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The Integrated Multiscale Modeling of
Diamond Chemical Vapor Deposition
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The fundamental mechanisms of diamond
growth occuy on the atomic scale; however,
the geometry of the deposition reactor and
the other operating parameters directly af-
fect the chemical composition of the gas and
the temperature at the growth surface. The

properties are, in turn, controlled by both .

atomic- and microstructural-scale features.
By developing diamond-growth models at
each length scale and coupling the output of
one model info the next, a comprehensive
simulation scheme for diamond deposition is
realized. This approach provides the missing
link between chemical vapor deposition reac-
tor designfoperating conditions and the ma-
terial structurefproperties.

INTRODUCTION

The cost-effective implementation of
advanced materials processing lies at
the core of numerous emerging tech-
nologies. Many of these materials and
structures require chemicai-and plasma-
driven deposition and etching processes
for fabrication. It is both desirable and
often necessary to develop a detailed
understanding of the mechanisms of
vapor processing, including the impact
of defects, impurities, and morphology
on the critical properties desired for the
application and the overall cost of the
process. The chemical vapor deposition
(CVD) of diamond and diamond-like
materials'® is an example of a vapor-
processing technique that has all of the
complexity and issues of these processes.
On the other hand, it benefits from the
theoretical simplicity of carbonand from
the knowledge base of organicand com-
bustion chemistry.

The properties of diamond are quite
extreme compared with other materials.
Theseinclude thehighesthardness, ther-
mal conductivity,

the unique combinations of these prop-
erties that make diamond a desirable
material for complex cutting tools, ther-
mal management and active devices for
high-power and high-frequency elec-
tronics, corrosion-and radiation-durable
components, low-friction and wear-re-
sistant parts, and durable electrochemi-
cal electrodes and sensors, among many
other applications.

In the last decade, the CVD of dia-
mond materials has become commer-
cially viable. These CVD diamondsrange
from nanocrystalline films, through
large-area thick polycrystalline plates,
tothin homoepitaxial single-crystal films
with a continuum of qualities varying
from nearly defect-free (white or opti-
cally clear) material to highly defective
but mechanically tough (black) mate-
rial. The CVD process has enabled the
engineering of complex shapes (e.g.,
domes, fibers, tubes) and large sizes (up
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Figure 1. Modeled' (solid symbols) and ex-
perimental* {open symbols) gas-phase spe-
cies concentrations at the growth surface as
a function of the concentration of methane in
the feed gas.
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to 30 cm in diameter), something never
before possible using natural diamonds
or synthetic diamond grown in high
pressure, high-temperature presses. The
commercialization of these materials i
still limited by many factors. The domi-
nant limitations include the deposition
cost, which is controlled by the rela-
tively low mass-deposition rate and the
sizable capital equipment costs, and the
lack of a detailed understanding of the
deposition process that is required fo
achieve optimal process control,

The scientific and technical under
standing of diamond CVD processeshes
progressed significantly to the point
where the generic mechanismsby which
diamond is deposited at pressuresand
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However, the detailed knowledge of the
specificstereochemical surface reactions
that control film morphology, crystallo-
graphic texture, roughness, microstruc:
ture, and defect/impurity incorporation
is still lacking. All of these issues are
critical for controlling film propertiesand
processing. |
In-situ observations and measure:
ments of this complex growth process
are extremely difficult, particidarly at
the level of determining specific reac”
tion mechanisms and pathways or spa-
tially resolving temperatures and com-
positions.!® Still, in-situ measuretients |
have been critical in providing'insight
into the complexity and nature of the .
deposition process.”” These measite
ments have been extremely valuablein |
determining which gaseous species a

