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Multi-length scale modeling of CVD of diamond

Part II A combined atomic-scale/grain-scale analysis
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Chemical vapor deposition of polycrystalline diamond films is studied by combining an
atomic-scale kinetic Monte Carlo model with two (one three-dimensional and one
two-dimensional) grain-scale models. The atomic-scale model is used to determine the
growth rates of (111)- and (100)-oriented surface facets, the surface morphology of the
facets and the extent of incorporation of the crystal defects. Using the atomic-scale
modeling predicted growth rates for the (111)- and (100)-oriented facets, grain-scale
modelling is carried out to determine the evolution of grain structure, surface morphology
and crystallographic texture in the polycrystalline diamond films. It is found that depending
on the relative growth rates of the (111)- and (100)-oriented facets, which can be controlled
by selecting the CVD processing conditions, one can obtain either 〈110〉-textured films with
a relatively smooth faceted surface or 〈100〉-textured films with a highly pronounced deep
facets. In both cases, however, the film surface is composed entirely of the 〈111〉 facets.
This findings are found to be fully consistent with the available experimental results.
C© 2000 Kluwer Academic Publishers

1. Introduction
Over the last decade, chemical vapor deposition (CVD)
of the diamond films from a precursor gas mixture con-
taining a small amount of hydrocarbon (e.g. CH4, C2H2,
etc.) and H2 as the carrier gas at pressures in the range
1–200 Torr has become a commercially viable process
[e.g. 1–3]. In the CVD process the gas mixture is heated
via hot filaments, plasmas or combustion flames, to pro-
mote dissociation of the molecular hydrogen (H2) into
atomic hydrogen (H) and formation of various hydro-
carbon radicals. While under the typical CVD process-
ing conditions graphite is thermodynamically more sta-
ble than diamond, H atoms bond with and passivate the
surface carbon atoms by converting the graphite-type
sp2-bonding into the diamond-type sp3-bonding [2, 3].

It is well-established that CVD of the diamond oc-
curs by incorporation of the chemisorbed hydrocar-
bon radicals. However, the mechanism of the diamond
growth is still not well understood, primarily because
the atomic-scale events which lead to diamond growth
are difficult to studyin situ. Consequently, computer
modeling/simulations and/or interpretation of theex
situ experimental results are the main means of elu-
cidating the mechanisms of diamond growth. A variety
of modeling techniques have been employed to date.
In a number of these models [e.g. 4, 5], the CVD pro-
cess is analyzed at the reactor scale by solving the ap-
propriate continuum reactive-gas fluid-dynamics/heat-
transfer boundary value problem. While such models
are quite useful in the design of CVD reactors and typ-
ically predict reasonably well the average film-growth

rate, they can not account for the effect of surface mor-
phology on the growth rate or be used to predict for-
mation of the crystal defects during film deposition. In
other classes of models, the CVD process is analyzed
at the atomic scale. Among these models some deal
with the surface energetics [6, 7], determination of ki-
netic parameters for individual surface reactions [7–9]
and the analysis of stability of various surface configu-
rations [10–16]. In addition, molecular dynamics [e.g.
17] and Monte Carlo [e.g. 18, 19] methods are utilized
to carry out the three-dimensional atomic-scale simu-
lations of CVD of the diamond single-crystalline films.
The atomic-scale models, while being very instrumen-
tal in predicting the generation of crystal defects, and
the effect of surface morphology on the film-deposition
rate, can not be used to study the evolution of grain
structure, surface morphology and texture in polycrys-
talline diamond films. While the latter phenomena can
be analyzed using one of the grain-scale models such as
the model proposed by Van der Drift [20], these models
have not yet been applied to CVD of the polycrystalline
diamond films.

In the present paper, which is Part II of a two-
part paper, a multi-length scale approach is used to
study CVD of the polycrystalline diamond films. In
Part I [21], the CVD process is analyzed by cou-
pling a reactor-scale model within which an appropriate
reactor-scale continuum-type boundary value problem
for reactive-gas mixture interacting with the deposition
surface is combined with a kinetic Monte Carlo atomic-
scale model. The coupling between the two models
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is accomplished by: (a) using the species concentra-
tions at the deposition surface obtained via the reactor-
scale modeling to define the boundary conditions for the
atomic-scale modeling and; (b) using the atomic-scale
modelling results to identify which surface reactions
govern CVD of the diamond single crystals of different
crystallographic orientations and feed this information
back into the reactor-scale model to ensure self consis-
tency. In this paper, the atomic scale model developed
in Part I [21], is coupled with two grain-scale models to
study the evolution of surface morphology, grain struc-
ture and crystallographic and morphological textures in
the polycrystalline diamond films.

