + NNH
NH; + NH,; & N;H, + H,

0.200x10"
0.300x10"
0.500%x10™
0.130x10"
7.100x10"?
0.200x10"
0.295%10°

3.010x10"
1.320%x10°

6.020x10*

1.200x10°

1.000x10™
0.300x10™
3.000x10"
0.692x10"
0.636x10°

1.000%x10°

0.100x10"
0.500x10"
0.500x10"
0.500x10"
0.254x10"
0.720x10*
0.500x10"7
0.500x10"
0.100x10"
0.100x10"
0.500x10"?

0.0
0.0
0.0
0.0
0.0
0.0
245
0.0
2.7
2.64
277
0.0
0.0
0.0
0.0
2.39
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
22000.0
0.0

0.0

0.0

0.0
2237.0
-993.5
646.0
-437.0
-1788.0
0.0

0.0

0.0
3650.0
10171.0
0.0

0.0

0.0

0.0

0.0

0.0

0.0
50000.0
1000.0
1000.0
1000.0
0.0

"Arrhenius parameters for the forward reaction rate constants shown in the form k; = AT BT (A, in
moles, cubic centimeters, and seconds; E; in cal/mole). Each of the gas-phase reactions is reversible, and
the reverse rate is obtained from the reaction equilibrium constants. All reaction rates, equilibrium
constants, and thermodynamic properties for gas-phase species are evalnated by using Chemkin-III [50].

been also reported in other kinetic studies [52-54], but the predicted gas phase chemistry
from the mechanism used in this study [51] is in a reasonable agreement with those from
other mechanisms. The gas-phase multicomponent transport properties are evaluated

using a computer package [55]. Surface Chemkin is used for the treatment of the hetero-
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geneous reactions occurring at the deposition surface and these are listed in Table 2.2

[56].

Table 2.2 Surface reaction mechanisms for presumed $-C3N, film growth precursors.

Growth species Reaction
CH, S1 NH(S) + H — N*(S) + H;
S2 N#*(S) + H— NH(S)
(x#0) S3 Nx(S) + CH, — B + CH(S) + H,—
or (x=0) S3 Nx(S) + C — B + C%(S)
CH, S4 NH(S) + H— N*(S) + H,

S5  Nx(S)+ H— NH(S)
S6  Nx(S) + C;H, — B + C,H(S) + H,-

NH, S7 CH(S) + H — Cx(S) + H
S8 C#(S) + H— CH(S)
(x#0) S9 C#(S) + NH; — B + NH(S) + H,—;
or (x=0) S9 C#(S)+ N — B + Nx(S)
H,CN S10  NH(S) +H — N%(S) + H,

S11  Nx%(S) + H— NH(S)

S12 Nx(S)+ H,CN — B + HCN(S) + H,,
or S13  CHS)+H-—->C*(S)+H;

S14  Cx(S)+H — CH(S)

S15  Cx(S) + H,CN — B + HCN(S) + H,;

The surface sites and bulk species are represented by S and B. Each of the surface
reactions 1is irreversible, and the sticking coefficients y; are used to convert surface
reaction rate constants. The sticking coefficient’s form for reaction i is taken to be ¥ =
a;T%e “/RT where q; and B; are unitless and ¢; has units compatible with the gas constant
R. Because ¥ is defined as a probability, it must lie between 0 and 1. Equilibrium

constants and thermodynamic properties for surface reactions are evaluated by using
Surface Chemkin [56].

2.3 Results and Discussion

Calculations are carried out to determine the gaseous species most likely to lead to

the growth of carbon nitride, and to investigate whether significant bond rearrangement
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occurs once the gaseous precursors are adsorbed. Operating conditions are chosen to
facilitate comparison with two existing experiments [14,46]. Probable gaseous film
growth precursors are determined by examining which calculated mass fluxes due to
presumed growth precursors could account for the observed growth rate. The extent of
bond rearrangement is investigated by inspecting whether the calculated mass fluxes at
the deposition surface correlate with the experimentally measured reactive concentrations
of bond types in the solid films. Further, once the probable growth precursors are deter-
mined, the effects of operating parameters—the inlet and substrate temperatures, reactor
pressure, and inlet gas composition—on the concentrations of probable growth precursors
at the deposition surface are investigated.
2.3.1 Correlation between Gas and Solid Bond Types

Ricci et al. [14] used IR absorption to measure several different chemical bond
types, including C=N, C=C, C-N, N-H, and C=N, in CN, films grown using a rf plasma
assisted CVD reactor. In the present calculations, the relative concentrations of the bond
types in the films are determined from the absorbance measurements of Ricci et al. using
Beer’s law, which describes the direct proportionality between the absorbance and
concentration, and these are found to be (C=N:C=C:C-N:N-H:C-H:C=N) = (9:9:7.5:-
6.5:6.5:6.3-6.4). The existence of the C=N bond in carbon nitride films was reported by
Ogata et al. [16] and Krishna et al. [24]. Diani et al. [17] detected large numbers of C-N
and C=N bonds in synthesized carbon nitride films. Bousetta et al. [19] observed the

existence of NH,, C—N, CH, C=N, and CH, bonds in their carbon nitride films. Thus, it
appears that C=N, C=N, and C-N bonds are common in CN, films grown to date.

When the experimental conditions of Ricci et al. are used in the model, summarized
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in Table 2.3, the mole fractions of gaseous species are calculated to determine the predo-

minant precursors at the deposition surface, and these are shown in Table 2.4. The mole

Table 2.3 Experimental conditions of Ricci et al. used in the model.

Reactor pressure P (Torr) 0.75
Inlet gas temperature T.. (K) 300
Substrate temperature T (K) 300
rf excitation power (W) 100"
Inlet mole fractions

CHs Xcn, 0.195

N»  Xnyeo 0.8

H Xy 0.005"
Inlet axial gas velocity U (cm/s) 97°
Total volume flow rate Q; (sccm) 83.3
Reactor diameter (cm) 4.5

Table 2.4 Mole fractions and mass fluxes of presumed film growth precursors at the de-
position surface.

Species ' Mole fraction Mass flux (g/cmz-s)
CH, CH; 1.99x107° 1.71x1077
CH, GCH, 1.26x107! 1.14x107¢
C,H, 2.55x107° 3.15x10°78
C,Hg 2.98x107° 3.79x10°8
NH, N 9.27x107™" 4.28x1071°
NH 1.91x107° 1.64x1071°
NH, 2.23x107° 1.77x10710
H,CN HCN 1.24x107 1.32x1078
H,CN 1.07x107° 1.37x107'°

fractions of CH3 and C,H, (x = 2,4,6) species are sufficiently high to consider those

species as potential growth precursors. However, the calculated mole fractions for nitro-

gen bearing precursors, primarily NH, (x = 0-2), HCN, and H,CN, are always several
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orders of magnitude smaller than those of CH3 and C,H, (x = 2,4,6) species due to the

stability of the N, bond.

Although a deposition mechanism for carbon nitride deposition has not yet been
postulated, the global mechanism can be described by a simple set of surface reactions if
goal is solely to determine the mass flux, and therefore, the growth rate. To investigate
the surface chemistry associated with the films deposited by Ricci et al., simplified sets of
surface reaction mechanisms are used in the calculations of the mass fluxes for each
assumed film growth species, and these are listed in Table 2.2. The simplified surface
reaction mechanisms are listed for the gaseous species that have relatively high mole
fractions at the deposition surface: CH;, C,H, (x = 2,4,6), NH, (x = 0-2), HCN, and
H,CN. It is assumed in the analysis that the hydrocarbon species in the gas phase, such as

CH, and C,H,, will bond to open surface nitrogen atom sites, the NH, species will bond

to surface carbon sites, and the H,CN species can bond to either carbon or nitrogen atom

surface sites. The simplified set of surface species considered here are CH(S) or NH(S), a
surface carbon or nitrogen capped by an atomic hydrogen, and C*(S) or N*(S), a surface
carbon or nitrogen radical site activated by atomic hydrogen abstraction of desorption.
Each calculation is carried out for one potential gaseous film growth precursor at a time
by assuming that the surface radical site bonds to that precursor with a reasonable
sticking probability for that species and zero for all other gas species. Repeating sequ-
ences of the surface reactions leads to continuous epitaxial growth of carbon nitride
layers.

Considering the uncertainty in the sticking probabilities for presumed growth

precursors reacting with the surface reactive sites of $-C3;Ny, the sticking probabilities
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obtained on other surfaces such as silicon and carbon surfaces are assumed to be appli-
cable to the B-C;N, surface. Since the relatively unstable species considered as presumed

growth precursors are highly reactive with surface reactive sites, the sticking probabilities
for assumed growth precursors should be essentially unaffected by the different surfaces.
The sticking probabilities for CH3 and C,H; used in the calculations are 0.2 and 0.02. The
probability for CHj3 is derived from CHj3 adsorption on carbon surface sites [57], and the

probability for C,H, is that of the C,H; gas species reacting with silicon surface sites [58].

The sticking probabilities of CH, (x = 1,2) and NH, (x = 1,2) species are assumed to be

equivalent to CHj3. Although data for the sticking probabilities of these species is not ava-
ilable in the literature, it is not unreasonable to assume that those radicals associated with

C-H or N-H bond have a comparable probability to CHz due to similarities in bond
energies and molecule sizes. Further, the sticking probabilities of C,H, (x = 4,6) and
H,CN (x = 1,2) species are assumed to be the same as that of C;H,. Again, there are no
existing experimental or theoretical results that report the sticking probabilities of C,H,
and H,CN. However, C,H, and H,CN species having multiple bonds between C—C atoms
and/or C-N atoms may have significantly lower probabilities of sticking to the surface
than CH, and NH,. In addition, similar probabilities for C,H, and H,CN species due to

comparable bond energies and molecular energies are expected. Therefore, the sticking

probabilities of C,H, and H,CN species are assumed to be an order of magnitude lower

than the probabilities of CH, and NH, in the calculations. Atomic carbon and nitrogen are

assumed to stick with unity efficiencies by considering the high reactivity of these atoms

with surface reactive sites.
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The predicted mass fluxes of the gas species listed in Table 2.4 indicate that

stoichiometric carbon nitride is difficult to synthesize due to the significantly lower mass
fluxes of NH, (x = 0-2) and H,CN (x = 1,2) species than those of CH3 and C;H, (x =

2,4,6) species when Nj is introduced as the inlet nitrogen source. This result is consistent

with the observations that these films are always deficient in nitrogen with introducing N,
at the inlet. The low mass fluxes of NH, and H,CN species are explained by the neg-

ligible decomposition of N, for the operating conditions used in the calculations. For
example, when the experimental conditions of Ricci et al. are used, the calculations
predict that less than 0.1% of the N, undergoes dissociation, and therefore the near-

surface N, concentration is always several orders of magnitude higher than those of any
NH, and H,CN species.

The adsorption of gaseous precursors often leads to the bonding structure trans-
formation of these adsorbing species on the surface due to reactions between these
species and surface atoms. The HCN adsorption studies indicate that the adsorption of
HCN produces C=N bond as well as C=N bond at the surface [59-61]. Once HCN is
adsorbed, the C=N bond can be readily formed due to either H-transfer interactions
between neighboring molecules or HCN molecule dissociation. The C=C bond in gase-
ous C,H; becomes a C=C bond when adsorbed on the surface, while the adsorption of
C,H, leads to the transformation of the C=C bond into the C—C bond [62]. However, the
C=N bond in gaseous H,CN doesn’t transform during H,CN adsorption, and the main
bond believed to be present on the surface is C=N bond. Whenever gaseous precursors
are adsorbed on the surface, the C-N bond can be formed by reactions between adsorbing

precursors and surface carbon or nitrogen atoms.
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A comparison between the calculated composition of gaseous precursors adsorbing
on the surface and the experimentally-measured relative concentration of bond types in
the carbon nitride films may indicate whether a correlation exists between bond types of
the adsorbing precursors and bond types in the films. The calculated composition of
adsorbing precursors is determined by the mass fluxes of those precursors at the depo-
sition surface. In the calculations, HCN accounts for both C=N and C=N bonds at the
surface, while H,CN and C;H; account for C=N and C=C bonds, respectively. In that
case the calculated relative concentration amounts of C=C:C=N:C=N do not correlate
with the relative amounts of those bonds in the carbon nitride films experimentally mea-
sured by Ricci et al. Although Ricci et al. detected significant amounts of C=N and C=N
bonds in the carbon nitride film, the calculated relative amounts of C=N and C=N bonds
are negligible when compared to that of the C=C bond. However, the relative amounts of
C=N:C=N in the solid films can be explained by the calculated mass flux of HCN. The
adsorption of HCN primarily accounts for both C=N and C=N bonds, and the relative
amounts of C=N and C=N bonds formed by adsorbing HCN are believed to be compa-
rable to one another [61]. Since the mass flux of HyCN is almost two orders of magnitude
smaller than that of HCN, the contribution of H,CN to the formation of C=N bonds may
be negligible. The relative concentrations calculated for C—H and N-H bonds are not
consistent with the observed results due to the significantly lower mass fluxes of NH,
NH;, and H,CN than the fluxes of hydrocarbon species at the surface. The relative
number of C-N bonds is calculated to be largest among bond types considered in the
calculations, although Ricci et al. reported the relative amount of the C—N bond smaller

than the amounts of C=C and C=N bonds in the carbon nitride films. The formation of
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observed bond types in the film are therefore primarily due to bond rearrangement
occurring on the surface or in the bulk phase once growth precursors are adsorbed on the
surface.
2.3.2 Identification of Probable Growth Precursors

Zhang et al. [46] detected the growth of polycrystalline carbon nitride films in a
plasma-assisted hot filament CVD reactor using small amounts of CH4 and NHj3 in an
excess of H,. Operating conditions are chosen to simulate the experiments of Zhang et

al., and these are summarized in Table 2.5. A specific degree of H;, dissociation at the fil-

Table 2.5 Operating conditions chosen to simulate the experiments of Zhang et al.

Reactor pressure P (Torr) 0.9
Filament temperature Ty (K) 2400
Substrate temperature 7 (K) 1200
Inlet mole fractions

CHs  Xcn, 0.0033

N, XNH; 0.0167

H+H, XH2 oo+ XH oo 0.98
Inlet axial gas velocity U (cm/s) 1.0
Total volume flow rate Q, (sccm) 150

ament is assumed since the actual degree of H, dissociation at the filament in Zhang et

al.’s reactor was not reported. The degree of H; dissociation at Ty = 2400 K is approxi-
mated using a linear filament poisoning model [63], and Xy.. is found to be 0.1. Two

other values, Xg.. = 0.05 and 0.15, are also chosen for the calculations to account for

some uncertainty in the actual degree of H, dissociation.
Probable gaseous film growth precursors are identified by comparing the predicted

growth for the assumed growth precursors to the 1.2 pum/h growth rate observed by
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Zhang et al. Gas species having relatively high near-surface mole fractions and sticking
probabilities are investigated as potential growth precursors, and these are CH, (x =
0,2,3), C;H;, NH, (x = 0-2), and H,CN (x = 1,2). Methane and ammonia are not con-

sidered as potential growth precursors because of relatively higher stability of those
chemical bonds than radicals considered in the model.

The predicted film growth for the assumed film growth precursors is shown in
Figure 2.2. In Figure 2.2a the predicted growth rates due to CH, (x = 0,2,3) and C;H, are
shown as functions of the inlet atomic hydrogen concentration. For the sticking proba-
bilities used for CH, (x = 0,2,3) and C;H3, the contribution of carbon into the film growth
is dominated by CH3 and C, with much smaller contributions from CH, and C,H,. The

predicted growth rates for these species are strongly dependent on Xy... At a lowest value
of Xpe., 0.05, the growth rate due to CHj3 is predicted to be the highest among CH, (x =

0,2,3) and C;H,, with a value of 0.98 pm/h. When Xj.. is increased to 0.15, the predicted

film growth rate due to C rather than CHj3 is the highest at 1.23 um/h, while the growth

rate from CHj decreases to 0.35 pum/h. When the sum of predicted film growth rates for
CH, (x = 0,2,3) and C;H; is considered, the value is 1.08, 1.2, and 1.72 um/h for Xy.. =

0.05, 0.1, and 0.15, respectively. The 1.2 um/h growth rate reported by Zhang et al. can
be explained by the sum of predicted growth rates due to CH, (x = 0,2,3) and C;H, at

XHe = 0.1. At this H mole fraction, nearly 92% of the deposited carbon comes from C

and CHj;. Figure 2.2b shows that, for NH,, (x = 0-2) and H,CN (x = 1,2), the contribution

to carbon nitride growth from atomic nitrogen is significant. The predicted film growth
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Figure 2.2a Film growth rates due to potential gaseous film growth precursors, CH,, (x =
0,2,3) and C2H2.
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Figure 2.2b Film growth rates due to potential gaseous film growth precursors, NH, (x =
0-2) and H,CN (x = 1,2).
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rate for atomic nitrogen is always higher than 1.2 pm/h for the operating conditions used

in the calculations, and the value due to N is approximately 3.4 um/h at the lowest value

of Xpe., 0.05. However, the growth rate due to N increases as Xpy.. is increased, and the

value is approximately 15.2 um/h at the highest value of Xy.., 0.15. The contributions of

other assumed growth species NH, (x =1,2) and H,CN (x = 1,2) are much smaller than

that of N.