present near the:
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Figure 2. The atomic structure of a stepped (111) diamond surface of 100 nm2 cross-sectional area
for conditions typical of hot filament reactors (0.4% methane feed at 1,100 K). Gray and white
atoms are carbon and hydrogen, respectively.
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derstanding of the deposition process.
Valuable information about the
growth process has been obtained from
exsitu examination of deposited films
by correlating the morphology of the
aystalline material and the defects in-
corporated in the material with the
growth conditions. Surface chemical
studies of single-crystal surfaces in ul-
frahigh vacuum have also played a sig-
nificant role in understanding the sur-
face structure and chemical species.'®2
Mathematical/computationalmodels
of the deposition process provide valu-
able new tools to the materials commu-
nity. Detailed models of the CVD pro-
cessmust cover lengths from the dimen-
sions of atoms and molecules (0.1 nm) to
the size of the reactor (0.1-1 m) and
temporal dynamics of the process from
10413 seconds (atomic motion) to the
hours and days required to build up
bulk material (10%-10° s). Thus, the de-
velopment of an integrated model of the
process must span a challenging ten or-
ders of magnitude iff Iength and more
than 15 orders of magnitude in time. The
tremendous advances in computational
hardware have enabled the development
and use of sophisticated computational
models to gain insight into many ele-
ments of this process at levels either
difficult or impossible to access experi-
mentally, such as the details of gas spe-
destransport, temperature distributions,
plasma chemistry, atomic-scale stress
distributions, grain growth, and- defect
incorporation. It has also enabled the ab

rates (cross sections), energetics, and
mechanisms based on the fundamental
interactions occuring between atoms
and molecules.

The goal of this work is to develop an

initic computation of specific reaction-
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Figure 3. Growth rates of (10012 x 1), (111),
and near-(111) oriented films as a function of
the concentration of methane in the feed gas.

integrated set of tools (models) that en-
ables a detailed understanding of the
vapor processing of materials. The mod-
els are divided into three loose catego-
ries that address the chemical kinetic
reaction and transport of gaseous spe-
cies to/from the growing film (macro-
scale), the geometrical modeling of the
microstructural and morphological evo-
lution (microscale), and molecular and
atomic simulations of the growing film
(nanoscale). Reactor-scale models focus
on the rector hydrodynamics and the
gas-phaseand gas-surfacechemistryand
predict the temperature and composi-
tion profiles. This information is used as

input to a molecular-scale simulation of

diamond film growth that self-consis-
tently predicts the rates of growth of
individual surface orientations. The
growth rates predicted by the molecu-
lar-scale hodel are then input to a front-
tracking model of microstructural evo-
lution in polycrystalline films thatyields
information about film morphology,
crystallographic texture, and grain size.

The close coupling of the model pre-
dictions with experimental observations
and constraints is critical to the develop-
ment of robust models of the growth _
process and the optimization and con-
trol of material quality/ costs. Ideally, all
of the inputs to the models at all levels
would be derived from experiments or
experimentally verified calculations.
Realistically, this isniearly impossible to
do with available resources, so input'
data obtained from less fundamental
models is often used, which are vali-
dated using prudently selected experi-
ments. A background on the modeling
methods employed is described in the
sidebar.

RBEACTOR-SCALE MODELING

A significant factor complicating re- .
actor models is the presence of the en-
ergy source. Whether it is the arc jet
issuing fromad.c. plasma torch, the hot-
filament(s), or the microwave or RF plas-
mas, assumptions must invariably. be
made in constructing a physical model
of the source. Not surprisingly, the par-
ticular assumptions strongly affect the
predicted temperature and species dis-
tributions within the reactor.