The organization of the paper is as following: In
Section II, a detailed description is given of the atomic-
scale kinetic Monte Carlo method and of the results
obtained by applying this method to CVD of the (111)-
and (100)-oriented diamond single crystals. A simple
three-dimensional and a two-dimensional grain-scale
models for the evolution of grain-structure and film
texture are developed and applied to study CVD
of the polycrystalline diamond films in Section III.
Main conclusions resulting from the present work are
summarized in Section IV.

2. Atomic-scale modeling of CVD
2.1. General consideration
The growth of (111)- and (100)-oriented diamond
films by the CVD has been modeled at the atomic
scale using rigid diamond-type lattices. In other words,
the atomic relaxations and vibrations are not consid-
ered. In the case of (111)-oriented films, the orienta-
tion of the lattice is defined as:x= [112̄], y= [11̄0]
andz= [111] while in the case of the (100)-oriented
diamond films the lattice orientation is defined as
x= [011], y= [011̄], z= [100]. Each film is allowed to
grow in thez-direction while periodic boundary condi-
tions are applied in thex and y directions in order to
avoid the film-edge effects. The size of the computa-
tional lattice in thex–y plane is 90d(112)×40d(110) for
the (111)-oriented diamond film and 60d(011)×40d(011)
for the (100)-orientated whered(uvw) is the spacing of
the (uvw) diamond planes. Initially, six (111) and six
(100) planes of the diamond lattice are filled with car-
bon atoms to form a six-layer thick (111) and a six-
layer thick (100) substrate, respectively. To passivate
the top layer of the substrates, the substrates are termi-
nated with a layer of atomic hydrogen (H). Since the
two substrates are shown in Fig. 1 of Part I [21] of this
two-part paper, they are not reproduced here. However,
Figs 1 and 2 in this paper can be used to obtain the
information about the crystallographic orientations of
the two substrates.

The growth of diamond requires that the hydrogen-
terminated substrate surface be activated which can
take place either by desorption or by abstraction of the
chemisorbed atomic hydrogen. Once a substrate surface
site is activated, it can be repassivated by chemisorp-
tion of either an atomic hydrogen or a hydrocarbon
molecule. The chemisorbed hydrocarbon molecule can
desorb and thus reactivate the site. Conversely, the

Figure 1 Formation of three equivalent three-carbon bridges, (a), whose
growth leads to formation of a new island on an atomically flat (111)
substrate/film surface, (b). An island edge ABCD grows by nucleation,
(c), and growth, (d), of kinks.

Figure 2 Nucleation (A) and the beginning of growth (B) of a new layer
on an atomically flat (100)-oriented diamond film by the following mech-
anisms: (a) dimer insertion; (b) trough insertion and (c) by the BCN
mechanism.
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hydrocarbon molecule may take part in one of the pos-
sible surface reactions which leads to the incorporation
of carbon atom from the hydrocarbon molecule into the
diamond lattice and thus to film growth.

The film deposition is simulated by allowing the sub-
strate to interact with a hot-filament heated process-gas
containing various concentrations of H, H2, CH3, C2H2,
etc in accordance with the set of surface chemical reac-
tions reported in Table I of Part I [21]. The concentration
of various gas-phase, surface and solid-phase species
at the deposition surface is obtained by carrying out a
reactor-scale modeling of CVD of the diamond films
as reported in Part I [21].

In order to help interpret the results of atomic-scale
modeling of the diamond deposition process, main sur-
face phenomena accompanying the interaction between
the reactive gas and the deposition surface are analyzed
in this section.

A new layer on an atomically flat (111) plane is nucle-
ated as a three-carbon bridge through a series of surface
reactions as listed in Table I of Part I [21] culminating
in reactions (1), (−5), (13), (21) (−25), (37), (29), (33)
and (44). As shown in Fig. 1a there are three equivalent
three-carbon bridge orientations. Carbon atoms form-
ing the three-carbon bridges are represented as large
crossed circles in Fig. 1a. The growth of either of these
three bridges leads to formation of an island of the new
layer, Fig. 1b. The edge of the island is marked as ABCD
in Fig. 1b. The growth of the island takes place by nu-
cleation and growth of the edge kinks. The nucleation
of a new kink occurs by addition of two carbon atoms
to the island edge as shown in Fig. 1c. Further growth
of the kink entails the addition of one carbon atom at
a time, Fig. 1d, and this is accomplished via the oper-
ation of the surface reactions, (1), (2), (13), 21), (25),
(3), (−7) and (49), Table I of Part I [21].