From the film growth rates predicted using the assumed sticking probabilities, it is
found that the film growth is limited by the contribution of carbon bearing species into
the film growth for the operating conditions used by Zhang et al. This result is expected
because of the inlet composition used by Zhang et al. The inlet nitrogen source is intro-
duced as NH; instead of N; in a large excess of Hj, and the inlet mole fraction of NHj is
5 times higher than the inlet carbon source, CH4. Thus, a high concentration of N in the
gas phase is produced through hydrogen abstraction reactions. The nitrogen deficiency in
the carbon nitride films have been reported by numerous investigators, and Zhang et al.
used a large amount of NHj at the inlet to overcome this deficiency.

2.3.3 Effects of Operating Conditions

The growth rate of the carbon nitride film can be maximized when the near-surface
concentrations of probable growth precursors are optimized. To achieve the task, calcul-
ations are performed to examine the effects of the operating parameters such as the inlet
and substrate temperatures, reactor pressure, and inlet gas compositions on the near-
surface concentrations of potential growth precursors determined from the growth rate
calculations. The values of operating parameters are chosen to match existing experimen-
tal data.
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Two inlet temperatures, T.. = 2400 and 3300 K, are chosen to investigate the

sensitivity of the gas phase chemistry to this parameter. Matsumoto et al. [40] used an
inlet temperature of 3300 K in a series of experiments designed to synthesize a polycry-

stalline B-C3Ny film in a plasma-assisted CVD reactor. Zhang et al. [46] chose a filament
temperature of 2400 K in their attempts to synthesize crystalline $-C3Ny in a hot filament

CVD reactor. Inlet temperatures above 3300 K are not considered in the calculations

because this value is near the upper limit for which gas-phase kinetic data are reliable.
Calculations are also performed for two different values of the substrate temperature, T =

300 K and 1200 K. The lower limit of substrate temperature, 300 K, was used in several
experimental studies that used plasma CVD reactors [5,13,16], and the upper temperature
limit, 1200 K, was used by Zhang et al. [46]. However, when calculations are performed
for the different inlet temperatures, the near-surface concentrations of probable growth
precursors are found to be only weakly dependent on that temperature for the reactant
gaseous mixture of CH4/NH3/H,.

The reactor pressure is varied between 0.76 and 76 Torr. Yen and Chou [40] used a
pressure of approximately 60 Torr in carbon nitride deposition experiments. At the lower
pressure limit, Zhang et al. [46] and Ricci et al. [14] reported pressures of approximately
0.76 Torr.

In existing experiments related to carbon nitride synthesis via CVD, the reactant
gases are either CH4/NH3/H; or CH4/N,. Effects of the inlet composition on the near-
surface concentrations of probable growth precursors are studied in the present study by
varying the inlet molecule ratios NH3:CH,4 and N,:CHjy, which are varied from 0.2 to 5.

The upper limit is the value used by Zhang et al. [46] and also close to the value used by
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Ricci et al. [14]. The lower limit is chosen solely to examine effects of relatively low

nitrogen inlet concentration on the near-surface composition. The sum of the inlet mole

fractions of CHy and NHs, XcH, et XNH;e0s 18 fixed at 0.02 for the reactant gaseous mix-

ture of CH4/NH3/H; in accordance with the experimental data of Zhang et al. [46].

The effect of the degree of hydrogen dissociation on the near-surface concentrations
of probable growth precursors is studied by varying the inlet mole fractions of H and Hy;
the inlet mole fraction of H is varied from 0.05 to 0.25, where the sum of inlet mole
fractions of H; and H is fixed at 0.98. Another calculation is carried out to examine
effects of inlet mole fractions of H+H, and NH3+CH,4 on the gas phase chemistry in the
gaseous mixture of CH4/NH3/Hjy; the inlet mole fraction of (H+H;, NH3+CHy) is varied
from (0.02, 0.98) to (0.998, 0.002).

The initial focus of the calculations is to determine the effect of the degree of H,
dissociation at the inlet on the near-surface concentrations of probable growth precursors.

The predicted mole fractions of the potential growth precursors at the deposition surface

are shown in Figure 2.3 as functions of the inlet H mole fraction. When Xy.. < 0.1, the
most prevalent potential growth precursor among CH, species is CH3z. The mole fraction
of CHs at the deposition surface, denoted as Xch,s, decreases almost linearly with increa-
seing Xy, because the rate of H abstraction from CHj increases as Xyo. is increased.

When Xy = 0.15, C is the most prevalent potential growth species among the CH,

species because of the rapid H abstraction reactions. The other potential growth species,
CH,, is primarily formed by the H abstraction from CHj;. Among acetyl species, the mole

fraction of C,H; at the deposition surface is comparable with the values of C and CH;.
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Figure 2.3a Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions: T., = 2400 K; 7T, = 1200 K; P = 0.76
Torr; L = 10 cm; U = 1.0 cm/s and inlet mole fractions: XHN+XH2°° =0.98; XNH3°° =

1.667x107%; X oy g = 3.33x107. Calculations were performed for five different H inlet

mole fractions: 0.05, 0.10, 0.15, 0.20, and 0.25. Graph shows mole fractions of potential
gaseous film growth precursors, CH, (x = 0,2,3) and C,H,.
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Figure 2.3b Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions: T.. = 2400 K; T, = 1200 K; P = 0.76
Torr; L = 10 cm; U = 1.0 cm/s and inlet mole fractions: Xy, + X 5., = 0.98; X NHseo =

1.667x107%; X oy 4o = 3.33x107. Calculations were performed for five different H inlet

mole fractions: 0.05, 0.10, 0.15, 0.20, and 0.25. Graph shows mole fractions of potential
gaseous film growth precursors, NH, (x = 0-2) and H,CN (x = 1,2).
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Atomic nitrogen is the dominant nitrogen bearing species at the surface. The H abstrac-

tion reactions from NH; produce NH and NH,. However, the mole fraction of N is at

least 2 times greater than NH and NH; at Xy, = 0.05, and the differences increase as Xyeo
increases; the mole fraction of N is more than one and two orders of magnitude greater

than NH and NH,, respectively, at the highest value of Xg... Other gas species considered

as possible candidates for carbon nitride growth species, H;CN (x =1,2), are present at the

surface in sufficiently large concentrations. The formation of HCN and H,CN are promo-
ted by high concentrations of CHs3, CH», and N. The HyCN formation reaction is followed
by the H abstraction reaction enhanced by high atomic hydrogen concentrations.

In Figure 2.4 the mole fractions of potential growth precursors at the deposition sur-

face are shown as functions of the inlet molecule ratio NH;:CH,, denoted as XNH3W/XCH o~
The inlet concentrations of H and H, are fixed at Xg.. = 0.10 and Xy, .. = 0.88. The mole
fractions of CH, species at the surface decrease as the inlet NH3:CHy increases, and these
decreases result in decreases in the mole fractions of C;H, species because of the reac-
tions forming the C,H, species from the CH, species. The mole fractions of HCN and
H,CN are maximized when XNHzoo/ XCH oo = 1

The effects of inlet mole fractions of (H + H,, NH3 + CHy4) on the gas composition

at the surface are shown in Figure 2.5. The inlet mole fraction of H and H;, Xpp, e, 18

varied from 0.02 to 0.998, where the inlet molecular ratio H:Hj;, XHOJXHZOO, is fixed at

0.1/0.88. The potential growth precursors, except atomic carbon and nitrogen, are maxim-
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Figure 2.4a Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3, with five
different inlet molecule ratios of NH3 to CHy4: 0.2, 0.6, 1.0, 3.0, and 5.0. Graph shows

mole fractions of potential film growth precursors, CH, (x = 0,2,3) and C,H,.

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10-2 : | - | : T - T - 3

1 kK wHeN ]

1K o N )

3 ]

S 1075 O QHCN

g= ST T T O]

3) o u ]

g : NH2 ----- @::::::::ri:::::::2111:=:2:=“Q
a) 4" .-: -------------

g 10-4’: D,»’_Zg—' NH -

10° +—— -—

0 1 2 3 4 5

XNH300/XCH400

Figure 2.4b Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3, with five
different inlet molecule ratios of NHj3 to CHy: 0.2, 0.6, 1.0, 3.0, and 5.0. Graph shows

mole fractions of potential film growth precursors, NH, (x = 0-2) and H,CN (x = 1,2).
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Figure 2.5a Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3. Calculations
were performed for six different inlet mole fractions of (H+H;, NH3;+CHy): (0.998,
0.002), (0.98, 0.02), (0.74, 0.26), (0.50, 0.50), (0.26, 0.74), and (0.02, 0.98). Graph shows

mole fractions of potential film growth precursors, CH, (x = 0,2,3) and C,H,.
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Figure 2.5b Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3. Calculations
were performed for six different inlet mole fractions of (H+H,, NH3+CHy,): (0.998,
0.002), (0.98, 0.02), (0.74, 0.26), (0.50, 0.50), (0.26, 0.74), and (0.02, 0.98). Graph shows

mole fractions of potential film growth precursors, NH, (x = 0-2) and H,CN (x = 1,2).
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ized when 0.26 < Xy.H, e < 0.74, and the mole fractions of these precursors, however, are
significant reduced when XH+Hye0 2 0.98. Among the growth precursors, CH; and NH, are
maximized at XH+H2°° = 0.26 where Xg.. = 0.027, while CH,;, NH, HCN, and H,CN are
maximized at XHiHyoo = 0.74 where Xy = 0.076. The growth precursor among acetyl
species, C,H,, is maximized at XH+Hyeo = 0.5 where Xgo. = 0.05. However, atomic carbon

and nitrogen are maximized at Xg.g,e = 0.98 where Xy =0.1.

The mole fractions of probable growth precursors at the deposition surface as
functions of reactor pressure are shown in Figure 2.6. The mole fractions of CH, and NH,,

species decrease significantly in the region near the surface as pressure is increased from
0.76 to 76 Torr. The mole fraction of CHj present at the surface decreases by over two
orders of magnitude when P is increased from 0.76 to 7.6 Torr. However, the mole

fraction decreases less than a factor of 3 when P is increased from 7.6 to 76 Torr, while

mole fractions of other CH, and NH, species decrease several orders of magnitude. The
mole fractions of CH,, and NH, species at the deposition surface are maximized when P =
0.76 Torr. The mole fractions Xc,n,s and Xyen;s are not strongly affected by the change

of pressure.
The mole fractions of probable growth precursors at the deposition surface as

functions of the substrate temperature are shown in Figure 2.7. The mole fraction of C
decreases by an order of magnitude when T is raised from 300 to 1200 K, and at the

same time the mole fraction of CHj; increases by an order of magnitude. The mole fract-
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Figure 2.6a Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3. Calculations
were performed for three different reactor pressure values: 0.76, 7.6, and 76 Torr. Graph

shows mole fractions of potential film growth precursors, CH, (x = 0,2,3) and C,H,.
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Figure 2.6b Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3. Calculations
were performed for three different reactor pressure values: 0.76, 7.6, and 76 Torr. Graph

shows mole fractions of potential film growth precursors, NH, (x = 0-2) and H,CN (x =
1,2).
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Figure 2.7a Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3, with two diffe-
rent substrate temperature: 300 and 1200 K. Graph shows mole fractions of potential

growth precursors, CH, (x = 0,2,3) and C,H,.
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Figure 2.7b Mole fractions of potential gaseous film growth precursors at the deposition
surface corresponding to the operating conditions described in Figure 2.3, with two diffe-
rent substrate temperature: 300 and 1200 K. Graph shows mole fractions of potential

growth precursors, NH, (x = 0-2) and H,CN (x = 1,2).
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ions of NH and NH; increase by about an order of magnitude when Tj is raised to 1200
K, while the mole fraction of C,H, decreases as T is increased. The mole fractions of

CH,, N, HCN, and H,CN are weakly affected by the change of T§.

The gas composition is strongly affected by changing the inlet gaseous mixture
from NH3/CH4/H, to No/CH,. Without the introduction of H; or H at the inlet, the reac-
tions of the relatively stable species N, with other reactive species are inhibited until CHy
undergoes unimolecular decomposition to produce sufficient concentrations of H and

reactive carbon bearing species. This inhibits the formation of atomic nitrogen, which in

turn suppresses the reactions that produce NH, and H,CN species. Therefore, XNHxs and

Xp,cNs are much lower for No/CH, reactants than for NH;/CHy/H,. The dissociation of

N; to form other nitrogen bearing species is not strongly affected by the change in the
substrate temperature, while the amount increased more than 11 times when the inlet
temperature is increased from 2400 to 3300 K. When the inlet molecule ratio N,:CHy is
varied from 0.2 to 5, the dissociation amount of N, increases by a factor of 57. However,
the amount is most strongly dependent on the reactor pressure, increasing by a factor of
61 when P is increased from 0.76 to 76 Torr. The maximum degree of N, dissociation is

0.01% at a pressure of 76 Torr.

2.4 Conclusion

A model has been developed to investigate CVD growth of carbon nitride under
conditions representative of those used in published experimental studies. The model has

been applied to predict the gas phase chemistry, temperature and velocity profiles, poten-
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tial gaseous film growth precursors, and to evaluate the likelihood of bond rearrangement
occurring in the bulk phase or on the deposition surface subsequent to the adsorption of
the gaseous precursors.

The experimental results of Ricci et al. [14] and Zhang et al. [46] have been com-
pared to the model predictions to investigate the most likely gaseous species leading to
carbon nitride film growth, and to examine the degree to which bond rearrangement
occurs subsequent to adsorption of the precursors. Also, the model has been applied to
investigate the effects of various operating conditions—the inlet and the substrate tem-
peratures, the reactor pressure, and the inlet gas composition—on the near-surface con-
centrations of potential gaseous film growth precursors.

When the calculated gas composition due to assumed carbon nitride growth species
are compared to the experimental data of Ricci et al. [14], no correlation between bond
types of presumed growth precursors adsorbing on the surface and bond types in the film
is found. The bond types measured in the experimentally grown film must therefore result
from chemical bond rearrangement occurring after the gaseous precursors are adsorbed.

Calculations are also performed for the experimental conditions of Zhang et al. [46]
to identify the most probable growth precursors. The carbon nitride growth rates are
calculated by using sticking probabilities chosen for presumed growth precursors. The
carbon contribution to the film growth is dominated by C and CHj; species with much

smaller contributions from CH, and C;H,. The sum of film growth rates due to the carbon

bearing species at Xg. = 0.1 matches the 1.2 um/h growth rate reported by Zhang et al.

However, atomic nitrogen is the primary nitrogen bearing species responsible for the film

growth with much smaller contributions of other assumed growth species NH, NH,,
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HCN, and H,CN, and the predicted film growth rate for atomic nitrogen is always greater
than 1.2 wm/h for the operating conditions used in the calculations.

When calculations are performed for different inlet gas compositions, the near-
surface concentrations of potential gaseous film growth precursors are strongly affected
by changing inlet gas composition. Molecular nitrogen is not a promising nitrogen source
for carbon nitride growth via CVD due to the negligible dissociation amount of the
molecule. The concentrations of potential growth precursors are also strongly dependent
on the reactor pressure. In the calculations done here, the dissociation degree of N is
maximized at P = 76 Torr. The effects of different inlet temperatures on the near-surface
concentrations of potential growth precursors are not significant, while the near-surface
concentrations are found to be a function of the substrate temperature.

In this investigation, a detailed study of carbon nitride CVD from the reactant
gaseous mixture CH4/NH3/H, has been carried out to identify the range of operating
conditions in which carbon nitride can be deposited from probable film growth precursors,
since the negligible dissociation amount of N, has limited the use of this species as a
nitrogen source. The relative contributions of potential film growth precursors to carbon
nitride deposition are determined by their mass fluxes at the deposition surface. The high
growth rates predicted with gaseous precursors C, CHs, and N strongly suggest that
carbon nitride is deposited through two separate reaction sequences—one involving the
contribution of carbon bearing species C and CHj; and the other the contribution of
N—that occur in parallel. For the range of operating conditions considered here, signify-
cant variation of precursor near-surface concentrations is predicted to occur, depending

on substrate temperature, reactor pressure, and inlet gas composition. An increase in the
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substrate temperature from 300 to 1200 K leads to a transition of the most probable
carbon bearing precursor from C to CHs. However, the near-surface concentration of the
primary nitrogen bearing species, N, is only weakly dependent on substrate temperature.
As the reactor pressure is decreased from 76 to 0.76 Torr, the significant increase in the
film growth rate can be explained by the increase in the near-surface concentrations of all
three potential film growth precursors, C, CHs, and N. In examining the dependence of
the precursor near-surface concentrations on inlet gas composition, it is found that the

concentrations of C and N are maximized when Xy.. = 0.25 and XH+H2°<, = 0.98. However,
as either Xg.. or XH+H2°° decreases, the primary carbon bearing species for carbon nitride

growth changes from C to CHs. A transition in the film composition from a CN, film

deficient in nitrogen to stoichiometric 3-C;Ny4 can be accomplished by increasing the

near-surface concentration of N through use of a high NH;:CH4 inlet molecule ratio.
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Chapter 3

A KINETIC MODEL OF DIAMOND NUCLEATION AND SILICON CARBIDE

INTERLAYER FORMATION DURING CHEMICAL VAPOR DEPOSITION

3.1 Introduction

Experimental observations [1-41] indicate the presence of an intermediate layer on
a non-diamond substrate surface during nucleation and the early stages of diamond
deposition in chemical vapor deposition (CVD) processes. It is believed that intermediate
layer formation enhances diamond nucleation densities [2,3,42-44] and thus strongly
affects the morphology [2,3,42] and orientation [23,28] of diamond films subsequently
grown on the intermediate layer. When silicon is used as a substrate for diamond CVD,
investigators [14-41] have reported that silicon carbide is the predominant form of the
intermediate layer. The formation of SiC intermediate layers during diamond CVD is also
supported by quasi-equilibrium thermodynamic predictions [45,46].