Most hot-filament reactor modeling
efforts have concentrated on determin-
ing the temperature profile and, in par-
ticular, the species distribution in the
region between the filament and sub-
strate toidentify likely diamond-growth
precursors and develop and validate
deposition mechanisms. The models
have also been used to examine the role
played:by the filament in initiating gas-
phase chemistry. Theoretical studies of
hot-filament reactors may be roughly
divided according to whether ‘one- or

two-dimensional modelswere used. The
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Figure 4. The microstructures of polycrystalline diamond films at

are shown for each o (where d, is the average initial nucleus separation)

c

(a) o=2.0, (b) o« = 1.95, and (¢) o = 1.5: Thick (h =226 d ) and thin (h=11d,) films
. The solid and dotted lines indicate the evolution of the growth front and
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one-dimensional models typically in-
clude detailed gas-phase and gas-sur-
face chemistry and have been used to
gain insight into the chemical kinetics
governing diamond deposition and the
relationship between mass transfer and
chemistry.** An example of a compari-
son between theory and experiment is,
shown in Figure 1, where the gas-phase
composition at the substrate is plotted
against the fraction of CH, in the feed-
gasmixture. The modeled reactor condi-
tions correspond to a 2,620 K hot fila-
ment positioned 1.3 cm from the 1,073 K
growth surface in a chamber at 20.25
Torr with a mixture of CH, and 7 vol.%
argon in H, fed into the growth chamber
at1cm/saxial velocity."* Themolecular-
beam mass spectrometry data were taken
by sampling through a pin hole in'the
substrate center.® Quantitative agree-

ment such as that between the modeled
and measured species concentrations in
Figure 1 haslent confidence to the ability
of detailed chemical kinetic and trans-
port models to accurately simulate dia-
mond deposition. Limited studies have
been performed on developing two-di-
mensional models; these generally con-
tain simplified gas-phase chemistry*and
often do not contain deposition mecha-
nisms. These models yield information
on the details of mass, momentum, and
energy transport in reactors.?4

A lack of quantitative data for tem-
perature and composition in d.c. arc-jet,
RFplasma, and microwave plasmareac-
torshaveled investigators to use models
to predict macroscopic observables such
as film growth rate and examine near-
substrate gas composition for potential
growth precursors. As in the studies of

hot-filament systems, most models of
d.c. and RF arc-jet reactors have bee
one-dimensional, based on uniformstag-
nation oruniaxial straining flow assump-
tions, and have included detailed homs-
geneous and heterogeneous chemis
try.1347 Although the one-dimensionl
models predict gas-phase temperature
and composition as functions of distane
abovethesubstrate and depositionrates,
at present, no published experimentl
data for these quantities exist. In liewof
such comparisons, the models havebeen
applied to investigate potential dix
mond-growth precursors by contras
ing predicted fluxes of specific hydr-

carbon species with experimental film- |

growth-rate data.

Inroads have been made in applying
two-dimensional models. to d.c. arcie
systems. Mankelevich et al.># include]
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two irreversible, electron-assisted dis-
soclation reactions ina gas-phase kinetic
mechanism and used a closed-form ex-
pression for the flux-boundary condi-
tion of the presumed growth species,
CH, to predict a deposition rate as a
function of position on a diamond sur-
face, However, as discussed above, less
progress has been made in modeling
non-thermal plasma-assisted growth. In
the zero-dimensional (point) model of
Hyman et al.,*? the Boltzmann equation
was coupled to transient equations de-
scribing ion and neutral species chemis-
try. The model was applied to predict
therate of electron-density increaseand,
subsequently, to predict the atomic hy-
drogen concentration at the center of the
plasma ball. Because this was a peint
model, it could not include any informa-
tion regarding deposition.

Analysis of combustion-flame depo-
sition has focused on the feasibility of
using different hydrocarbon fuels (e.g.,
CH,, C,H,,and C,;H) and determination
of the relationship between gas compo-
sition and film growth rate. As for hot-
filament and plasma-assisted systems,
combustion reactors have been simu-
lated under atmospheric® and sub-
atmospheric¥operating conditions using
one-dimensional stagnation flow mod-
els. To increase deposition uniformity,
combustion synthesis is often carried
out at relatively low pressures. An addi-
tional benefit of low-pressure deposi-
tion is an increase in the size of the flame
zone, which makes it easier to imple-
ment an optical diagnostics technique
such as laser-induced fluorescence in
order to study the chemistry existing in
this region. ‘