A new layer on an atomically flat (100) plane can be
nucleated (A) and subsequently grown (B) by one of
the three mechanisms: (a) the dimer insertion, Fig. 2a;
(b) the trough insertion, Fig. 2b and c the BCN mecha-
nism, Fig. 2c. All three mechanisms are considered in
the present work.

During deposition of the (111)-oriented single-
crystalline diamond films various crystal defects of the
point, line and plane type can form. Among the point-
type defects, vacancies, Fig. 3a and entrapped hydro-
gen atoms, Fig. 3b, can be generated. Fig. 3c shows
formation of a partial dislocation with the Burgers vec-
torb=a/6[12̄1] which is accompanied with a stacking
fault (a planar defect). Square and diamond symbols are
used in Fig. 3c to indicate the carbon atoms residing on
two adjacent (̄101) planes each on one side of the stack-
ing fault. Fig. 3d shows a (111)-type twin which is the
result of nucleation and growth of a three-carbon bridge
isomer on the atomically flat (111) surface.

In general, defects are less likely to form during
growth of the (100)-oriented diamond films. In partic-
ular, significantly lower concentrations of the line and
planar defects are generally observed in comparison
with the ones in the (111)-oriented diamond films. For-
mation of the point defects is more likely and two
types of such defects, vacancies and entrapped hydro-
gen atoms are shown in Figs 4a and b, respectively.

The kinetics of surface reactions is represented using
the general formalism adopted in the Surface ChemKin
computer program [22]. Within this formalism, the for-
ward rate constant for reactioni , k fi , is assumed to be
given by the following Arrhenius-type relation:

k fi = Ai T
βi exp

(
− Ei

RT

)
(1)

where the pre-exponential factorAi , the temperature
exponentβi and the activation energyEi for all the sur-
face reactions considered in the present work are ob-
tained from Coltrinet al. [23, 24] and Battaileet al.
[18], R is the universal gas constant andT is the
absolute temperature. The reverse reaction rate con-
stant is related to the forward reaction rate constant
and can be computed using the procedure outlined in
Appendix.

The temporal evolution of the diamond film dur-
ing growth is modeled using the version of the kinetic
Monte Carlo method recently developed by Battaile
et al. [18]. Within this method, one surface reaction is
allowed to take place at one surface site during each
time step. The occurrence of one of the reactions at one
of the sites is termed an event. At each time step, a
list of all possible events is constructed and the prob-
ability for each event is set proportional to the rate
of the associated surface reaction relative to the rates
of the surface reactions associated with all the other
possible events. Computer implementation of kinetic
Monte Carlo method is discussed in considerable de-
tails in Part I [21] and hence it will not be discussed
here.

As discussed in Part I [21], the present Monte Carlo
method uses a variable time increment which adjusts
itself dynamically and stochastically to account for
the fact that different events take place at different
rates.

2.2. Results
The top view of an (111)-oriented diamond film
deposited under the CVD conditions typical for a
rotating-disk hot-filament reactor: reactive gas at the
reactor inlet (0.4% CH4, 92.6% H2), Theator= 2000 K,
Tsubstrate= 1000 K,p= 20.25 Torr, Heater-to-Substrate
distance= 1.3 cm at four deposition times is shown in
Fig. 5a–d. The surface morphology shown in these fig-
ures is typical for the (111)-oriented diamond films.
To help the analysis of surface morphology, different
shades of grey are used to designate the relative mag-
nitude of the z coordinate of the atoms. The white (the
brightest shade of grey) atoms are located on the very
top of the surface asperities, while the black (the dark-
est shade of grey) ones are located on the bottom of the
surface valleys. To further improve the clarity of the sur-
face morphology, the regions containing (111) twins are
represented using circles of somewhat larger diameter.
At short simulation times, Fig. 5a, there is a relatively
large fraction of twins (T) separated from the regular
regions by dislocations loops (D) and gaps (G). As dis-
cussed earlier, formation of a new (111) layer starts with
formation of a three-carbon bridge (B, Fig. 5b), which
as it grows forms first a nucleus (N) and then a large
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Figure 3 Crystal defects whose formation is allowed during the atomic-scale simulations of CVD of the (111)-oriented diamond films: (a) a vacancy
(V); (b) entrapped hydrogen atoms (small circles surrounded by a square); (c) a partial dislocation with the Burgers vectorb=a/6[12̄1] and the
associated stacking fault (marked by two parallel adjacent (1̄01) planes, one denoted by diamond and the other by square symbols); (d) a (111) twin.
The basic diamond tetrahedron ABCD is outlined using dashed lines in (a) and (b).