It is generally accepted that the SiC intermediate layer is very thin, often in the
range of 1 to 10 nm [14,16-18,20,30,34,35]. For example, Sun et al. [34] reported the
presence of B-SiC intermediate layers between diamond films and Si substrates in hot-
filament CVD (HFCVD) reactors under conditions of 0.5 mol-% inlet CH,4 in H;, 75 torr,
filament temperatures between 2473 and 2673 K, and substrate temperatures between 973
and 1273 K. Thin layers of B-SiC, 1 to 10 nm, were observed in the earliest stages of dia-

The text of Chapter 3 consists of manuscript which has been submitted for publication in
thin Solid Films.
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mond deposition. Jiang et al. [30] detected an intermediate layer composed of amorph-
ous and crystalline $-SiC, approximately 10 nm thick, at the interface between a diamond
film and a Si substrate in a HFCVD reactor under conditions of 1.0 mol-% inlet CH, in
H, and substrate temperatures between 973 and 1173 K. Belton et al. [17] observed that a
SiC intermediate layer thicker than 9 nm developed before diamond could be detected in
a HFCVD system using 0.2 mol-% inlet CHy in H; carrier gas. Stoner et al. [20] reported
the formation of amorphous SiC intermediate layers of 1 to 10 nm thick prior to diamond
growth using a microwave plasma-assisted CVD (MW PACVD) reactor. The existence
of a SiC intermediate layer, approximately 10 nm thick, was also observed in a diamond
growth experiment on a Si substrate using MW PACVD by Meilunas et al. [14]. Jubber
and Milne [35] reported 5 nm SiC intermediate layers in MW PACVD of diamond.

A variety of CVD techniques are used in the vexperimental study of the formation of
SiC intermediate layers during diamond CVD. Among these techniques, HFCVD is pro-
bably the easiest method to understand experimentally and conceptually, as well as one of
the simplest and most reproducible methods for diamond deposition at low pressures.
Therefore, HFCVD is often used to investigate the nucleation and subsequent growth of
diamond on a variety of substrates [47].

In a typical diamond HFCVD process, a gas mixture containing small amount of
CH,4 in an excess of H; enters a reactor and flows past a high temperature filament. In the
gas phase, CH,4 undergoes pyrolysis reactions leading to a distribution of species that
includes carbon atoms, hydrocarbon radicals, and stable hydrocarbon species. Gaseous
hydrocarbon species flow toward the deposition surface, cooled to temperatures between

973 and 1273 K, and impinge on the surface. Some of hydrocarbon species colliding with
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the surface are adsorbed, while adsorbed hydrocarbon species may desorb back into the
gas phase. On the surface, adsorbed carbon atoms diffuse along the surface or into the
bulk SiC intermediate layer. Diamond nucleation occurs on the upper surface of the inter-
mediate layer due to the surface diffusion of adsorbed carbon atoms and reactions leading
to cluster growth. The bulk diffusion of adsorbed carbon atoms leads to the formation and
subsequent growth of the SiC intermediate layer, and that layer growth is terminated
when the number of adsorbed carbon atoms is saturated to the extent that diamond nuclei
form and grow at the expense of intermediate layer formation.

The formation of polycrystalline SiC films by Si out-diffusion from the Si substrate
has been also observed by a number of investigators [34,48-60] during SiC carbonization
processes. Without introducing Si-bearing precursors to the system, SiC films were depo-
sited on Si substrates using a variety of hydrocarbon species, including CH, and C;3Hsg,
diluted with H,. The polycrystalline SiC film formed by Si out-diffusion is distinguished
from the SiC intermediate layer formed during diamond deposition by its surface rough-
enss, layer thickness, and void formation. With increasing substrate temperature and de-
creasing inlet hydrocarbon concentration, the SiC film usually has larger saturated
thickness, up to hundreds of nanometers, and rougher surface morphology than those of
the intermediate layer in a diamond CVD system. Further, the out-diffusion of Si atoms
results in the formation of inverted pyramid-like voids in the Si substrate during
carbonization. These observations suggest that the polycrystalline SiC film is formed by
out-diffusion of Si atoms from the Si substrate and further reaction of Si atoms with

hydrocarbon species on the growth surface. The SiC film growth continues until Si atoms
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can no longer diffuse to the surface through the SiC film at rates that sustain the film
growth, and the thickness of the film then asymptotes to a saturated value.

However, the presence of polycrystalline SiC films formed by Si out-diffusion is
generally observed at higher substrate temperatures than those present during SiC inter-
mediate layer growth in diamond CVD. Experimental results indicate that substrate
temperatures between 1273 and 1683 K are generally required to grow polycrystalline
SiC films by Si out-diffusion. The upper limit on the substrate temperature, 1683 K, is the
melting temperature of the Si substrate [61]. Sun et al [34] conducted an experimental
study comparing substrate temperatures for the growth of SiC intermediate layers by C
bulk diffusion and polycrystalline SiC films by Si out-diffusion. They observed diamond
deposition on very thin SiC intermediate layers at substrate temperatures between 973
and 1273 K. No thin SiC intermediate layer, however, was observed at higher substrate
temperatures between 1273 and 1473 K. Instead, only polycrystalline SiC films were
grown without further diamond deposition on the SiC films during less than 1 h de-
position time. A possible explanation would be that, although the Si out-diffusion is
significant if the substrate temperature is relatively high, it is a secondary effect under
diamond nucleation conditions. Therefore, although the SiC layer could form either by
the bulk diffusion of adsorbed carbon atoms or the Si out-diffusion from the Si substrate,
the Si out-diffusion is negligible at deposition temperatures typical of diamond nucleation
in HFCVD reactors.

Accordingly, it appears that when a SiC intermediate layer develops at the interface
between a diamond film and a Si substrate, it is due to the bulk diffusion of carbon atoms

through the intermediate layer toward the Si substrate surface under the operating
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conditions conductive to diamond nucleation. Therefore, a model of the time evolution of
the intermediate layer requires knowledge of the amount of adsorbed carbon atoms
available for intermediate layer formation. This quantity may be calculated through the
consideration of both kinetics of diamond nucleation and intermediate layer formation.

Extensive experimental investigations [14-41] have revealed the existence of SiC
intermediate layers on Si substrates during diamond CVD; however, theoretical modeling
studies of intermediate layer formation are scarce, and the kinetics are not completely
understood. Attempts to describe the kinetic aspects of diamond nucleation processes
have resulted in the development of models predicting time evolution of the density and
rate of diamond nucleation in CVD processes [62-66]. The models captured the critical
features associated with diamond nucleation: impingement, adsorption and desorption,
surface diffusion, and diamond nucleation. Liu and Dandy [67] developed a theoretical
model to capture important physical aspects of diamond nucleation on carbide-forming
substrates during the incubation period and the transient nucleation stage in CVD pro-
cesses. Their model predicted the time evolution of the surface concentration of carbon
atoms, as well as the effects of substrate materials such as Si, Ta, W, Mo, Fe, and Ti,
surface diffusion, and adsorption state on the diamond nucleation.

Existing diamond nucleation models [62-67] can be applied to investigate the
formation of the B-SiC intermediate layer in diamond CVD by using the appropriate
kinetic mechanism—-one that includes impingement, adsorption and desorption, surface
diffusion, and diamond nucleation—associated with diamond nucleation. These models,

however, are limited in their ability to reproduce reported experimental observations of

intermediate layer formation. These models have been limited by resolving (i) interaction
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mechanisms of predominant hydrocarbon species with the surface of the intermediate
layer; (if) adsorption energies and bulk diffusion energies; (iii) the bulk diffusion mech-
anism of adsorbed carbon atoms into the intermediate layer; (iv) the mechanism for
intermediate layer formation; (v) effects of deposition parameters on intermediate layer
formation; and (vi) influences of the structure of the intermediate layer on diamond nucl-
eation.

The present study constitutes a theoretical examination of important aspects of the
formation of the B-SiC intermediate layer between diamond films and Si substrates dur-
ing nucleation and the early stages of diamond deposition. The purpose of this study is to
(i) predict the time evolution of a B-SiC intermediate layer under the operating conditions
conductive to diamond nucleation via HFCVD; (ii) determine the dependence of the time
evolution of the layer on operating parameters such as substrate temperature and inlet gas
composition; (i) compare the time scales associated with intermediate layer growth and
diamond nuclei growth; (iv) examine discrepancies in published adsorption energies of
gaseous hydrocarbon precursors on the B-SiC (100) surface and then determine the most
reasonable value of the adsorption energy consistent with published experimental data for
intermediate layer thickness; and (v) discern, quantitatively, the operating conditions that
lead to intermediate layer growth followed by diamond deposition versus those that yield
heteroepitaxial diamond nucleation without intermediate layer formation.

In the current study, a model is developed to investigate the formation of the B-SiC
intermediate layer during nucleation and the early stages of diamond deposition in HF-
CVD reactors. The model is based on an existing diamond nucleation model dealing with

problems related to impingement, adsorption and desorption, surface diffusion, and
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diamond nucleation. The existing model is modified here to capture mechanisms for both
intermediate layer formation and diamond nucleation on the intermediate layer through
the introduction of additional kinetic information such as adsorption energies and sticking
coefficients of gaseous hydrocarbon species on the B-SiC (100) surface, bulk diffusion
energies and mechanisms of adsorbed carbon atoms through defects of the intermediate
layer, and time-dependent growth mechanisms of the intermediate layer and the diamond

nucleus.

3.2 Model Description

A kinetic mechanism—including gas-phase and surface reactions, impingement,
adsorption and desorption, surface and bulk diffusions, diamond nucleation, and B-SiC
intermediate layer formation—is built on an existing diamond nucleation model with
detailed information of adsorption energies, bulk diffusion energies, and sticking co-
efficients. In particular, the near-surface concentrations of gaseous hydrocarbon species
are determined under the operating conditions conductive to diamond nucleation in
HFCVD reactors. The predominant hydrocarbon species impinge on the surface, and the
adsorption rates of these species are determined by the impingement rates and the
sticking coefficients of the species on the deposition surface. Desorption of adsorbed
hydrocarbon species then occur with a desorption rate determined by a representative
residence time. Hydrogen is sequentially removed from adsorbed hydrocarbon species,
and adsorbed species dissociate to carbon atoms before these atoms diffuse along the

surface or into the intermediate layer. In the present model, B-SiC (100) is assumed to be
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the intermediate layer, and the surface radical sites of the intermediate layer are consi-
dered for surface reactions.

The bulk diffusion of adsorbed carbon atoms through the SiC layer leads to continu-
ed intermediate layer growth. Initially the surface is (100) silicon, and after the adsorbed
carbon reacts with the surface to form [-SiC. The adsorbed carbon atoms diffuse to reach
the interface between the intermediate layer and the Si substrate, and react with Si to
form B-SiC. Intermediate layer growth effectively ceases when the surface density of
adsorbed carbon atoms is saturated to the extent that diamond nuclei form and grow at
the expense of intermediate layer formation. In the current model it is assumed that
reactions at the interface between the SiC intermediate ]Jayer and the Si substrate are rapid
relative to the bulk diffusion rate of adsorbed carbon atoms. The Damk&hler number is
estimated at the reaction rate coefficient and the bulk diffusion coefficient, and it is found
to be 10" to10%, depending on substrate temperature in the range of 973 to 1273 K.
Under this circumstance the formation of the B-SiC intermediate layer is controlled by
the bulk diffusion rate.

The large lattice mismatch at the interface (= 22%) between the B-SiC intermediate
layer and the Si substrate promotes dislocations, and the spacing between dislocations is
the order of only few lattice constants. As the B-SiC intermediate layer grows, defects
develop through the intermediate layer due to the high density of interface dislocations.
Of the various defect types, grain-boundary defects and lattice vacancy defects are exp-
ected to be the primary routes for the diffusion of carbon atoms into the bulk B-SiC
intermediate layer [68]. The predicted diffusion rates of carbon atoms through these two

types of defects are then compared to identify the dominant bulk diffusion route.
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The surface diffusion of adsorbed carbon atoms leads to the formation and subse-
quent growth of diamond nuclei on the upper surface of the evolving B-SiC intermediate
layer. During the initial stages of diamond nucleation, the nuclei may either grow or
shrink depending on kinetic and thermodynamic conditions. When the number of carbon
atoms present in the diamond nucleus exceeds a certain critical number i, the nucleus is
considered to be stable and will continue to grow. A diamond nucleus containing i carbon
atoms is referred to as the critical nucleus, and all larger nuclei containing at least i + 1
carbon atoms are referred to as the stable nuclei. The growth of nuclei is the result of the
surface diffusion of adsorbed carbon atoms. The surface density of stable nuclei increases
with time and eventually reaches a saturated value. The saturated surface density of stable
nuclei may be determined by calculating the depletion of adsorbed carbon atoms due to
the growth of nuclei existing within the area equal to the square of the average surface
diffusion length. With further growth after the saturation value, the stable nucleus size
grows continuously without further changes in the surface density of stable nuclei, and
later the surface density decreases due to the coalescence between nuclei. A continuous
diamond film is formed on the upper surface of the B-SiC intermediate layer when iso-
lated nuclei grow continuously and eventually coalesce.

A model is developed to predict 3-SiC intermediate layer formation and transition
to diamond nucleation. In the present study, it is not necessary to model the system up to
the point of nuclei coalescence because intermediate layer growth rate is negligible long
before diamond nuclei coalescence. Because of this the early stages of diamond de-
position—until growing diamond nanocrystallites cover a small surface area, up to 1% of

the overall surface area of the B-SiC intermediate layer—is considered. When growing
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diamond nuclei cover less than 1% of the surface area of the intermediate layer, it is not
unreasonable to assume that the growth of diamond nuclei is in its earliest stages. The -
SiC is considered as the surface material in the present model, and thus the model
provides a quantitative estimate of the surface adsorption occurring only after a contin-
uous B-SiC layer forms on the Si substrate surface. The surface detachment of diamond
clusters containing more than one atom is not taken into account, since desorption
energies of these clusters are expected to be much larger than adsorbed carbon atoms.
Further, the clusters containing more than one carbon atom are not considered to be
mobile [69], and therefore only carbon atoms are assumed to diffuse along the surface to
form diamond nuclei.

A set of rate equations describing the kinetic behavior of adsorbed carbon atoms
and diamond nuclei, can predict the time evolution of the surface densities of carbon
atoms and diamond nuclei on the surface. The time evolution of the surface density of
adsorbed carbon atoms is determined by the adsorption rates of gaseous hydrocarbon
species, the desorption rates of adsorbed hydrocarbon species, the capture rates of ad-
sorbed carbon atoms by stable nuclei and critical nuclei, and the bulk diffusion rates of

carbon atoms into the 3-SiC intermediate layer, and is expressed as

an g _m@

—L=R, —c,D,n (), () — (i +1o,D,n (D, ()~ R, , 1)

s
where n; is the surface density of adsorbed carbon atoms, R, is the overall adsorption rate

of carbon atoms from CHj and C,H,, 1, is the residence time of adsorbed hydrocarbon

species, D; is the surface diffusion coefficient of adsorbed carbon atoms, i is the size of

critical nuclei, n; and n, are the surface number densities of critical and stable nuclei, R, is
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the bulk diffusion rate of carbon atoms into the SiC intermediate layer, and ©; and o,
which describe surface diffusion flows of adsorbed carbon atoms to critical and stable
nuclei, are the capture numbers and the values are chosen at 4 and 5, respectively [67].
The time evolution of the surface density of stable nuclei is given by

dn.
-L’;; =6.D.n, (), (7). )

The surface density of critical nuclei depends on the number of atoms present in each

seed and can be expressed as

1 . .
n.=—mi{x—1 X>1
1 2 1( )

and n, =0 I<x<i. 3)
The critical nucleus size, i, has been predicted to be between 5 and 8 carbon atoms [70].
However, in that study the desorption of diamond clusters was not considered, so the
actual critical nucleus size is expected to be slightly larger than the predicted range;
therefore, it is assumed in this study that a critical nucleus contains 10 carbon atoms. Not
coincidentally, this is also the number of carbon atoms in the diamond structure of the
boat-boat conformer of bicyclodecane. As such, the critical nucleus size is chosen to be
10 carbon atoms, and all larger nuclei containing more than 10 carbon atoms are con-
sidered to be stable. The average stable nucleus size depends on the surface density of

adsorbed carbon atoms,
=o,D ' d 4
xX=0; sjonl(t) t. C))

The overall adsorption rate of carbon atoms, R,, is determined by accounting for the

impingement rates, Ry, and the sticking coefficients, v, of the predominant gaseous
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hydrocarbon species, assumed to be CH3 and C,H; for the operating conditions used in

this study, with the surface radical sites, such that

R = Rimpv . (5)

a

The impingement rate, Ry, represents the number of carbon atoms present in the
predominant hydrocarbon species colliding with the surface per unit time and area and is
given by [67,71]

. N,P

imp :.]