ATOMIC-SCALE GROWTH
SIMULATIONS

The calculation of absolute-reaction
ratessuitable for the kineticMonte Carlo
algorithmrequires informationaboutthe
environmental conditions in the growth
chamber, specifically, the substrate tem-
perature, the chamber pressure, and the
concentrations of gas-phase species at
the growth surface. In the present simu-
lations, typical hot-filament reactor con-
ditions (substrate temperature 1,073 K
and chamber pressure of 20.25 Torr) were
examined, and the gas-phase concentra-
tions at the surface for these conditions
were obtained directly from the reactor-
scalemodels. Thereaction-rate constants
that are obtained from Table 1 in the
sidebar (using the substrate tempera-
ture for T) are converted to absolute-




Probability Density

0.
o 10 20 30 40 50
Angle (degrees)

Figure 5. A series of plots of the probability
distributions of grain orientations as a func-
tion of the growth-rate parameter o,,. An
angle of 0° corresponds to <10>texture, and
45° corresponds to <11> texture.

reaction rates using the gas—phase com-
positions.

One advantage of the atomic-scale
model is that the formation and evolu-
tion of surface features (islands, steps,
microfacets, etc.) are handled explicitly.
An example of step formation during a
simulation of growth on the (111) sur-
face is shown in Figure 2. Since growth
occurs atom-by-atom, the simulated sur-
faces develop a rich variety of surface
structures and features. Inaddition, since
growth on any surface can be simulated
with the same set of chemical reactions
using this method, growth behavior for
different surface orientations canbe pre-
dicted and compared. For example,
growth rates can be calculated by moni-
toring the film height vs. time. Rates of
growthoninitially hydrogen-terminated
(100) [witha (2x 1) reconstruction], (111),
and (11 9 10) surfaces are shown in Fig-
ure 3 for the inlet CH, concentrations
shown in Figure 1. The (11 9 10) surface
is meant to represent a substrate which
is slightly miscut (by 4.7°) from (111).
Growth on the (100)2 x 1) surface is
considerably faster than growth on
the (111) and (11 9.10) surfaces, and thé
(11 9 10) growth rate is slightly higher
than (111).

The rates of growth on different sur-
face orientations depend partly on the
absolute rates of the important chemical
processes. in Table 1. The reaction-rate
coefficients in the table can be used to
obtain rate constants for each reaction,
and these constants can be converted
into absolute rates using the partial den-
sity of the appropriate gas-phase reac-
tant. Thus, the kinetics of diamond
growth depend on the concentrations of
gas-phase species (most importantly
hydrogen, CH,, and C,H,) at the growth
surface. The data in Figure 1 provide
experimentally verified predictions of
these concentrations, which can serve as
reliableinput to the atomic-scale growth
simulations to parameterize the reac-
tion-rate constants obtained from Table
1. Figure 1 indicates that the concentra-
tions of the growth species (CH, and
C,H,) at the surface increase with in-
creasing inlet CH,. This leads to an in-
creasein the growth rates. However, the

hydrogen concentration decreases with
increasing CH,, and as the concentra-
tions of CH, and C,H, saturate above 3%
CH,, the depletlon of hydrogen leads to
a decrease in the growth rates at high
CH, concentrations.

Another factor that is important in
determining growth behavior on differ-
ent surface orientations is the surface
termination and surface atomic struc-
ture, One of the primary advantages ofa
three-dimensional atomic-scale growth
model is that these effects are built-in,
and by using a consistent set of surface
chemical kinetic data like thatin Table 1,
the growth behavior on different sur-
faces of various orientations can be pre-
dicted and compared. Growth on the
(100)(2x 1) surface is considerably faster
than on the (111) or (119 10) surfaces in
Figure 3. This is because the addition of
diamond material onto the smooth

(100)(2 %-1) surface requires the deposi- _

tion of only one carbon atom from the
gas, whereas, growth on the €111) sur-
facerequires three carbon atoms.® How-
ever, growth at step edges on the (111)
surface can occur by the addition of two
or one carbon atoms (depending on the
step-edge site). The (11 9'10) surface is
essentially a stepped (111) surface, and,
therefore, the (11 9 10) growth rate
shown in Figure 3 is h1gher than the
(111) growth rate.