Figure 4 Formation of (a) a vacancy (the large crossed circle) and
(b) a pair of entrapped hydrogen atoms (two small crossed circles) in
an (100)-oriented diamond film. Dashed lines are used to designate the
basic diamond tetrahedron which contains the point defect.

island (I). Large islands, I1 and I2 in Fig. 5b and c are
bounded by the well defined edges (E) and kinks (K).
The evolution of the morphology of the islands, I1 and
I2, with time, Fig. 5b and c, clearly shows that kink
nucleation and motion is the main mechanism of island
growth. The edge/kink morphology of the islands per-

sists even after isolated islands coalesce, Fig. 5d. Since
the regular regions constitute the major portion of the
film surface, they are more likely to nucleate a new
(111)-layer and hence they grow faster than the twinned
regions. Thus, the twinned regions are gradually being
covered with the regular regions (C), and become buried
inside the film.

A side view of the four (111)-oriented diamond films
corresponding to Fig. 5a–d is shown in Fig. 6a–d. For
comparison, all the morphological features marked in
Fig. 5a–d, are also indicated in Fig. 6a–d. These figures
clearly show that the growth of (111)-oriented diamond
films is dominated by the edge/kink-type of growth of
(111)-islands. In other words, the growth of the existing
(111) islands appears to be a faster process than the pro-
cess of nucleation of new (111) islands. Consequently,
the surface morphology of the (111)-oriented diamond
films is dominated by (111) terraces and steps.

The effect of substrate temperature (the remaining
processing conditions kept identical to the ones listed
above) on the (111)-oriented film deposition rate is
shown in Fig. 7a. For comparison the experimental
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Figure 5 Top view of an (111)-oriented diamond film obtained under the following CVD conditions in the reactor: Reactive gas at the reactor inlet
(0.4% CH4, 92.5% H2), Theator= 2000 K,Tsubstrate= 1000 K, p= 20.25 Torr, Heater-to-Substrate Distance= 1.3 cm. Deposition times: (a) 0.87 s;
(b) 1.81 s; (c) 2.07 s and (d) 2.85 s. Nomenclature: B - 3-carbon bridge, C - Twin covered by regular crystal, D - Dislocation loop, E - Edge, G - Gap,
I - Island, K - Kink, N - Nucleus, T - Twin, V - Void.

Figure 6 The side view of the four (111)-oriented diamond films shown in Fig. 5a–d.

results of Chuet al. [25] are also shown in Fig. 7a.
The agreement between the two sets of results can be
considered as reasonable.

The effect of substrate temperature on the concen-
tration of point-type defects (vacancies and entrapped
hydrogen atoms) and the area fraction of twins in the
(111)-oriented diamond films are shown respectively in
Fig. 8a and b. The concentration of the point-type de-
fects is found to be fairly constant during the deposition
process, Fig. 8a. In sharp contrast the twinned fraction
of the film is found to monotonically decrease with the
film thickness, Fig. 8b.

The results depicted in Figs 7 and 8 show that both
the growth rate of the (111)-oriented diamond films and
the concentrations of crystalline defects/imperfections
increase with the substrate temperature. This suggests
that there is an intermediate temperature range within
which one can obtain an optimum combination of the
film quality and the high rate of deposition. This temper-
ature can be determined by first defining a parameter in
which the film growth rate and the inverse concentration
of the defects are properly weighted and then identify-
ing the temperature at which such a parameter acquires
a maximum value. Since the relative weighting factors

5375



P1: FHF [RD1: JMS] KL958(A)-6528-99 August 1, 2000 9:45

Figure 7 Effect of the substrate temperature on the deposition rate of (111)- and (100)-oriented diamond films, (a), and the corresponding growth
velocity ratioα3D, (b), under the CVD conditions given in Fig. 5. Error bars represent on standard deviation over five simulation runs.