P
=3.513x10% j——, (6)
27IMRT JMT

where j is the number of carbon atoms present in the predominant hydrocarbon species,
either 1 or 2 in the calculations, N4 is Avogadro’s number, P (torr) is the near-surface
partial pressure of the hydrocarbon species, M is the molecular weight of the hydrocarbon
species, R is the universal gas constant, and 7 (K) is the gas temperature at the surface,
assumed to be same as the substrate temperature.

For a particular set of operating conditions, the near-surface partial pressures of the
gaseous hydrocarbon species are computed through numerical solution of the differential
equations describing flow, heat, and mass transfer in a pedestal reactor geometry. A
stagnation flow program [72], together with Fortran packages called Chemkin-III [73]
and Surface Chemkin [74] for analysis of gas-phase and surface chemical kinetics, is
used to predict the near-surface composition. Multicomponent transport properties for the
gas phase are calculated using a Fortran computer program [75]. The reversible gas-phase
reactions used in the present study are based on an established pyrolysis mechanism [76].
The surface reactions in the model incorporate the roles of atomic hydrogen on the
activation and termination of the surface radical sites. It is assumed that the rate coe-

fficients of the activation and termination reactions on a carbon-terminated surface are
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applicable to a SiC surface. Since atomic hydrogen is extremely reactive it is expected
that this assumption is reasonable, even though the surfaces are not chemically identical.
The rate coefficients are predicted by Battaile et al. [77] for diamond deposition and
shown in Table 3.1.

Table 3.1 Simplified surface reaction mechanism for atomic hydrogen adsorption and
abstraction on Si surface radical sites”.

Reaction A B E
SiH(S) + H & Si(S) + H, 1.3x10™ 0.0 7300.0
Si(S) + H <> SiH(S) 1.0x10" 0.0 0.0

* Arrhenius parameters in form k; = ATﬁexp(—E/RT) in units (A in moles, cubic centime-
ters, and seconds; E in calories per mole). The surface radical site is represented by (S).

The sticking coefficient, v, is defined as a probability of a certain reaction process
when a given collision occurs. Calculations of the gas-phase composition in the stag-
nation flow geometry indicate that the near-surface gas-phase concentrations of CH; and
C,H; are significantly higher than other hydrocarbon species; therefore, these are the only
two hydrocarbon species considered as film growth precursors. At 7y = 1200 K the
sticking coefficients for CH; and C;H; are 0.24 [77] and 0.02 [78]. Since no data is
available for reactions of gaseous CHj; and C,H; species with the surface radical sites of
B-SiC, the sticking coefficient for CHj; is based on the reaction of this species with carbon
surface sites, and the sticking coefficient for C;H, is taken from a study of C,H, adsor-
ption on silicon surfaces.

The desorption rate of hydrocarbon species is accounted for using the average resid-

ence time of each species. The residence time, 7;, is a measure of how long, on average,
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an adsorbed hydrocarbon species remain on the surface before desorbing back into the

gas phase. This quantity may be calculated as [67,71]

1 E,
T, = V—exp[ T j, @)

where v, is the effective surface vibrational frequency of adsorbed species (assumed to be

10" 57! in this study [67]), E, is the adsorption energy, k is Boltzmann’s constant, and 7
is the substrate temperature. Since there is uncertainty regarding the actual value of the
adsorption energies of CH; and C,H, on the B-SiC (100) surface, a range of adsorption
energies are selected from the literature for the Si (100) surface [79,80] and the Si-surface
of B-SiC (100) [81], as shown in Table 3.2. These values are tested in the model to deter-

Table 3.2 Adsorption energies and surface residence times of CH3 and C,H, for Si (100)
and B-SiC (100) surfaces.

Adsorbed species E, (eV/atom)® 15 (s)°
CH; 1.437 9.91x10
2.86" 1.03x10!
3.29%0 6.58x10°
CHs 1.737 1.80x10°¢
3.457 3.09%x10'
4.61% 2.30x10°

* The adsorption energy is assumed to be the same as the desorption energy.
® The surface residence time is calculated for a substrate temperature of 1200K.

mine the most reasonable value of E, that is consistent with reported experimental
measurements for intermediate layer formation. For T, = 1200 K, the residence times

determined from the adsorption energies range from 9.9x10™ s for E, = 1.43 eV to

2.3x10°% s for E, = 4.61 eV, as shown in Table 3.2. Although the actual residence time
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may range from below 1 ns to several hours, depending on the adsorption state, adsor-
ption energy, and substrate temperature [67], the predicted value of 7, corresponding to
E,=4.61 ¢V is orders of magnitude above what is accepted as realistic in diamond CVD.
However, by considering adsorption energies in the range 1.43 < E, <4.61 eV and using
the present model to calculate the saturated surface density of stable diamond nuclei and
the final thickness of the 3-SiC intermediate layer, it will be possible to identify the most
probable value for E,,.

An adsorbed carbon atom will not necessarily remain on its initial surface site, but
may diffuse along the surface or into the bulk of the intermediate layer. The surface diffu-

sion coefficient Dy is given by [67,71]

E.
D, = 2 expl —— |, )
N, kT,

where o is a constant and assumed to be Y4 for two-dimensional diffusion [82], v, is the

effective vibrational frequency for the surface diffusion of adsorbed carbon atoms and is
assumed to be equal to v,, Ny = 1.05x10" cm™ is the total surface site density of B-SiC,
and E; is the activation energy for the surface diffusion of adsorbed carbon atoms. The
value of E; is predicted to be between one-sixth and one-half of E, [83,84]; in the current
study the value of E,/2 is used.

Adsorbed carbon atoms diffuse along the surface during their residence time before

desorbing. The average surface diffusion length, A, of adsorbed carbon atoms is given by

2
a E,
A=42DT; :\/Texp( T J, ©))
N
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where the lattice constant of B-SiC is a = 4.36x107% cm. Using this result the saturated

surface density of stable nuclei, Ny, is determined by [85]

Nya?® E
N, = ;f = 4N, exg(— o ) (10)

s
where the reactive site density, Ny, is 2/a® for a face centered cubic (fce) lattice structure.
The bulk diffusion of adsorbed carbon atoms occurs through defects such as grain
boundaries and lattice vacancies and is expected to be the primary route for the formation
and subsequent growth of the -SiC intermediate layer [68]. The diffusion coefficients

associated with grain boundary and lattice vacancy transport are expressed as [68]

B 7 5.84
Dg =4.44x10 exp[—k—}

(11)
D, =2.62x10% exp(—k'—}

s
respectively, where the activation energies in the exponents are eV/atom. The pre-expon-
ential constant and activation energy parameters in the expressions in Eq. (11) contain
significant uncertainties, roughly 60%. However, the range of bulk diffusion coefficient
values resulting from these uncertainties are not considered in the present study; there are
no clear data indicating that the expressions in Eq. (11) should be used to obtain more
than an order of magnitude estimate for bulk diffusion coefficients. Further, the activation
energy for grain boundary diffusion is less than two-third of the corresponding value for
lattice vacancy diffusion, and as a result the diffusion coefficient for grain boundary
transport is predicted to be eleven orders of magnitude greater than that for lattice vac-
ancy at Ty = 1200 K. Consequently, grain-boundary diffusion is assumed to be the only

diffusion mechanism for bulk transport of carbon atoms in the SiC intermediate layer.
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Assuming that the grain boundaries are oriented perpendicularly to the surface and
that these boundaries are uniformly distributed throughout the bulk phase of the interme-
diate layer, the bulk diffusion coefficient, D;, can be approximated as

8
D, zDgT”, (12)

where §, is the average width of grain boundaries, assumed to be 5 A [86,87]. This value
is also similar to the lattice constant of B-SiC (100), 4.36 A. The average distance bet-
ween individual grain boundaries, [, can be approximated as [ = d/f, where d = 3.08 A is
the distance of nearest atoms on the B-SiC (100) face, and f = 0.22 represents the lattice
mismatch between B-SiC and Si.

The bulk diffusion rate R; of adsorbed carbon atoms into the B-SiC intermediate

layer is predicted using Fick’s first law of diffusion, assuming the bulk diffusion through
a semi-infinite slab [88]:

R,=C,.|—-, (13)

where C, (atom/cm®) is the volume concentration of adsorbed carbon atoms in the bulk
near the gas-solid interface and is given by C; = ni/a. [67], where a. = 1.54 A is the
diameter of a carbon atom.

Given that the total number of carbon atoms diffusing into the -SiC intermediate
layer in time ¢ is given by

M, =j;Rddt, (14)

the B-SiC intermediate layer thickness, L, at any time ¢ can be calculated as
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2:n, |D,-t (15)
a.-C\V =n ~

L: t___
C*

where C* = 4.83x10%* C atom/cm? is the surface density of carbon atoms necessary to
form a stoichiometric B-SiC intermediate layer and n, ; is the surface density of adsorbed
carbon atoms chosen at the saturation value of the surface density of stable nuclei, n; =
m, and n, = N, at ¢t = t,, When the surface diffusion length is of the same order of
magnitude as the average distance between clusters and is decreased as the cluster size
increases, the surface density of adsorbed carbon atoms is monotonously decreased as the
cluster size increases after ¢ = f,; until nuclei coalesce. Nevertheless, since the nucleation
regime terminates well before the onset of coalescence, and the stable nuclei are occupied
very small portion of the surface during the nucleation, the dependence of the surface
diffusion length on the cluster size increase is so small that n; is not appreciably changed
during the nucleation and the intermediate layer growth concerned in this study.

There is evidence in support of the supposition that the intermediate layer growth
effectively ceases during the early stages of diamond deposition [14,17,20,34]. To confi-
rm that this hypothesis is reasonable, calculations are performed under different
conditions to compare the time scales associated with intermediate layer growth and
diamond nuclei growth. The time scale for diamond nuclei growth is represented by the
time evolution of the surface area, S, covered by growing diamond nuclei. The van der
Drift model [89,90] is applied to predict the S value. The time evolution of S is
determined from the lateral growth velocity of diamond nuclei, V;, the average distance
between individual diamond nucleus, dp, and the saturated surface density of stable

nuclei. A value for V; is calculated from a model based on the growth rate parameter, 0i3p
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= «/5 Vioo/ V111, where Vigo and V) are the growth velocities of the {100} and {111}
faces on a diamond nucleus. In typical diamond CVD processes two crystal faces, {111}
and {100}, are commonly observed, whereas the fastest growing {110} face is not as
prevalent. Thus, the nuclei evolution model can be simplified to the growth of two-
dimensional nuclei, where the appropriate growth rate parameter, Ozp, 1s related to the
ratio of the growth velocities of the {10} and {11} faces on a diamond seed. The two-
dimensional parameter is defined as op = «/5 Vio/Vi1, where Vg and Vy; are the growth
velocities of the {10} and {11} faces [91]. Once Vi, is calculated from known values of

Opp and Vi corresponding to specific growth conditions, the average growth velocity
onto the lateral surface, V;, is determined to be a same magnitude of Vjy. Choosing the

operating parameters such as 7y = 1200 K and the inlet mole fraction of CH4 in Hy X oy A

= (.02, the values of the growth velocity of the {10} face, Vyo, [77] and the two-
dimensional growth parameter, O,p, [90] are adopted from the literature. The average

distance between individual diamond nucleus, d, is calculated from the saturated surface

density of stable nuclei N;.
3.3 Results and Discussion

For the calculations carried out in this study, the operating conditions typical of

diamond nucleation in HFCVD reactors are chosen as follows: reactor pressure P = 50
torr, inlet gas flow rate U« = 300 sccm, distance from the substrate surface to the fil-

ament D = 0.5 cm, and filament temperature 7y = 2500 K. Calculations are performed for
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two different substrate temperatures, Ty = 1000 and 1200 K. The operating conditions

used in the present calculations are summarized in Table 3.3. Calculations are also perfo-

Table 3.3 Operating conditions used in the present calculations.

Total gas pressure 50 torr

Inlet gas velocity 1.0 cm/s

Filament temperature 2500 K

Distance from substrate surface to filament 05cm

Substrate temperature 1000, 1200K

Inlet mole fraction CH, H, H
0.005 0.906 0.089
0.010 0.935 0.055
0.020 0.949 0.031
0.040 0.943 0.017

rmed for different inlet compositions by varying the inlet mole fraction of CHy in

Hy, Xy, » from 0.005 to 0.04. To obtain an estimate of the degree of heterogeneous H,

dissociation on the surface of the 2500 K filament, a linear filament poisoning model is
applied [92].

The mole fractions of the predominant gaseous hydrocarbon species at the depo-
sition surface and the overall adsorption rate of carbon atoms are evaluated for different
substrate temperatures and inlet compositions, and listed in Table 3.4. The mole fractions
are determined by computing the gas-phase velocity, temperature, and concentration
profiles in an idealized stagnation flow geometry [92]. It is predicted that hydrocarbon

species such as CH; and C,H, are present at the surface in sufficiently large con
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centrations to be considered as the predominant precursor species. For example, when the

near-surface concentrations of CH; and C,H; are compared to the other CH, and C2Hy

Table 3.4 Calculated mole fractions of predominant gaseous hydrocarbon species at the
deposition surface and overall absorption rate of carbon atoms.

Operating parameters Mole fraction Overall adsorption rate R,
Substrate temperature CH; CH,
1000K 1.34x107 5.47x107 6.34x10'® cm™
1200K 1.22x107 4.64x107 5.15x10"® cm™
Inlet mole fraction of CHy CH; CoH,
0.005 8.61x10™ 2.59x107 3.37x10"% cm™
0.02 1.62x107 6.63x107 7.01x10'® cm™
0.04 1.92x107 6.67x107 7.86x10"® cm™

hydrocarbon species, the concentrations of these other species are always at least an order
of magnitude lower than those of CH; and C,H,. Because of this observation, hydro-
carbon species other than CH; and C,H; are not considered as growth precursors in this
study. Once the total impingement rate of carbon atoms is known from Eq. (6), the
overall adsorption rate may be calculated using Eq. (5).

The saturated surface density of stable nuclei, N, is calculated for different sub-
strate temperatures, 75, and adsorption energies, E,, using Eq. (10) as shown in Figure 3.1.
Two substrate temperatures, 1000 and 1200 K, are chosen to quantitatively probe the
sensitivity of N; to this parameter. For a specific substrate temperature, N; decreases
extensively as E, is increased from 1.43 to 4.61 eV. For example, for T, = 1200 K, N; is

predicted to be 4.2x10"%2 cm™ for E,=1.43 eV, but the nuclei density drops almost seven
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Figure 3.1 Saturated surface density of stable diamond nuclei, &;, for different adsor-
ption energies E, = 1.43 to 4.61 eV and substrate temperatures 75 = 1000 and 1200 K.
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orders of magnitude, to 8.8x10° cm™ when E, = 4.61 V. As the substrate temperature is

decreased from 1200 to 1000 K, N, also decreases because the surface diffusion rate of
adsorbed carbon atoms is slower at the lower temperature. The saturated nucleation dens-
ity of diamond obtained on untreated Si substrates is typically observed to be bellow ~10°
cm™ in diamond nucleation studies using HFECVD reactors [93]. For this upper bound of
N, = 10° cm™, the corresponding adsorption energy at 1200 K is calculated to be 4.6 eV
by Eq. (10). However, it has also been observed in HFCVD experiments that the
nucleation density of diamond monotonically increases with temperature until it reaches a
maximum value at a substrate temperature of 1223 K, and then decreases with further
increases in T, [94]. The inverse relationship between nucleation density and temperature
for Ty > 1223 K cannot be captured by the current model. In particular, the model is not
applied to substrate temperatures above 1200 K because at these higher temperatures
other carbon phases may appear, and the model is only applicable to describe the growth
of the diamond phase.

Figure 3.2 shows the saturated surface density of adsorbed carbon atoms, n;, and
the time required to reach saturation, #,, for different substrate temperatures and adsor-
ption energies. Because of the uncertainty in the value of the adsorption energy, three
different published adsorption energies for C,H; are used in the calculations. For a
specific adsorption energy, n; s and t; decrease extensively as 7 is increased from 1000 to
1200 K. At the higher substrate temperature, a larger surface diffusion rate, a larger
saturated surface density of stable nuclei, and a shorter residence time are all predicted.
The value of N; is principally affected by the surface diffusion rate, and is expected to

increase when the surface diffusion rate increases for a specific E,. The value of n, 5 incr-
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Figure 3.2a Saturated surface density of adsorbed carbon atoms, n,,, and time required
to reach saturation, t,, for different values of T;, Xy 4 and E,. Figure shows n;; vs. E,

for 7, = 1000 and 1200 K.
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Figure 3.2b Saturated surface density of adsorbed carbon atoms, n; 5, and time required
to reach saturation, f,, for different values of T, Xy 4 and E,. Figure shows n; vs. E,

for Xcy, =0.005,0.01, 0.02, and 0.04.
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Figure 3.2c Saturated surface density of adsorbed carbon atoms, n;,, and time required
to reach saturation, t,, for different values of Ty, Xy 4 and E,. Figure shows #; vs. E, for

T, = 1000 and 1200 K.
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Figure 3.2d Saturated surface density of adsorbed carbon atoms, n; ;, and time required
to reach saturation, #, for different values of Ty, Xy 4 and E,. Figure shows t; vs. E, for

X cp, =0.005,0.01, 0.02, and 0.04.
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eases with increasing E, for constant operating conditions because longer residence times
and lower surface diffusion rates are expected at larger E, values, and these lead to larger
ny s values. The time required to reach saturation is very short (< 1072 s) relative to the
total growth time of the intermediate layer, and larger saturated surface density of stable
nuclei leads to longer #;. Further, the time depends on surface diffusion rate, residence
time, saturated nucleation density, and operating conditions. However, the values of n; ¢
and ¢, are not affected appreciably by changes in the inlet mole fraction of CHy, as
demonstrated in Figures 3.2c and 3.2d.