This difference could be important in .

practice, since real substrates are rarely
perfectly flat, but instead are usually
miscut and contain steps. This model

- does not differentiate (as yet) between

growth ona flat (100) surfaceand growth
at a step on the (100) surface, so a slight
miscut from the (100) orientation will
not affect the (100) growth behavior.
However, miscutting the (111) face by
4.7°t0a(11910) orientation has a signifi-
cant effect on the growth rate, because
growthatthe steps on the miscutsurface
is more rapid than layer nucleation ona

flat (111) face.#* The difference between. -

the (111) and (hkl) growth rates, where
(hkD)is a surface orientation that is mis—
cut from (111), should increase as the
degree of miscutand, therefore, the den-
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Figure 8. Growth-rate parameter for hkl =111
and hkl =11 9 10 [near-(111)] as a function of
the concentration of methane in the feed gas.

sity of step-edge sites on the surface
increase.

'MICROSTRUCTURAL
MODELING

The relative rates of growth of the
{100} and {111} faces, expressed by the
growth—rate parameter o, determine
the shape that a diamond crystal wil
assume as it grows. This smgle-crysta
shape will, in turn, control the micro-
structure of a polycrystalline film thatis
formed from the growth of many ran-
domly oriented single-crystal nuclei. As
depicted in Figure A in the sidebar, the
1d10morph1c crystal shapein twodimen-
sions varies as o, changes between one
and two. When o, is less than or equal
to one, only {10} edges bound the square
crystal, and only {11} edges are pres-
ent when o, is greater than or equal o
two.

Figure 4 shows the film microstruc-
tures for three values of o,,. Under con-
ditions similar to those found in theao-
mistic simulations, o, is greater thanor
equal to two, and the film surface i
strongly peaked with mostly {11} facets
(inagreementwith theidiomorphicerys-
tal shape). On the other hand, for o,
slightly less than two, both {11} and {10}
facets are observed. As the film grows,
the crystallographic texture sharpens,
and the fraction of the facets that are {10}

" oriented increase. At very large fim

thicknesses, these {10} facets orient pa-
allel to the substrate dominate, and the
film starts to become flat. The {10} facets
parallel to the substrate continue fo
widen as the simulation progresses, and
eventually the film would become very
flat with predominantly {10} facets. Wild
et al.® predict similar microstructures
under the same conditions. For o,,=15,
both {11} and {10} facets appear in riearly

equal fractions, and the film surface is
flatter than for o, = 2. For o, between
1.0and 2, the surface morphologyam
microstructures are mdrstmgurshab
from those obtained between +2 and
2.0, except that the facet orientationsare
switched (i.e., {10} must be substituted
for {11}, and vice versa).

For all values of 0., examined, the
grain size increases with distance from
the substrate as a result of comipetition
between adjacent facets. Near the sub-
strate, the rate at which the gram size
increases with film thlckness cleatly de-
creases as the film grows. A fit to the
grain size R versus height h suggests
that R = h%, where § = 0.5 £0.15.

The relative chance of a facet survn
ing depends on its orientation (relahve
tothe substrate) and its ve10c1ty, aS‘ com-
pared with the nearest facet in the adjz-
cent grain. Slmllarly, the relative chance
of a particular grain surviving depends
on its orientation relative to thatwof its
neighboring grains and the value of o,
Therefore, asthe film thicknessi mcreasea,
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the distribution of grain orientations
evolves. Figure 5 shows a series of distri-
butions of the grain orientations (crys-
tallographic texture) for different values
of 0, at a film thickness 204 times larger
than the mean nuclei spacing on the
substrate (204 d, ). As o, increases from
oneto two, themost probable grain ori-
entation decreases from 45° (<11> out-
of-plane texture) to 0° (<10> out-of-
plane texture).