Figure 8 Effect of the substrate temperature on the concentration of
vacancies and entrapped hydrogen atoms in (111)- and (100)-oriented
diamond films, (a), and twins in (111)-oriented diamond films, (b), under
the CVD conditions specified in Fig. 5. Error bars represent on standard
deviation over five simulation runs.

for the film growth rate and the inverse concentration
of the defects are a function of the application of the
diamond film, identification of the optimum substrate
temperature is not carried out in the present work.

The top view of an (100)-oriented diamond film
deposited under the identical condition as the (111)-
oriented diamond film discussed above is shown in
Fig. 9a–d. In order to indicate formation of dimer
bonds along the [011] direction, the distance between
the carbon atoms forming a dimer bond is shortened.
A striking feature of the surface morphologies shown
in Fig. 9a–d is the absence of well defined regularly-
shaped islands surrounded with straight edges and
kinks. Instead, typical islands, I1, I2, I3 in Fig. 9b and c,
are quite irregular in shape and the film growth appears
to be affected both by the nucleation of new islands and
the growth of the existing ones. Consequently, the film
surface remains quite irregular during the deposition.
At large simulation times, surface irregularities result
in the formation of deep pits P which can be observed
in Fig. 9d. A careful analysis of the deposited surface in
Fig. 9a–d reveals that all three deposition mechanisms:
the dimer insertion (D), the trough insertion (T) and
the BCN mechanism (B) are found to be operative. The
relative contributions of these mechanisms is estimated
as D : T : B∼= 16 : 7 : 6 andappear to be fairly constant
during the deposition.

The side view of the four (100-oriented diamond
films corresponding to Fig. 9a–d is shown in Fig. 10a–d.
For comparison, all the morphological features marked
in Fig. 9a–d, are also indicated in Fig. 10a–d. The side
views of the (100)-oriented films further demonstrate a
pronounced roughness of the film surface.

The effect of substrate temperature on the (100)-
oriented film deposition rate is shown in Fig. 7a. The
results indicate that there is an intermediate temperature
range within which the deposition rate is maximum.

The effect of substrate temperature on the concen-
tration of vacancies and entrapped hydrogen atoms in
the (100)-oriented diamond films is shown in Fig. 8a.
Since the concentration of the defects increases with
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Figure 9 Top view of four (100) surface configurations obtained under the CVD conditions identical to the ones listed in Fig. 5. Deposition times:
(a) 0.01 s; (b) 0.018 s; (c) 0.032 s and (d) 0.208 s. Nomenclature: B—BCN mechanism, D—Dimer insertion mechanism, P—Pit, I—Island, T—Trough
insertion mechanism.

Figure 10 Side view of the four (100)-oriented diamond films shown in Fig. 9a–d.

the substrate temperature and the deposition rate is
maximum at a temperature around 1150 K, there is
again a intermediate temperature range within which
CVD is optimal relative to achieving a maximum de-
position rate and a minimum concentration of the
defects.

3. Grain-scale modeling of CVD
3.1. General consideration
In this section, the growth of polycrystalline CVD-
grown diamond films at the grain scale is analyzed using
both a simple three-dimensional and a two-dimensional
(a Van der Drift-type) model. It is well-established
that the surface of polycrystalline diamond films is
faceted with the (111) and, to a less extent, (100)
crystallographic planes. The growth rates of these facets
are assumed to be equal to the rates of the (111)- and
(100)-oriented single-crystalline diamond films deter-
mined in the previous section.

Grain-scale modeling of CVD of diamond films is
first carried out using a simple four square-grain struc-
ture. A top view of the four-grain film is shown in
Fig. 11. Grains 1 and 4 have a〈100〉 direction normal to
the substrate while grains 2 and 3 have a〈110〉 direction
normal to the substrate. The surface of grains 1 and 4 is
composed entirely of the (111) facets while the surface
of grains 2 and 3 is composed of both the (111) and
(100) facets. The four-grain film was chosen in order
to account for the experimental findings which show
that the surface of polycrystalline diamond films is pre-
dominantly composed of the (111)-type facets and, to
a lower extent, of the (100)-type facets. Following the
procedure described below,x, y andz components of
the velocity of each grain vertex are calculated. Dur-
ing calculation of the vertex velocity, the effect of the
inclination of each surface facets relative to the plane
of the substrate on the facet growth rate is taken into ac-
count. This is done by multiplying the deposition rate of
each surface facet by a factorβ0 which is proportional
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Figure 11 Top view of the four-grain structure used in three-dimensional
simulations of the diamond film growth. (uvw) notation used to denote
the orientation of grains facets and〈hkl〉 the crystallographic direction
normal to the substrate surface. Heavy lines are used to denote the grain
boundaries.

to the deposition flux per unit facet area. Under the
assumption of a uniform distribution of the incident
particles,β0= cosα0, whereα0 is the angle between
the facet normal and the substrate plane normal. For
the four-grain film, the followingα0 values are deter-
mined: 54.75◦ for the (111)-facets on grains 1 and 4 and
35.26◦ for the (111)-facets and 45◦ for the (100)-facets
on grains 2 and 3.