The time evolution of the intermediate layer thickness, L, is determined for the three
different published E, values for C;H,, as shown in Figure 3.3. The calculations indicate
that a higher adsorption energy leads to a thicker intermediate layer due to a larger n; ; at

the upper surface of the intermediate layer. For T = 1200 K and Xcy, = 0.01, the

intermediate layer reaches thickness of 10.5, 0.6, and 0.0006 nm for E, = 4.61, 3.45, and
1.73 eV, respectively, during a 1h deposition time. There is evidence to support the hypo-
thesis that the B-SiC intermediate layer thickness becomes saturated during nucleation
and the early stages of diamond deposition [14,17,20,34]. Regarding the actual duration
of intermediate layer growth, reported times vary from minutes to hours, and this wide
range is attributed to implementation of different surface pretreatment methods and
operating conditions. For example, Stoner et al. [20] measured the growth time of an
intermediate layer in MW PACVD using x-ray photoelectron spectroscopy (XPS). The
data indicated that the intermediate layer thickness saturated after 1 h, and did so before
significant diamond nucleation could be detected. Belton et al. [17] also used XPS to

monitor interlayer growth in a HFCVD reactor and they observed a continuous increase
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Figure 3.3 Time evolution of the intermediate layer for E, = 1.73, 3.45, and 4.61eV
during a 1 h deposition time. Operating conditions are T, = 1200 K and Xcy = 0.01.

92

i ibi i ission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permi



in intermediate layer thickness for deposition times up to 4.5 h. However, Meilunas et al.
[14] reported that the intermediate layer thickness reached 10 nm after 5 min, while dia-
mond nanocrystallites were observed on the upper surface of the intermediate layer after
1 min. These disparate values for the saturation time of the intermediate layer thickness
led to the choice of an intermediate value of 1 h in the present study. Based on the studies
indicated above, a time of 1 h would appear reasonable for a bare silicon substrate with
little or no pretreatment.

For E, = 1.73 eV, the bulk diffusion rate of adsorbed carbon atoms is not sufficient
to initiate the formation of a $-SiC monolayer during a 1 h deposition time. As E, incre-
ases it is calculated that the thickness of the intermediate layer increases significantly. For
E, =3.45 eV, however, the intermediate layer thickness is much larger than for E, = 1.73
eV, and the thickness doesn’t reach 1 nm during a 1 h deposition time. When E, is further
increased to 4.61 eV, the intermediate layer thickness is predicted to be 1 nm within 33 s,
and reaches 10.5 nm during a simulated 1 h deposition time.

Figures 3.4 and 3.5 show the dependence of the time evolution of the intermediate
layer on the substrate temperature and the inlet gas composition for two different E,
values, 3.45 and 4.61 eV. As may be inferred using Eq. (11), the intermediate layer thi-
ckness is strongly dependent on substrate temperature for both values of E, due to a large
increase in the bulk diffusion coefficient for carbon diffusion into the intermediate layer.
When T increases from 1000 to 1200 K, the thickness increases 48 times for E, = 3.54

eV and 28 times for £, = 4.61 eV during a 1h deposition time. As Xy 4 18 raised from

0.005 to 0.04 for a constant 1200 K substrate temperature, the thickness increases from

0.52t0 0.79 nm for E, =3.54 ¢V and from 8.53 to 13.03 nm for E,=4.61 eV foralh
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Figure 3.5 Dependence of the time evolution of the intermediate layer on 7 and X CHy

for E; = 4.61 eV during a 1 h deposition time corresponding to the operating conditions
described in Figure 3.4.
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deposition time. Further, at the higher substrate temperature (1200 K) and inlet CH4 mole
fractions (0.02 to 0.04) the intermediate layer thickness reaches 1 nm within 24 s for E,
=4.61 eV. However, the calculated thickness decreases considerably at lower substrate te-
mperatures and higher diamond nucleation densities, and this result may readily explain
direct heteroepitaxial diamond nucleation on the Si substrate surface without intermediate
layer formation.

The time evolution of surface area, S, covered by growing diamond nuclei is deter-
mined from the lateral growth velocity, V;, of diamond nuclei and the average initial
distance, dp, between individual diamond nuclei for the given N;. The values of V; and dy

are estimated by determining the two-dimensional growth parameters, op, and the gro-

wth velocity of the {10} crystal face, Vjo. For T, = 1200 K and Xy 4= 0.02, a value for

the growth velocity, Vi = 0.5 um/h, is adopted from the literature [77]. The value for the
two-dimensional growth parameter, oip = 1.86, is also obtained from the literature [90]
for the same operating parameters. For this value of Vo, the calculated lateral growth
velocity of diamond nuclei is V; = 0.27 wm/h. Then, for the values of o,p and Vyp indi-
cated above, the saturated surface number densities of stable nuclei, N, = 9.9><10“,
2.4><108, and 8.8x10° cm‘z, corresponding to E, = 1.73, 3.45, and 4.61 eV, respectively,
may be used to calculate average initial distance between individual stable nuclei. For the

three different adsorption energies E, = 1.73, 3.45, and 4.61 eV, the distances are dy =

1x107%, 6.5x107°, and 1.1x107> cm, respectively.

Figure 3.6 shows the competition in rates associated with intermediate layer growth
and surface coverage of growing diamond nuclei. The time evolution of the intermediate

layer is determined assuming low surface area covered by diamond nuclei (< 1% surface
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Figure 3.6 Competition in rates associated with intermediate layer growth and surface
coverage of growing diamond nuclei for E, = 3.45 and 4.61 eV. Operating conditions are
T;=1200 K and Xcn, =0.02.
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area). For Ty = 1200 K and Xy, = 0.02, the time required to reach the point where

diamond nuclei cover 1% surface area is calculated to be 7.2 and 119.1 min for E, = 3.45
and 4.61 eV, respectively. At these times, the calculated intermediate layer thickness is
0.26 and 17.3 nm for E, = 3.45 and 4.61 eV, respectively, as shown in Figure 3.6. The
time evolution of the surface coverage determined for E, = 1.73 eV is distinctly different
than for the two higher E, values, and at the lowest adsorption energy it is predicted that
the diamond nuclei completely cover the intermediate layer within the first minute. How-
ever, such rapid nuclei growth has not been reported.

Comparing the present model results against a number of experimental studies
[14,16-18,20,30,34,35], the reported range for the saturated thickness of the -SiC inter-
mediate layer, 1 to 10 nm, are reproduced by the present model if E, is chosen to be in
the range of 3.7 to 4.5 eV. The present model results also indicate that the P-SiC
intermediate layer reaches its saturated thickness during the early stages of diamond
deposition, and that this saturated thickness is reached before the growing diamond nuclei
cover more than 1% of the intermediate layer surface. Because of this, it is possible to
predict the saturated intermediate layer thickness as a function of the operating conditions
without having to also consider the presence of the diamond nuclei on the upper surface

of the intermediate layer.

3.4 Conclusion

In the present study, a model incorporating gas-phase and surface reactions, surface
and bulk diffusion, and heterogeneous diamond nucleation kinetics is applied to predict

the time evolution of a B-SiC intermediate layer during the nucleation and the early
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growth stages of diamond growth under the operating conditions typical of diamond
nucleation in HFCVD reactors. The model also quantifies the dependence of the time
evolution of the layer on operating parameters such as substrate temperature and inlet gas
composition. The time scales associated with diamond nuclei growth and intermediate
layer growth are compared by calculating the rate competition associated with interme-
diate layer growth and surface coverage of growing diamond nuclei. Different published
adsorption energies of gaseous hydrocarbon species on the surface of the intermediate
layer—ranging from 1.43 to 4.61 eV—are tested to determine an adsorption energy value
consistent with the saturation times and final thicknesses (1 to 10 nm) reported in the
literature. Moreover, the operating conditions that typically lead to intermediate layer
formation prior to diamond deposition are compared with those conditions that yield
heteroepitaxial diamond nucleation without intermediate layer formation.

The present model results confirm that higher adsorption energies—3.45 and 4.61
eV-—Ilead to larger surface concentrations of carbon atoms, lower saturated nucleation
densities, and, therefore, larger B-SiC intermediate layer thicknesses. The saturated
nucleation density approximated for an adsorption energy of 4.61 eV is typically below
10® cm™, in agreement with the nuclei density values reported in the literature. For
operating parameters typical of diamond nucleation in HFCVD reactors, T; = 1200 K and

Xcu 4= 0.01, the calculated intermediate layer thickness for E, = 4.61 eV reaches 1 nm

within 33 s and 10.5 nm during a 1h deposition time. However, for E, = 3.45 eV, the
intermediate layer thickness is much less than for E; = 4.61 eV and does not reach 1 nm
during the same 1h deposition time. The intermediate layer thickness increases at higher

substrate temperatures and higher inlet hydrocarbon concentrations. The intermediate
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layer thickness dependence on substrate temperature is significant due to large increases
in the magnitude of the bulk diffusion coefficient for carbon diffusion into the interme-
diate layer with increasing substrate temperature. The calculations of the rate competition
associated with intermediate layer growth and surface coverage of growing diamond
nuclei reveal that the intermediate layer thickness becomes saturated at the higher adsor-
ption energies when growing diamond nuclei cover a very small fraction of the upper
surface of the intermediate layer. Comparing these calculated results to the literature, the
reported saturated thickness of the B-SiC intermediate layer, 1 to 10 nm, is predicted by
the model if the true adsorption energy is in the range of 3.7 to 4.5 eV. Further, the
significant decrease in the intermediate layer thickness at lower substrate temperatures
and at higher diamond nucleation densities may provide the explanation for direct
heteroepitaxial diamond nucleation on the Si substrate surface without intermediate layer

formation.
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Chapter 4

A MODEL OF MORPHOLOGY EVOULTION IN THE GROWTH OF

POLYCRYSTALLINE (-SiC FILMS

4.1 Introduction

One of silicon carbide polytypes, B-SiC, is considered as an excellent candidate for
use in high-power electronic applications. However, the difficulty in achieving single
crystal films and uniform surface texture via CVD has limited the possible application of
B-SiC.

The surface morphology of a continuous polycrystalline -SiC film is determined
by the reactor operating conditions, including the substrate temperature and the inlet gas
composition. At this time, the effects of these operating parameters on the resulting sur-
face morphology are not fully understood. An understanding of the relationships between
operating conditions and film morphology may lead to optimal yield of films that are
highly <100>-textured, with {100} facets.

The van der Drift model [1,2] represents a growth mechanism of continuous poly-
crystalline films from randomly oriented nucleated seed crystals. This model calculates
the crystallographic texture and the surface 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 fastest

The text of Chapter 4 consists of an article which appears in Diamond and Related
Materials 9 (2000).
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growth direction perpendicular to the substrate surface will overgrow all other orien-

tations and the orientation of the crystals are represented on the surface. The model is
expressed by the growth-rate parameter, Oi3p = \/5 Vio /V111 , where Vigo and Vi1 are the

growth velocities of the {100} and {111}-facets. The ozp value can be determined from
the texture of a continuous polycrystalline film, assuming the absence of secondary nuc-
leation and twinned crystals [2]. After the film growth rate, Vi, is determined, the
growth rate of {111} face, V11, can be calculated from the known values of oisp and Vygo.

During the past several years X-ray diffraction (XRD) has been used to determine
the effects of operating parameters on the polycrystalline B-SiC film orientation. Many
investigators [3-12] have reported XRD data for the growth of B-SiC films on Si(100)
substrates using atmospheric-pressure CVD and a SiH4, CsHg, H; inlet gas mixture.
Using XRD, these investigators have examined the dependence of $-SiC morphology on
substrate temperature and inlet Si:C atom ratio. Among them, Wu et al. [3] reported a
serial XRD pattern from polycrystalline B-SiC films grown at substrate temperatures
from 1263 K to 1433 K and an inlet Si:C ratio of 0.42. They found that, while the pre-
ferred orientation of continuous polycrystalline films was (111) at 1323 K with negligible
degree of (100) orientation, it changed to (100) by increasing the substrate temperature to
1433 K.

Since, two preferred surface orientations, {100} and {111}, are usually observed in
B-SiC atmospheric pressure CVD (APCVD) growth on Si(100) substrates using a silane-
propane-hydrogen inlet reactant gas mixture [3-12], the model can be simplified to the
growth of two-dimensional crystals from the growth of three-dimensional crystals. In

two-dimensional model, the growth-rate parameter, op, is w/E Vio /V11 , and Vip and Vq;

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



are the growth velocities of the {10} and {11} facets. This approach is restricted to the
situation where SiC is deposited on Si(100) substrates; when SiC is grown on Si(111),
{110} and {111} orientations are typically observed.

Although it has been possible in the present study to correlate the growth parameter
opp with operating conditions using published experiments, it has proven difficult to
extract consistent growth rate data from same body of work. In an attempt to quantify the
dependence of growth rate on deposition conditions, Allendorf and Kee [13] calculated
the SiC growth rate as a function of substrate temperature and Si:C inlet atom ratio
through the use of a detailed gas-phase and surface chemical kinetic mechanisms. Allen-
dorf and Kee considered steady-state, rotating disk APCVD of SiC from a SiH4 and C;Hg
mixture in H; carrier gas. Using the validated theoretical results of Allendorf and Kee, it

has been possible to obtain realistic values for the growth rate of (100)p-SiC, and these
are used, along with the experimentally-determined values of ¢;p, in a morphology evo-
lution model to study the effect of operating conditions on film texture and roughness.
The purpose of the present work is to predict the dependence of the surface mor-
phology of $-SiC films grown by CVD on substrate temperature and inlet atomic ratio of
Si to C, and to model the morphological evolution of the growing polycrystalline film. In
this study, -SiC APCVD films grown on Si(100) substrate with inlet gas mixture SiH;-
Cs;Hg-H; are considered. The growth rates of the films are calculated from a numerical
model applied to a pedestal reactor, using gas-phase momentum, mass, and energy
conservation equations containing detailed homogeneous and heterogeneous chemistry.

The growth rate parameter op is determined empirically from the texture of continuous

fB-SiC films reported in the literature [3-12]. Finally, a two-dimensional numerical model
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based on the growth-rate parameter 0;p and the film growth rate is used to simulate the

evolution of the surface morphology.

4.2 Model Description

A numerical model is applied to calculate growth rates of B-SiC films in stagnation
flow (pedestal) reactors. Calculations are also performed to determine the effects of oper-
ating conditions such as substrate temperatures and Si:C inlet atom ratio on the growth
rate. A computer program [14] is used to compute gas-phase composition, temperature
and velocity profiles, and deposition rates. The Fortran chemical kinetic codes called
Chemkin-III [15] and Surface Chemkin [16] are used for the analysis of gas-phase and
surface chemical kinetics. The gas-phase reaction and surface reaction mechanisms used
in the calculations are simplified from those reported by Allendorf and Kee [13]. The
gas-phase multicomponent transport properties are calculated by using a computer pack-
age [17].

The evolution of surface morphology of two-dimensional polycrystalline B-SiC fil-
ms is simulated by a two-dimensional numerical model, which is based on prescribed
values of the growth rate parameter 0p and the film growth rate, Vi¢. Initially, randomly
oriented seed crystals are placed at random locations on the substrate, and each face of

each crystal is propagated over a finite time step using the prescribed aip and Vj.

4.3 Results and Discussion

As stated in the Introduction, the values of 0p used in the study are based on

published XRD data taken from -SiC films grown on Si(100) using SiHy, C3Hg, and Hy.
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Those data were taken at substrate temperatures ranging from 1323 K - 1673 K, and inlet
Si:C atom ratios between 0.2 and 0.83. The experimental results indicate that the SiC
films have (100)-preferred orientations at substrate temperatures above approximately
1423 K and for inlet Si:C ratios between 0.3 and 0.83. In those studies, as long as the
inlet Si:C ratio was below unity, the resulting film orientation was relatively insensitive
to that parameter when the substrate temperature was above 1423 K. These observations
are consistent with thermodynamic calculations of the Si-C system, which predict that
optimum values of Si:C in the gas phase will be slightly less than 1 for single-phase
growth of SiC [18,19].
4.3.1 Simulations of Film Growth Rate

Although the surface reaction mechanism of $-SiC growth proposed by Allendorf
and Kee [13] is somewhat complex, the mechanism can be simplified if the goal is solely
to determine the growth rate. Numerical calculations have been performed to obtain a

simplified surface reaction mechanism for 3-SiC growth. The reaction rate of each ele-

mentary surface reaction has been evaluated to identify the predominant surface reactions
from the detailed surface reaction mechanism. It is found that, among carbon-containing
species, heterogeneous reactions involving CHy, C;H,, and C,H, are the most important,
and among the Si-containing gas species, the heterogeneous reactions involving SiH, and
Si are the most significant. The simplified surface reaction mechanism is listed in Table
4.1.

The growth rates have been calculated at different substrate temperatures that are to
be used in the two-dimensional morphology evolution model. In the model the substrate

temperature is varied between 1323 K and 1623 K. The upper limit of substrate temperat-
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Table 4.1 Simplified surface reaction mechanism.