Theidiomorphic crystal shapes in Fig-
wre A indicate that at o, = 2.0, only {11}
edges are present and the direction of
fagtest growth is <10>. Thus, the nuclei
that are oriented with a <10> direction
parallel to the growth direction grow
faster than the others in that direction.
Eventually, these nuclei overgrow the
others, and all the grains in the film in
i Figure 4a are oriented with a fast-grow-
ing <10> direction pointed in the direc-
tion of growth (i.e., the film has a <10>
out-of-plane texture). However, the sur-
face of the film contains only {11} facets
that are inclined to the substrate by an
angle of approximately 45° (i.e., the sur-
face morphology is jagged with {11}
facets), For the sarne reasons, the film at
o= 1.0 has a <11> texture with jagged
surface features and {10} facets. The fast-
est growing direction at 0, = 1.95is just
off of <10>, and so the film in Figure 4b
has a near <10> texture. However, each
aystalretains small {10} edges, and these
edgesarenearly parallel to the substrate.
Eventually these {10} edges grow to-
gether to produce the near <10> tex-
tured (10} faceted film. When o, = 1.5,
the direction of fastest growth is be-
tween <10> and <11> (near <12>), and
nearly equal lengths of {10} and {11}
facets are present. Thus, the film in Fig-
uredcisnear <12> textured withajagged
surface morphology (thoughlessso than
when ¢, = 1.0 or 2.0) and both {10} and
{11} surface facets.

Figure 3 indicates that the (100) orien-
tation grows significantly faster thanthe
(111 or (119 10j orientations. Assigning
the (100) growth rates to the {10} edge
and the (111) or (11 9 10) rates to {11}
yields high values of o, (Figure 7).
Since growth on the (11 9 10) surface is
faster than on the (111) surface, o, is
lower if it is assumed that the (111) sur-
faces contain some supply of growth
sites (due tosteps, defects, etc.) like those
onthe {119 10) surface. Nonetheless, the
values of @, are greater than two over
most of the range of inlet CH, concentra-
tions, and, thus, mostly polycrystalline

expected under the conditions detailed.
However, if it is assumed the {111} sur-
faces contain features at which growth is
favored le.g., steps as on the (11 9 10)
surface), then films like that in Figure 4b
for high-inlet CH, concentrations for
which g, in Figure 6 is slightly below
two might be expected.

films like those in Figure 4a might be

CONCLUSIONS

Tt is not possible to construct a single
model that can capture the physics of the
diamond thin-film deposition process
across a range of length scales spanning
ten orders of magnitude. Instead, differ-
enttypes of models mustbe constructed,
each one appropriate to a specificrange
of length and time scales. Molecular-
growth models may be constructed
based on the kinetic Monte Carlo tech-
nique. Continuum models are based on
conservation equations for mass, mo-
mentum, and energy. To bridge the
length-scale gap between the molecular
and continuum approaches, it is neces-
sary to implement models that describe
the evolution of microstructure and mor-
phology. The models associated with
thethree length-scaleregimesare tightly
coupled to one another throughthe mass
and energy flux conservation conditions
applicableat the deposition surface. This
coupling necessitates that the three dif-
ferent length-scale ranges be considered
simultaneously. By the same token, the
solutions for the three different scales
providea clear picture of diamond depo-
sition. Nonetheless, further work is re-
quired. More development is needed to
extend themicrostructuralmodel to three
dimensions, the gas-phasemodel tomore
complete spatially resolved descriptions
of the reactor, and the atomic model to
includetwinningand additional growth

mechanisms.
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