Reaction A B E

H + Si(S) — Si(S)-H 2.180E+12 0.5 0.0
H+ C(S) — C(S)-H 2.180E+12 0.5 0.0
28i(S)-H —s 2Si(S) + H, 7.230E+24 0.0 61000.0
2C(S)-H — 2C(S) + H, 7.230E+24 0.0 61000.0
CH,4 + Si(S) — C(S) + Si(B) + 2H; 4.197E+07 0.5 0.0
CyHy + 25i1(S) — 2C(S) + 2H; + 2S5i(B) 9.367E+17 0.5 0.0
C,H; + 2Si(S) — 2C(S) + 2S1(B) + H; 1.216E+19 0.5 0.0
SiH; + C(S) — C(B) + SiHx(S) 6.120E+11 0.5 0.0
Si + C(S) = By(B) + Si(S) 6.334E+11 0.5 0.0
2CH(S) — 2C(S) + H; 2.250E+24 0.0 61000.0
2SiH(S) — 2Si(S) + H, 2.250E+24 0.0 61000.0
SiH,(S) — Si(S) + H, 2.912E+14 0.0 9000.0

Arrhenius parameters in form k; = ATBexp(-E/RT) in units (A in moles, cubic centimeters,

and seconds; E in cal/mole). The surface radical sites and bulk species are represented by
S and B.

ure 1623 K is chosen to avoid the melting point of the Si substrate, which is 1683 K [13].
Other operating conditions are chosen to match the experimental data of Wu, et al. [3].
The Si:C inlet atomic ratio is fixed at 0.42, a standard value. The inlet mole fractions of
SiH, and C;Hj are set to 2.0x10™ and 1.6x10*. The inlet mole fraction ratio of H,:(SiH,
+ C3Hg) is 2778.

The predicted growth rate of B-SiC as a function of substrate temperature is shown
in Figure 4.1. At lower temperatures, the strong dependence of B-SiC growth rate on
temperature indicates that the growth rate is surface reaction rate limited. The dominant
rate-limiting mechanism changes from the surface reaction rate to the mass transfer rate
as the substrate temperature increases. This growth rate dependence on the substrate

temperature is in reasonable agreement with the results of Wu et al. [3].
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Figure 4.1 Growth rate of B-SiC film as a function of the substrate temperature for
operating conditions: inlet gas temperature Tinee = 300 K; reactor pressure P = 760 Torr;
inlet axial velocity Ujnyer = 2.49 cm/s; distance between the inlet and the substrate surface

L =3 cm, and inlet mole fractions: Xy, =0.9964; X, =2x107% Xy, = 1.6x107™
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4.3.2 Simulations of Surface Morphology Evolution

From experimental data [3], it is concluded that the increase of the growth rate
parameter 0pp from 1 to 1.95 is due mainly to an increase in the substrate temperature
from 1323 K to 1423 K. The effect of Si:C inlet atom ratio on the 0;p is not considered
here because the experiments [3-12] indicate that, for inlet Si:C atom ratios ranging from
0.3 to 0.83, B-SiC films have (100) film texture for substrate temperatures above 1423 K.
The two-dimensional numerical model has calculated the surface morphology of poly-
crystalline $-SiC films based on the growth rate parameter ¢,p and the growth rate of 8-
SiC.

Figure 4.2 shows the surface morphologies and the film textures of continuous
polycrystalline B-SiC films for two different opp values: 1.0 and 1.95. The film thickness
in the Figure is normalized with respected to the average distance between initial
nucleated seed crystals, do. When 0zp is unity at the substrate temperature of 1323 K as
shown in Figures 4.2a and 4.2c, the facets on the thin film, 10 dy, surface in Figure 4.2a
are randomly orientated because, initially, nucleated seed crystals are placed with random
rotations across on the substrate surface. However, the film texture has mainly <11>
direction and this texture leads to mainly {11}-facets on the surface at the large film
thickness, 260 dj, in Figure 4.2c. When 0ipp is 1.95 at the substrate temperature of 1423 K
as shown in Figures 4.2b and 4.2d, small fraction of {10}-facets is observed at the thin
film in Figure 4.2b. The formation of {10}-facets is increased as the film is thickening in
Figure 4.2d.

Figure 4.3 shows the dependence of the surface roughness in the average peak-to-

valley height on the film thickness and o;p value. The surface roughness significantly in-
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Figure 4.2  Film morphology predicted by two-dimensional numerical model. The
average distance between nucleated seed crystals is represented as dy. Figures (a) and (b)
show the relatively thin film (thickness = 10 dy) morphologies for two different growth
parameter values: (a) dzp = 1.0 and (b) ozp = 1.95. Figures (c) and (d) show the relatively
thick film (thickness = 260 dy) morphologies for two different growth parameter values:
(c) oup=1.0 and (d) ozp = 1.95.

116

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e
o
|

KOt HH
R4 HH

Average peak-to-valley height ¢/d)

4 -
D
24 K
g
0 —
| | ] i ] | |
0 50 100 150 200 250 300

Film Thickness (n/d)

Figure 4.3 Surface roughness prediction for different film thickness and op values.
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creases with increasing the film thickness for both o;p values. However, when 0;p is
1.95, the surface morphology of the film is smoother than that of unity of oup. It is
therefore suggested that the {10}-facets create an increasingly smoother surface morp-
hology. The evolutions of the relative size of the <10> and <11>-orientated grain and
average grain size are shown in Figure 4.4. When oyp is 1.95, the average grain size
increases with increasing the film thickness, and the grain size ratio <10>/<11> also
increases with film thickness because the preferential orientation <10> of crystallite
develops for the o;p value. The increasing rates of the grain size ratio and average grain
size with the film thickness are significantly decreased as the film is thickening.

The numerical calculations determining surface morphology and growth rate of 3-
SiC have been performed for different operating conditions. A two-dimensional morph-
ology evolution model has been used to calculate the texture, surface roughness, and
grain size of continuous polycrystalline -SiC films. The results indicate that the surface
morphology and the film texture of B-SiC are strongly affected by the substrate tem-

perature. The results also determine the operating conditions optimizing the smoothness

of surface morphology of B-SiC.
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Figure 4.4a Evolutions of the relative sizes of the <10> and <11>-orientated grains with
the film thickness when o,p = 1.95.
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Chapter 5

A MORPHOLOGICAL STUDY OF DIAMOND FILMS DEPOSITED ON

PRETREATED Si SUBSTRATES

5.1 Introduction

When diamond films are deposited on non-diamond substrates—Si in the present
study—yvia chemical vapor deposition (CVD), the island growth mode, or Volmer-Weber
growth mode, occurs due to a large lattice mismatch (= 41%) between diamond and the
Si substrate, and this results in a significant degree of film structure defects that affect
film qualities and consequently limit field applications of the material. For diamond films
grown on Si substrates, the defects associated with grain boundaries and the undesirable
consequences of surface roughness both result from the island growth mode. The grain
boundary defect may decrease the thermal and electrical conductivities of diamond films,
while the surface roughness negatively impacts the optical properties of diamond films
[1-3].

Since the deposited film characteristics—surface roughness, film texture and orien-
tation, and grain size—are strongly affected by the nucleation density, undesirable film
morphologies may be minimized by promoting enhanced diamond nucleation on Si sub-
strates. By initiating diamond deposition with a relatively high nucleation density, a

continuous diamond film forms on a Si substrate within a relatively short time, with a
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smaller average grain size and a smoother surface than those deposited at a relatively low
nucleation density [1,4,5]. A variety of substrate pretreatments, including intentional
carbonization and the use of stepped substrate surfaces, may reduce the incubation period
and enhance the nucleation density by providing favorable chemical properties and
surface conditions for diamond nucleation on Si substrates [6].

For the carbonization of Si substrates under operating conditions conducive to
diamond nucleation, a thin B-SiC layer, often 1 to 10 nm thick, may form by the bulk
diffusion of carbon atoms through the evolving SiC layer towards the bulk Si [7-14]. The
enhancement of diamond nucleation is then achieved on the B-SiC layer through the
creation of chemically and structurally favorable sites for nucleation [15]. Thus, the
texture and morphology of diamond films may be significantly improved when the films
are subsequently grown on the B-SiC intermediate layer [4,16,17]. Regarding the
enhancement of diamond nucleation on a -SiC layer, the role of grain boundaries at the
B-SiC layer surface has been identified as a key factor for enhancement [18-20]. The
large lattice mismatch (= 22%) between SiC and Si promotes dislocations at the interface
between the two layers. Significant densities of grain boundaries then develop from
dislocations at the interface and progress into the evolving B-SiC layer. The formation of
grain boundaries at the B-SiC surface results a increase of the surface energy, and the
presence of more vacancies, dislocations, and dangling bonds at grain boundaries pro-
vides more favorable sites for diamond nucleation on the B-SiC layer surface. Conseq-
uently, large densities of grain boundaries facilitate diamond nucleation on a SiC layer
and increase the nucleation density. Experimental observations of diamond nucleation on

a B-SiC layer show this significant enhancement in the nucleation density; nucleation
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densities of 5x10° and 1x10” cm™

were observed on B-SiC (220) films for substrate
temperatures of 1123 and 1258 K, respectively [15,21], and those densities are much
larger than that on an untreated Si substrate, which has a nucleation density on the order
of 10* to 10° cm™.

The stepped substrate is an alternative method for enhancing nucleation density,
which is based on step-flow growth. Since the chemical bonding of adsorbed atoms at the
step edges is more energetically favorable than on the step terraces, diamond nuclei are
located preferentially along the step edges, and then adsorbed carbon atoms are incor-
porated into growing diamond nuclei if carbon atoms added to the surface reach the step
edges via the surface diffusion [22-24]. Polini [24] carried out an experimental study of
diamond nucleation on stepped substrates with a 1 um terrace width and a 1 um step
height, and nucleation densities on the order of 107 to 10° cm™ were observed for a
substrate temperature of 873 K. It should be noted, however, that adsorbed atoms may be
highly mobile at high substrate temperatures and diffuse across the step edges if the step
height is less than a few atomic layers. In such a case, surface diffusion is not necessarily
restricted by the step, and the mean diffusion length may be larger than the terrace width.
For example, Arnault et al. [22] reported a diamond nucleation density of 2.0x10°® cm?,
similar to the values measured by Polini [24], for a substrate temperature of 1073 K, but
with different surface conditions including a mean terrace width smaller than 10 nm and a
step height of a monolayer.

In addition to substrate pretreatment, optimization of operating conditions—reactor
pressure, inlet gas composition, and substrate temperature—is also critical for enhancing

diamond nucleation. Of those operating conditions, the dependence of the nucleation

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



density on substrate temperature is very significant because the adsorption state and surf-
ace diffusion length of adsorbed atoms depend strongly on this quantity. Experimental
observations indicate that a maximum nucleation density can be obtained at a specific
substrate temperature. However, there are conflicting reports as to the optimal temper-
ature, and although it is known to lie somewhere between 1123 and 1273 K [8,25-27], its
actual value depends on the specific deposition conditions chosen.

When diamond is grown on pretreated Si substrates via the island growth mode, the
crystallographic texture and surface morphology can be described using a mechanistic
approach, termed morphology evolution, of orientated crystals from randomly orientated
nuclei [28]. In this approach, the texture and morphology of the diamond film are deter-
mined by the competition between evolving crystals. As growth proceeds, those crystals
having their fastest growth direction perpendicular to the substrate surface overgrow
crystals with different orientations, and the orientation of the surviving crystals are then
manifested as the film surface [29,30]. The overall film misorientation decreases with
increases in film thickness once a continuous film forms, and the misoriented crystals are
eventually buried by growing diamond films out to greater thicknesses.

A two-stage CVD process including (1) a nucleation stage and (2) a continuous film
growth stage has been successfully demonstrated for the deposition of highly textured
diamond films on pretreated Si substrates [31]. The diamond nucleation stage is carried
out at a higher substrate temperature and a higher inlet CHy mole fraction than the film
growth stage [31,32]. The texture and morphology of diamond films are both strongly
affected by the growth conditions, which include operating conditions of the nucleation

and continuous film growth stages, nucleation density, and film thickness. Accordingly,
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the microstructural and morphological diamond film characteristics—surface roughness,
film texture and orientation, and grain size—can be optimized by applying different
combinations of the growth conditions. However, determination of the dependence of
diamond film characteristics on the growth conditions is not yet sufficiently quantitative
to the degree required for precise control of diamond film characteristics.

The present study addresses issues associated with the crystallographic texture and
surface morphology of diamond films grown on pretreated Si substrates via a two-stage
HFCVD process, consisting of diamond nucleation and continuous film growth stages.
The overall goal of this theoretical study is to develop a fundamental understanding of the
diamond nucleation and film growth mechanism on different pretreated Si substrates,
including flat and stepped B-SiC layers, and apply this knowledge to optimize the texture
and morphology of diamond films through control of the deposition conditions. This
study thus provides an opportunity to predict quantitative, as well as qualitative, aspects
of diamond deposition on pretreated Si substrates. This goal is achieved by accom-
plishing three objectives: (i) the saturated diamond nucleation density is calculated for
different pretreated Si substrates under operating conditions representative of those used
in diamond nucleation via a HFCVD system; (ii) the evolution of a thin B-SiC layer
resulting from the Si substrate carbonization is calculated for operating conditions
conducive to diamond nucleation; and (iii) a morphology evolution model is applied to
calculate the texture and morphology of diamond films grown on flat and stepped B-SiC
layers during diamond nucleation and continuous film growth stages, and the calculations

also determine the dependence of the diamond characteristics on the growth conditions.
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5.2 Model Description

The initial stage of atomic nucleation on a substrate surface is normally described
by dividing the nucleation stage into two regimes, termed initially incomplete condensa-
tion and complete condensation [33-35]. In the case of initially incomplete condensation,
the desorption rate of atoms from the surface exceeds the capture rate of adsorbed atoms
diffusing over the surface by growing nuclei. This regime occurs at high temperatures
and/or low deposition rates. However, in the initially complete condensation regime the
condensation is completed in the beginning through much greater the capture rate of
adsorbed atoms by growing nuclei than the desorption rate of these atoms. This regime
takes place at low temperatures and/or high deposition rates. The saturated nucleation
density increases with the substrate temperature and is independent of the adsorption rate
in the initially incomplete condensation regime, while the nucleation density increases
with adsorption rate and decreases with the substrate temperature in the initially complete
condensation regime. For diamond nucleation, the dependence of the saturated nucleation
density on substrate temperature is significant, and the density increases as the substrate
temperature is increased up to an optimal nucleation temperature [8,25-27]. Because of
this, it is concluded that initially incomplete condensation occurs under operating condi-
tions typical of diamond nucleation. In this condensation regime, the saturated nucleation

density, N, is given by [33]

2 E
N, = N;:f = 4N, exp(— — ) 1)

where a is the lattice constant of the substrate, Ny, is the reactive site density and is equal

to 2/a® for a face centered cubic (fcc) lattice structure, E, is the adsorption energy of a
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gaseous hydrocarbon precursor on the substrate, k is Boltzmann’s constant, T is the
substrate temperature, and A is the mean surface-diffusion length of adsorbed atoms.
When 2/a” is substituted into Eq. (1) for Ny, the saturated nucleation density is then N, =

2/A\%. The mean surface-diffusion length can be calculated by [36]

2
a E
A=.2D.1. = |—ex a_| 2
sTs \/4 p[szsj 2)

where D; and 7, are the surface diffusion coefficient and mean surface-residence time of

adsorbed atoms, respectively.

The maximum observed value of N; in diamond nucleation studies on stepped -
SiC layers is 2.0x10® cm™ [22], and this corresponds to a predicted free path A = 1 um for
the fce structure. For diamond nucleation on stepped B-SiC layers at low substrate tem-
peratures and/or small step heights, the surface diffusion length of adsorbed atoms is
simply the terrace width, W,, because the surface diffusion of adsorbed atoms would be

2 is the maximum

restricted by the surface step. However, since N, = 2.0x10* cm’
observed diamond nucleation density on a stepped B-SiC layer, the N; value may not
increases further as the terrace width is decreased to below 1 um. The fact suggests that

diamond nucleation on stepped B-SiC layers via CVD requires not only the surface
diffusion of adsorbed atoms over the terraces but also a particular atomic arrangement for
diamond nucleus formation at the steps. In other words, diamond nucleation can be
limited by either surface diffusion or nucleation kinetics. On this basis it can be
concluded that if A < 1 um diamond nucleation is relevant to the nucleation kinetics
limited growth at the steps with rapid surface diffusion of adsorbed atoms over the

terraces to the steps.
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To calculate the saturated nucleation density of diamond on a 3-SiC layer using Eq.
(1), the adsorption energy of a hydrocarbon precursor on the B-SiC surface must be spec-
ified. In a previous kinetic modeling study [37], published values of adsorption energy
were used to validate an interlayer growth model against the 1 to 10 nm B-SiC layer thi-
cknesses typically observed during the nucleation stage. It was determined that the most
probable value of E, for a hydrocarbon molecule was in the range 3.7 to 4.5 eV. Further,
the adsorption energy can be also estimated from diamond nucleation densities reported
in the literature. These observations yield N; values of 5%10° [21] and 1x107 cm™ [15] for
substrate temperatures of 1123 and 1258 K, respectively. Using Eq. (1) the adsorption
energies determined from the nucleation densities are 3.9 and 4.5 eV for 1x10 and 5x10°
cm’, respectively, and those adsorption energies are closely aligned with the predictions
of the earlier kinetic modeling study [37].

Since CVD diamond primarily exhibits two crystal faces, {100} and {111}, the
growth habit of diamond crystals is generally captured by the relative growth velocities
of the {100} and {111} faces on a diamond nucleus [38,39]. Thus, a morphology evol-
ution model, which is described in a previous paper [40], can be geometrically simplified

to a mode of the growth of two-dimensional nuclei using the growth-rate parameter, op
=ﬁ Vio /V1 . » Where Vip and Vy; are the growth velocities of the {10} and {11} faces.

Once Vi is determined, Vi1 may be calculated using the ozp value prescribed from the
texture of continuous polycrystalline diamond films [30,41-46]. The results show that the
predominant face changes from {10} to {11} as either the substrate temperature is inc-
reased or the inlet CHy mole fraction is decreased. However, the published results are

inconsistent regarding the influence of the substrate temperature on the predominant
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facet, and the shift of the predominant facet from {11} to {10} with increases in substrate
temperature has been also reported in the literature [47-52].

The growth velocity of the {10} face is computed using a stagnation flow model
[53], which contains the necessary detailed homogeneous and heterogeneous kinetics, as
well as multicomponent gas phase transport. Chemkin-III [54] and Surface Chemkin [55]
are used for analysis of gas-phase and surface chemical kinetics, respectively. The multi-
component transport properties of the gas phase are calculated using a rigorous kinetic
theory model [56]. The reversible gas-phase reactions used in the present study are based
on an established pyrolysis mechanism [57], and the surface reactions are taken from a

published surface reaction mechanism [58].
5.3 Results and Discussion

Calculations are performed to investigate diamond growth accomplished via a two-
stage HFCVD process, consisting of a diamond nucleation stage followed by a contin-
uous film growth stage. Operating conditions conducive to diamond nucleation are cho-
sen to yield a high nucleation density, while those conditions for film growth are selected
to obtain a high growth rate of a high quality diamond film. To investigate the formation
and subsequent growth of diamond nuclei on a B-SiC layer during diamond nucleation,
operating conditions typical of diamond nucleation in a HFCVD system are chosen, and

these are listed in Table 5.1. The inlet mole fractions are Y CHy = 0.02 and XH+H2 =0.98,

where a specific degree of heterogeneous H, dissociation, Xu= 0.03, at the filament

temperature is approximated by a linear filament-poisoning model [59]. Calculations are

performed for different values of the substrate temperature between 1073 and 1273 K.
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Table 5.1 Operating conditions used in diamond nucleation and continuous film growth

stages.

Operating conditions Nucleation Epitaxial

growth

Reactor pressure P (torr) 50

Inlet gas velocity Ue 1.0 cm/s

Total volume flow rate Q, 300 sccm

Distance from substrate to filament D (cm) 0.5

Filament temperature Ty (K) 2500

Substrate temperature T (K) 1073 - 1273 1023 - 1173

Inlet mole fraction
CH4 Xy, 0.02 0.004 0.01
H, Xy, 0.95 0.896 0.93
H Xy 0.03 0.1 0.06

Once a continuous diamond film forms, the diamond nucleation stage is terminated
through transition to a different set of operating conditions. Since the substrate temper-
ature and the inlet gas composition are the two predominant parameters governing film
characteristics, continuous film growth is carried out at lower substrate temperatures and
lower inlet CH4 mole fractions than those used for the diamond nucleation stage [31,32].
For the continuous film growth stage the dependence on operating conditions were
examined using the model through variation of the substrate temperature from 1023 to
1173 K and the inlet CH4 mole fraction from 0.004 and 0.01. Operating conditions used
in the film growth stage are also listed in Table 5.1.

5.3.1 Diamond Nucleation Process

Calculations using a kinetic model [37] are carried out to resolve whether operating

conditions representative of those used in diamond nucleation on Si substrates, Ty = 1073

to 1273K and XCH4= 0.02, are necessary and sufficient for §-SiC layer formation as a
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result of substrate carbonization, during the initial stages of diamond nucleation. If the
lattice constant of B-SiC, 4.35 A, is chosen as the minimum thickness necessary for
identification of a distinct B-SiC layer, the formation time, 15, of this layer is shown in
Figure 5.1 as a function of T for two different E, values, 3.9 and 4.5 eV. The results
indicate that Ty decreases with increasing T and E,, and the B-SiC layer forms within
minutes for T, = 1273 K and E, = 4.5 eV. For example, the predicted T values corres-
ponding to £, = 3.9 and 4.5 eV are 18 and 1 s, respectively, for Ty = 1273 K. However,
for T, = 1073 K, those values corresponding to E, = 3.9 and 4.5 ¢V are 178 and 7 min,
respectively. Since experimental observations suggest that the incubation period and
diamond nucleation take from several minutes up to hours [60], the results readily explain
the formation of the B-SiC layer during the initial stages of diamond nucleation for an
appropriate choice of operating conditions.

The saturated nucleation density, N;, and the {10}-face growth velocity, Vo, are
treated as parameters in the morphology evolution model used in the present study. The
saturated nucleation density is calculated for two different pretreated Si substrates, inclu-
ding flat and stepped B-SiC layers, as shown in Figure 5.2. For the flat B-SiC layer, N; is
also determined for two different E, values of 3.9 and 4.5 €V, as a function of 7 in the
range between 1073 and 1273 K. Since the value of N; is dependent primarily on the
surface diffusion rate of adsorbed atoms, N, increases considerably by increasing T
and/or decreasing E,. However, for the stepped B-SiC layer, the value of N is controlled
by changes in the terrace width, W,, rather than T and E,, for the values considered here.
For W, > 1 wm, the surface diffusion length of adsorbed atoms decreases as W; is

decreased, and as a result the value of Ny increases as W, is decreased. Nevertheless, the
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Figure 5.1 Formation time of the B-SiC layer as a function of the substrate temperature
for two different hydrocarbon adsorption energies, 3.9 and 4.5 eV, under HFCVD oper-
ating conditions conductive to diamond nucleation, as listed in Table 5.1.
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Figure 5.2 Saturated nucleation density as a function of the substrate temperature for
three different pretreated Si substrates, including stepped B-SiC surface with W, = 1 um,
flat B-SiC surface with E, = 4.5 eV, and flat B-SiC surface with E, =3.9 eV.
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value of N, reaches a maximum at 2.0x10% ¢cm? when W; = 1 um, and this does not
change with further decreases in W, because diamond nucleation may be limited by the

nucleation kinetics rather than the surface diffusion when W; < 1 wm. The predicted

values for Vio as a function of T are shown in Figure 5.3 for XCH4 between 0.005 and

0.02. The dependence of Vjo on T is qualitatively similar for all three values of XCH4’

such that Vg increases with T, reaching a maximum at the highest T value of 1273 K.
Figure 5.3 demonstrates that, except at 7, = 1273 K, the value of Vi is usually higher
when more atomic hydrogen is produced because this species leads to CH3; formation,
and a high enough flux of atomic hydrogen on the substrate prepares sites for CHj

adsorption. The values of Xy calculated by the filament-poisoning model are 0.1, 0.06,
and 0.03 for the X CH, values of 0.004, 0.01, and 0.02, respectively.

The morphology evolution model is used to capture the dependence of the diamond
film characteristics—mean surface roughness, average peak-to-valley height, grain size
ratio <10>/<11>, and average grain size—on different pretreated substrates under oper-
ating conditions conducive to diamond nucleation. The calculations are performed at T =
1073 K and XCH4 = (.02 for two different E, values of 3.9 and 4.5 eV. The values of cup
and N; determined at those growth conditions are summarized in Table 5.2. When differ-
ent 3-SiC layers are compared, diamond grown on a stepped B-SiC layer has largely {10}
faces than that on a flat B-SiC layer because the stepped layer leads to a high nucleation
density. Further, when the textures for two probable adsorption energies of hydrocarbon
precursors on the flat B-SiC surface are compared, the lower E, = 3.9 eV value leads to

the formation of a large fraction of {10} faces with a relatively smaller film thickness
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Figure 5.3 Growth velocity of {10} face, Vo, determined for different substrate temper-
atures and inlet gas compositions under the operating conditions corresponding to Figure
5.1.
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Table 5.2 The calculated maximum mean surface roughness R,, and film thickness L,,
corresponding to the saturated nucleation density N; and growth-rate parameter O(p,
which are predicted by applying different combinations of the growth conditions.

Growth conditions N; (cm'z) ozp R, (um) L, (um)
B-SiC surface W, (um) E, (V) T, (K) X ey,

(a) Stepped 1.0 1073 0.02 2x10* 195 33 400
(b) Flat 3.9 1073 0.02 29x10° 195 27 3000
(¢) Flat 45 1073 0.02 1.1x10° 195 119 9000
(d) Flat 3.9 1273 0.02 8x107 1.8

than that for 4.5 eV, since smaller adsorption energies lead to larger nucleation densities.
Calculations are also carried out to investigate the dependence of the texture on the
growth-rate parameter ¢tpp, which is dependent on substrate temperature. The growth-rate
parameter decreases from 1.95 to 1.8 as the substrate temperature is increased from 1073

to 1273 K for fixed XCH4 = (.02, and the lower of 0p value results in a transition of the

film growth axis from <10> to <11>. Upon a further decrease in opp, <11>-textured

diamond with largely {11} faces are formed.

Figure 5.4 illustrates the dependence of the mean surface roughness on film thi-
ckness, the saturated nucleation density, and the growth-rate parameter. The saturated
nucleation density and the growth-rate parameter are predicted by applying different
combinations of the growth conditions, as listed in Table 5.2. When the mean surface
roughnesses for cases (a), (b), and (c¢) are compared to investigate the effects of different
pretreated substrates on the mean surface roughness, it is readily seen that the increase in
the saturated nucleation density due to substrate pretreatment significantly reduces the
mean surface roughness of deposited diamond films. The mean surface roughness incr-

eases as film thickness increases and eventually asymptotes to a maximum value. The
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Figure 54 Mean surface roughness as a function of the film thickness for different
saturated nucleation densities and growth rate parameters listed in Table 5.2.
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calculated values of the maximum mean surface roughness, R,, corresponding to the
saturated nucleation densities and the growth-rate parameters are also listed in Table 5.2.
The film thickness, L, needed to achieve the maximum mean surface roughness decre-
ases as the saturated nucleation density increases, indicating that a higher nucleation
density will yield a better surface morphology at a relatively small film thickness.
Nucleation densities on the order of 10° to 10® cm™ are, however, not sufficient for
producing very thin, smooth diamond films that can be used in field applications. As the
saturated nucleation density is varied from 2.0x10% to 1.1x10° cm™, the film thickness
needed to reach the maximum mean roughness increases approximately 23 fold.

Similar tendencies for the dependence of the surface roughness on the saturated
nucleation density as a function of film thickness are expected for the average peak-to-
valley height, as demonstrated in Figure 5.5. However, the calculated maximum values of
the average peak-to-valley height are considerably greater than those of the mean surface
roughness; for cases (a), (b), and (c) these are 8.7, 61.7, and 228 wm at film thicknesses
of 500, 3000, and 9000 um, respectively.

To illustrate the dependence of the surface roughness on substrate temperature, a set
of calculations are performed for two different substrate temperature values, 1073 and
1273 K. When the substrate temperature is increased from 1073 to 1273 K at a fixed

value of XCH4 = 0.02, the value of oyp decreases from 1.95 to 1.8, while the saturated

nucleation density increases from 2.9x10° to 8%107 cm’%, as listed in Table 5.2. Diamond
films having{10}-faces tilted to <11> develop for Ty = 1273 K and op = 1.8. The mean

surface roughness and average peak-to-valley height of diamond films grown at Ty =

1273 K are much smaller than those grown at 1073 K, and the values are
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Figure 5.5 Average peak-to-valley height as a function of film thickness for the growth
conditions corresponding to Figure 5.4.
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comparable to those of diamond films grown on stepped B-SiC layers with T; = 1073 K,
as shown in Figures 5.4 and 5.5. However, the mean surface roughness and the average
peak-to-valley height are observed to monotonically increase with increases in film
thickness, and do not reach a maximum within the range of film thickness considered in
the present calculations.

The dependence of the grain size ratio <10>/<11> and the average grain size on the
saturated nucleation density are also quantitatively investigated as a function of film
thickness, and these results are presented in Figures 5.6 and 5.7. Figure 5.6 demonstrates
that the grain size ratio <10>/<11> increases by increasing either the saturated nucleation
density or the film thickness at a fixed opp = 1.95. The calculated grain size ratio
<10>/<11> corresponding to a film thickness of 1000 pm is 1.63 for N, = 2.0x10% cm'z,
while the ratio corresponding to the same film thickness decreases to 0.48 and 0.2 for
nucleation densities of 2.9x10° and 1.1x10° cm™, respectively. When the films are thin,
all of the curves in Figure 5.6 have steep slopes and the ratio varies linearly with film
thickness; the slope increases as the nucleation density is increased. The reason for these
steep increases is that, for opp = 1.95, the disappearance rate of <11>-textured grains is
high for thin films because an increasing fraction of <11>-textured grains are overgrown
by fast growing <10>-textured grains. However, for thick films, the disappearance rate
gradually decreases because the degree of the <10> texture improves with film thickness.

Figure 5.7 shows that the average grain size is also strongly affected by the
nucleation density and film thickness, and a smaller nucleation density leads to a larger
grain at a given film thickness. At 1000 um, the calculated average grain size approaches

240 pm for a nucleation density of 1.1x10° cm?, while the average size is 35 um for a
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growth conditions corresponding to Figure 5.4.
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nucleation density of 2.0x10® cm™. The average grain size increases as film thickness
increases because the misorientated grains are gradually buried, and thus the number of
remaining grains continuously decreases. However, the rate of increase the average grain
size with film thickness significantly decreases as the film grows.
5.3.2 Continuous Film Growth Process

The processes for enhancing diamond nucleation on pretreated substrates are impor-
tant steps in the deposition of high quality diamond films. However, since the quality of
these films is often limited due to the inability to obtain a desired texture, a further
improvement of these film properties requires an extensive investigation of the
crystallographic texture and surface morphology of diamond films during the film growth
stage. Calculations are performed to determine the dependence of the characteristics of
films grown during the film growth stage on the o,p value, as well as on the texture and
morphology of diamond grown during the nucleation stage.

The value of op is chosen from the literature [61] for different combinations of the
substrate temperature and the inlet CH4 mole fraction. For the calculations carried out in
this study, two different values of T, 1023 and 1173 K, are used for the film growth stage

with Xy, = 0.01. The values of o;p reported in the literature are approximately 1.9 and

1.6 for 1023 and 1173 K, respectively. Further, op decreases from 1.9 to 1.3 as X CH, is

decreased from 0.01 to 0.004 at T, = 1023 K.
To investigate the sensitivity of the film’s texture and morphology to the terminal
diamond thickness during the nucleation stage, three different thicknesses, L, = 1, 10, and

50 um, are chosen. A film of thickness L, is grown on a flat B-SiC layer during the

nucleation stage for 7, = 1273 K, x cH, = 0.02, and E;, =39 eV. The L; = 1 um is chosen
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to be representative of the thickness required for the formation of a continuous film under
growth conditions typical of diamond nucleation. Since the optimal values of operating
conditions for continuous film growth may not be identical to those for nucleation, a
much poorer-quality diamond film is grown if the operating conditions for nucleation are
continually applied after the formation of a continuous film. Other two large L, values, 10
and 50 um, are chosen to investigate the negative effects of thick film growth during the
nucleation stage on the film’s final characteristics.

Figure 5.8 illustrates the mean surface roughness of films for different o;p and L,
values. The predicted mean surface roughness as a function of film thickness is shown in
Figures 5.8a and 5.8b for three different a,p values of 1.3, 1.6, and 1.9. The dependence
of the mean surface roughness on film thickness is qualitatively similar for ¢;p = 1.9 and
1.3. Both sets of the mean surface roughness calculations exhibit a maximum, 7.7 and
10.6 pum, for cp =1.9 and 1.3, respectively, indicating that a further increase in film
thickness after the maximum is necessary to attain a smoother surface. The decrease in
the mean surface roughness as film thickness is increased is significant for both o;p
values, but as can be seen in Figure 5.8b, the film surface is smoother for o;;p = 1.9. Since
the film has a near <10> texture for app = 1.9, a relatively flat surface with predo-
minantly {10} faces develops for film thicknesses larger than 900 wm, while the film
surface for op = 1.3 does not become flat until the film thickness reaches 1100 um. In
contrast, at an intermediate value of opp = 1.6, no maximum value of the mean surface
roughness is reached. Although the mean surface roughness for o;p = 1.6 in Figure 5.8a
is smaller than that for o;p = 1.9 and 1.3 at small film thicknesses, the predicted mean

surface roughness increases almost linearly with increases in film thickness, and does not
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Figure 5.8a Mean surface roughness of films grown during the continuous film growth
stage as a function of overall film thickness up to 100 pum. Plot show the mean surface
roughness for different growth-rate parameters, oxp = 1.3, 1.6, and 1.9, at a fixed L, value
of 1 um.
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Figure 5.8b Mean surface roughness of films grown during the film growth stage as a
function of overall film thickness up to 1700 um. Plot show the mean surface roughness
for different growth-rate parameters, ol;p = 1.3, 1.6, and 1.9, at a fixed L, value of 1 um.
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reach a maximum. Figure 5.8b shows that, since a large fraction of {11} faces is present
on the film surface at large film thickness, the mean surface roughness for opp = 1.6 is
larger than those for ozp = 1.9 and 1.3 if the film is thicker than 1500 pm.

Another factor that is important in determining the surface morphology of films is
the value of L,. A reduction of the mean surface roughness of films can be achieved by
decreasing L, as shown in Figures 5.8c and 5.8d. Assigning op values of 1.8 and 1.9 for
the diamond nucleation and continuous film growth stages, respectively, Figure 5.8¢
indicates that a small L, value of 1 um prevents the formation of a smooth surface
morphology for thin films, while the value of L, favors the smooth, {10}-faced surface as
film thickness is increased, as shown in Figure 5.8d. The film growth for o,p = 1.8 leads
to a smoother surface at small film thicknesses than that for o;p = 1.9 because a growing
direction tilted from <10> promotes coalescence between randomly orientated grains,
while a nearly {10}-faced surface is eventually present during the film growth stage for
0zp = 1.9. When the value of L, is reduced from 10 to 1 um, a significant decrease in the
maximum roughness, from 12.7 to 7.7 pm, results.

The evolution of average grain size with film thickness for different o,p and L,
values is illustrated in Figure 5.9. The average grain size increases monotonically with
increases in film thickness, because the odds of a particular grain surviving depend on its
fastest growth-orientation, which is determined by the value of o;p. Figure 5.9a demon-
strates that the average grain size increases with op in the following order: opp =1.9 >
1.3 > 1.6, and further, the increase of average grain size leads to an increase in the surface
roughness, as depicted schematically in Figure 5.8a. Interestingly, Figure 5.9b shows that

the average grain size for oip =1.9 increases sharply as film thickness increases because
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Figure 5.8c Mean surface roughness of films grown during the film growth stage as a
function of overall film thickness up to 100 um. Plot display the mean surface roughness
for different underlying diamond film thicknesses, L, = 1, 10, and 50 um, at a fixed o;zp
value of 1.9.
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Figure 5.8d Mean surface roughness of films grown during the film growth stage as a
function of overall film thickness up to 1700 wm. Plot display the mean surface rough-
ness for different underlying diamond film thicknesses, L, = 1, 10, and 50 um, at a fixed

O,p value of 1.9.
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Figure 5.9a Average grain size of films grown during the film growth stage as function
of overall film thickness up to 100 wm. Plot show the mean surface roughness for
different growth-rate parameters, 0op = 1.3, 1.6, and 1.9, at a fixed L, value of 1 um.
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Figure 5.9b Average grain size of films grown during the film growth stage as function
of overall film thickness up to 1200 um. Plot show the mean surface roughness for
different growth-rate parameters, 0p = 1.3, 1.6, and 1.9, at a fixed L, value of 1 pm.
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misorientated grains are eventually buried as growth proceeds, and the rate of increase in
grain size, however, decreases significantly once the mean surface roughness reaches a
maximum at a film thickness of 900 um. The grain sizes for two other op values of 1.6
and 1.3 increase almost linearly with increases in film thickness, since the maximum
mean surface roughness is not reached for the film thickness used in the calculations.
Figures 5.9c and 5.9d illustrate the dependence of average grain size on L,. A smaller L,
value translates to a larger average grain size as film thickness is increased, and this leads

to the rapid development of large {10} faced grains for oi;p =1.9.

5.4 Conclusion

A model based on the morphology evolution is employed to study the crystall-
ographic texture and surface morphology of diamond films deposited on pretreated Si
substrates, including flat and stepped B-SiC layers, in HFCVD systems. Diamond film
growth via a two-stage HFCVD process comprised of (1) diamond nucleation and (2)
continuous film growth is examined. For the diamond nucleation stage, the effects of
substrate pretreatment and the growth rate parameter on the diamond film character-
istics—surface roughness, film texture and orientation, and grain size—are investigated
under operating conditions conducive to diamond nucleation. Further, for the film growth
stage, the crystallographic texture and surface morphology of films are determined for
different oop and L, values, and the growth conditions are optimized to achieve highly
<10>-textured films with smooth, {10}-faced surfaces.

It is predicted that a B-SiC layer readily forms on the Si substrate surface during the

initial stages of diamond nucleation as a result of substrate carbonization. When the sat-
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Figure 5.9c Average grain size of films grown during the film growth stage as function
of overall film thickness up to 100 wm. Plot display the mean surface roughness for
different underlying diamond film thicknesses, L, = 1, 10, and 50 um, at a fixed oi,p value
of 1.9.
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Figure 5.9d Average grain size of films grown during the film growth stage as function
of overall film thickness up to 1200 wm. Plot display the mean surface roughness for
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of 1.9.
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urated nucleation density is calculated for diamond nucleation on a flat B-SiC layer, it is
seem that the density increases with an increase in the substrate temperature and a dec-
rease in the adsorption energy for substrate temperatures between 1073 and 1273 K and
adsorption energies of 3.9 and 4.5 eV. The nucleation density is predicted to be 8x10’
cm? at a 1273 K substrate temperature and a 3.9 eV adsorption energy. It is further seen
that the nucleation density reaches a maximum of 2x10® cm™ when diamond nucleates on
a stepped B-SiC layer having a 1 um terrace width. However, decreasing the terrace
width below 1 um has negligible impact on the saturated nucleation density because the
nucleation process may be dominated by nucleation kinetics rather than surface diffusion
when the terrace width is small.

When diamond film characteristics are determined for different pretreated Si sub-
strates and growth rate parameters under operating conditions conducive to diamond nuc-
leation, results indicate that the increase in the saturated nucleation density due to
substrate pretreatment reduces the mean surface roughness and the average peak-to-
valley height. For op = 1.95, the surface roughness values increase with increases in film
thickness, eventually asymptoting to maximum values. It is further seen that, as a higher
substrate temperature leads to a higher saturated nucleation density and a lower o;p value
for the flat B-SiC layer, the mean surface roughness and the average peak-to-valley height
are initially comparable to those calculated for the stepped B-SiC layer having a 1 um
terrace width. However, the values increase monotonically without bound with as film
thickness increases. The grain size ratio <10>/<11> increases with increases in the
saturated nucleation density and film thickness, and the average grain size increases with

decreases in the saturated nucleation density at a given film thickness. Further, while the

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



dependence of film characteristics on nucleation densities between 1.1x10° and 2x10®
cm? are discussed in the present work, insights gained from this study can be readily
applied to other systems, for example, diamond nucleation on scratched or biased subst-
rates in which the nucleation densities are on the order of 10'! cm™ (or higher).

During the film growth stage, results indicate that the dependence of the mean
surface roughness of films on both the o,p and L, is significant. The substantial drop in
the mean surface roughness with increasing film thickness once a maximum is reached
for ayp = 1.3 and 1.9. The calculated mean surface roughness for o,p = 1.6, however,
increases monotonically as film thickness is increased, and does not reach a maximum.
Further, it is seen that, as L; is decreased, the film surfaces become smoother for a given
final thickness. The maximum rough-ness drops significantly as L, is decreased. When

the average grain size is calculated for different oi,p and L, values large grain size as well

as rapid development of {10} faces, are predicted for either ocobp =19 or L, = 1 pm.
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Chapter 6

CONCULSIONS AND RECOMMENDATIONS

6.1 Overall Conclusions
The fundamental phenomena associated with nucleation and continuous film
growth of covalent materials—including diamond, silicon carbide, and carbon nitride—in
CVD processes has become subjects of intensive study in an effort to improve film
characteristics such as crystallographic texture and surface morphology. This research
involves a study of the nucleation and subsequent film growth of covalent materials
through numerical modeling and simulations. Numerical models have been developed:
e to examine the chemical vapor deposition of polycrystalline carbon nitride in
stagnation flow reactors.
e to investigate the formation of the $-SiC intermediate layer during nucleation and
the early stages of diamond deposition in CVD reactors.
e to understand the polycrystalline growth of B-SiC films on Si (100) substrates in
stagnation flow reactors.
e to study the crystallographic texture and surface morphology of diamond films
deposited on pretreated Si substrates, including flat and stepped B-SiC layers, via
a two-stage CVD process comprised of (1) diamond nucleation and (2) contin-

uous film growth.
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6.1.1 Analysis of Carbon Nitride Growth in Pedestal Reactors by Chemical Vapor
Deposition

The chemical vapor deposition of polycrystalline carbon nitride in stagnation flow
reactors has been simulated. A model was used to predict the gas phase chemistry, temp-
erature and velocity profiles, potential gaseous film growth precursors, and to evaluate
the likelihood of bond rearrangement occurring in the bulk phase or on the deposition
surface once the gaseous precursors are adsorbed. Numerical studies have been carried
out to predict the effects of inlet and substrate temperatures, reactor pressure, and inlet
gas composition on the gas phase chemistry. Potential gaseous film growth precursors of
carbon nitride have been determined by quantitatively comparing the calculated results
against existing experimental data.

Results of the model indicate that the gas phase chemistry, including the gas com-
position at the deposition surface, is strongly affected by reactor pressure and inlet gas
composition. However, the gas composition at the deposition surface does not depend
strongly on the inlet temperature, while it is found to be strongly dependent on the
substrate temperature. Since no correlation is found between the predicted near-surface
concentrations of potential film growth precursors and experimentally measured bond
types in the carbon nitride films, the experimentally measured bond types in the films
must therefore result from chemical bond rearrangement occurring on the deposition
surface or in the bulk phase once the gaseous precursors have been adsorbed. Comparison
between the calculated film growth rate using potential growth precursors and exper-
imental data indicates that the C, CH,, CH3, C;H,, N, NH, NH;, HCN, and H,CN species

are the most probable crystalline carbon nitride growth species. Among these, C and CH3
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dominate the carbon contribution to the film growth, and N is the primary nitrogen

bearing species responsible for the film growth. The sum of predicted film growth rates

for carbon bearing species is comparable to the experimentally determined film growth

rate.

6.1.2 A Kinetic Model of Diamond Nucleation and Silicon Carbide Interlayer For-
mation during Chemical Vapor Deposition

The presence of thin silicon carbide intermediate layers on silicon substrates during
nucleation and the early stages of diamond deposition have been frequently reported. It is
generally accepted that the intermediate layer is formed by the bulk diffusion of carbon
atoms into the silicon carbide layer, and the morphology and orientation of the diamond
film subsequently grown on the intermediate layer are strongly affected by that layer.
While there have been considerable attempts to explain the mechanism for intermediate
layer formation, limited quantitative data are available for the layer formation under the
operating conditions conducive to diamond nucleation.

This study employs a kinetic model to predict the time evolution of a B-SiC interm-
ediate layer under the operating conditions typical of diamond nucleation in hot filament
chemical vapor deposition reactors. The evolution of the layer is calculated by accounting
for gas-phase and surface reactions, surface and bulk diffusions, the mechanism for
intermediate layer formation, and heterogeneous diamond nucleation kinetics and of its
dependence on the operating conditions such as substrate temperature and inlet gas
composition. A comparison between the time scales for intermediate layer growth and
diamond nuclei growth is also performed. Discrepancies in published adsorption energies

of gaseous hydrocarbon precursors on the intermediate layer—ranging from 1.43 to 4.61
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eV—are examined to determine the most reasonable value of the adsorption energy
consistent with observed saturated thicknesses, 1 tol0 nm, of the intermediate layer re-
ported in the literature. The operating conditions that lead to intermediate layer growth
followed by diamond deposition versus those that yield heteroepitaxial diamond nucle-
ation without intermediate layer formation are discerned quantitatively.

The calculations show that higher adsorption energies, 3.45 and 4.61 €V, lead to
larger surface number densities of carbon atoms, lower saturated nucleation densities, and
larger intermediate layer thicknesses. The observed saturated thicknesses of the interm-
ediate layer may be reproduced if the true adsorption energy is in the range 3.7 to 4.5 eV.
The intermediate layer thickness increases by increasing substrate temperature and inlet
hydrocarbon concentration, and the dependence of the thickness on substrate temp-
erature is especially significant. Heteroepitaxial diamond nucleation without intermediate
layer formation reported in experimental results can be readily explained by the
significant decrease of the intermediate layer thickness at lower substrate temperatures
and at higher diamond nucleation densities. Further, the present model results indicate
that the intermediate layer thickness becomes saturated when growing diamond nuclei
cover a very small surface area of that layer.

6.1.3 A Model of Morphology Evolution in the Growth of Polycrystalline -SiC
Films

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 devices cannot effectively compete.

However, the difficulty in achieving single-crystal or highly textured surface morphology
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in films with low bulk defect density has limited the use of B-SiC films in electronic
devices. While several researchers have reported results relating the morphology of -SiC
films to deposition parameters, including substrate temperature and gas composition, de-
tailed knowledge of the effects of deposition parameters on film morphology and crystal-
ographic 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 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 (Cs;Hg) and silane (SiHj). 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, sur-
face roughness, and grain size of continuous polycrystalline $-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 over-
grow 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, Ozp, 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 ozp
used in the model has been derived empirically from the textures of continuous B-SiC

films reported in the literature.
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6.1.4 A Morphological Study of Diamond Films Deposited on Pretreated Si Sub-
strates

This study focuses on the crystallographic texture and surface morphology of dia-
mond films grown on pretreated Si substrates, including flat and stepped B-SiC layers,
via a two-stage chemical vapor deposition process, comprised of (1) diamond nucleation
and (2) film growth. A model is developed to provide a complete understanding of the
dependence of diamond film characteristics—surface roughness, film texture and orienta-
tion, and grain size—on the differences in nucleation densities and operating conditions.
The film characteristics are optimized by quantifying the dependence of film charac-
teristics on the deposition conditions for diamond nucleation and film growth stages.

It is predicted that smooth, highly textured surfaces can be obtained by enhancing the
saturated nucleation density on pretreated Si substrates. For film growth after diamond
nucleation, the mean surface roughness of diamond films increases with increases in film
thickness, and the value attains a maximum for two growth-rate parameters, 1.3 and 1.9.
The growth-rate parameter, which is previously described in the chapter 3, is strongly
dependent on operating conditions. However, the mean surface roughness increases mono-
tonically for a growth-rate parameter of 1.6, and does not reach a maximum. Further, the
mean surface roughness of thick films can be also reduced by decreasing the terminal
diamond thickness during the nucleation stage. Using either a high growth-rate parameter
of 1.9 or small terminal diamond thicknesses of 1 pum, predominantly {100}-faced

epitaxial films with large grains can be prepared.
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6.2 Recommendations for Future Research

The nucleation and growth processes involved in the formation of thin films of
covalent materials have been explored in this dissertation, and general principles of the
covalent material deposition have been provided. Several aspects of those processes,
however, still need to be resolved through more theoretical and experimental studies
before more reproducible and predictable results can be obtained through a complete
understanding of the detailed nucleation and growth mechanisms of covalent materials.
Thus, future work should concentrate on the following aspects:

1. A more complete understanding of surface reactions, through extracting the info-
rmation of thermodynamics and kinetics from suitable experiments and theories in
combination, is needed to lead to the successful synthesis of B-C3N; and other
metastable carbon nitrides with well-crystallized phases.

2. Since the present model, which describes diamond nucleation and intermediate
layer formation, does not explain the experimentally observed incubation period,
the model improvement will help in estimating the incubation period before dia-
mond nucleation begins and in controlling its magnitude with different operating
conditions, substrate materials, and substrate surface conditions.

3. The model of diamond nucleation and intermediate layer formation needs to be
modified to take into account processes occurring on time scales from ranging ato-
mistic nucleation to continuous diamond film formation. Such a modified model
will help to provide the information of the surface concentration change of single

carbon atoms after the saturated nucleation density is attained. Further improvement
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of the model is needed to capture the time dependence of the crystal size distr-
ibution during the extended time scale.

4. Further work is required to validate assumptions in the model of diamond nucl-
eation and intermediate layer formation, such as the values of the capture numbers,
the sticking coefficients of hydrocarbon species with Si, C, and B-SiC surfaces, and
the surface diffusion energies assumed to be one-half of hydrocarbon adsorption
energies.

5. Although the present model does not capture the effects of surface coverage on the
nucleation process, the influence of surface coverage on the nucleation parame-
ters—including adsorption and desorption, sticking, and surface diffusion—needs
to be better understood.

6. Theoretical development is needed to provide more complete descriptions of the
equation that can predict the saturated nucleation density of covalent materials dep-
osited on a variety of substrates, and as a result it may result in a single generalized
equation computing the saturated nucleation density of covalent materials. For a
variety of covalent materials, energy values of adsorption and surface diffusion can
be exacted from experimental data for the saturated nucleation density.

7. A better understanding of the effects of surface defects on the nucleation process is
needed to conduct the selected nucleation on pretreated and pre-patterned substrates
with a very high nucleation density. Since the nucleation process sometimes com-
prises the deliberate use of a variety of substrate surface defects, the investigation of
the nucleation of covalent materials on substrate surfaces with extended surface

defects provides good opportunities to elucidate the detailed chemistry and physics
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of a complicated nucleation process and to improve the properties of polycrystalline
covalent materials.

8. During diamond nucleation on a variety of substrates, the structure of the inter-
mediate layer, as well as the dependence of the structure on operating conditions,
substrate materials, and substrate surface conditions, should be determined.

9. The morphology evolution model should be extended to three dimensions for better
control of morphology and crystallite grain structure in polycrystalline covalent

materials.
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