As will be shown below the morphology of the film
is governed by the relative magnitude of the (111) and
(100) growth rates which is conveniently expressed us-
ing a growth velocity ratio:

α3D ≡
√

3
v100

v111
(2)

wherev100 andv111 are the growth rates of the (100)
and (111) facets, respectively. It can be easily verified
that the ultimate shape of an isolated three-dimensional
nucleus is determined by the magnitude ofα3D. Specifi-
cally forα3D ≤ 1, the nucleus adopts a cubic shape sur-
rounded by the (100) facets. Forα3D ≥ 3, on the other
hand, the nucleus becomes an (111)-faced octahedron.
For 1< α3D < 3, the nucleus acquires a (100)-(111)-
faced cubo-octahedron. The variation of the growth ve-
locity ratio α3D with the substrate temperature under
the remaining CVD processing conditions given in the
previous section is shown in Fig. 7b.

The growth of polycrystalline diamond films at
the grain-scale level is also analyzed using a two-
dimensional idealization in which the surface of a in-
plane projected diamond film is taken to be composed
of projected (111) and (100) facets and projected [110]
edges. Modeling of the evolution of the film grain-
structure follows closely the approach initially pro-
posed by Van der Drift [20]. At the beginning of a sim-

ulation, diamond nuclei in the shape of triangles and
quadrilaterals are generated at random. In accordance
with the morphology of the four-grain film used in the
previous section, three types of nuclei shown in Fig. 12
are considered. The nuclei are next allowed to grow by
the outward motion of their edges. The growth process
is modeled by determining the velocity v of each ver-
tex of the nucleus, and allowing the vertex to move by
a distancev1t where1t is a small time increment.
The procedure used for determination of the velocity
components of a vertex is explained schematically in
Fig. 12. The velocitiesvl andvr of the nucleus edges
to the left and to right of vertex A are first used to find
their contributions to the velocity of vertex A,vl

A and
vr

A, respectively. Thenvl
A andvr

A are next summed
as vectors to obtain the vertex velocity, v. Finally,v is
resolved into itsx andy components,vx andvy. This
procedure yields the following relations betweenvx, vy

andvl , vr.

vx = vl cosβ + vr cosα

sin(α − β)
(3)

vy = vl sinβ + vr sinα

sin(α − β)
(4)

whereα andβ, as indicated in Fig. 13, are respectively
the angles the left and the right edges of vertex A make
with the positive side of thex axis.

Initially, the nuclei grow independently from each
other. However after certain simulation time, the nu-
clei have grown to the extent that they begin to contact
with their neighbors, ultimately forming a continuous
film at the substrate. Subsequent growth of the film is
accompanied by a competition between the adjacent
grains, the process in which more favorably oriented
grains (the grains whose direction of the fastest growth
is nearly normal to the surface of the substrate) block off
the growth of less favorably oriented grains. As a result
of this “evolutionary selection” process, the number of
grains becomes smaller than the number of nuclei and
the film acquires a familiar columnar-grain structure.

3.2. Results
Fig. 3a and b show the evolution of the surface structure
in the four-grain film under the periodic boundary con-
dition in the x and y directions forα3D= 2.0. These
results are typical forα3D > 1.5. As the film grows,
the (100) facets shrink as grains 2 and 3 begin to cover
and block off grain 4. Meanwhile, the grain-1/grain-2
and grain-1/grain-3 boundaries extend only in thez di-
rection. After certain simulation time, the (100) facets
disappear. This finding is, at least, qualitatively consis-
tent with the results of Wildet al. [26] which show
that the〈110〉 texture (resulting from the growth of
grains 2 and 3) increases with the film thickness. In ad-
dition, a relatively low stacking fault energy promotes
the tendency for formation of twins on the (111) surface
facets which can further contribute to an increase in the
〈110〉 texture of polycrystalline diamond films. This can
be explained as following. When a twin is formed, the
crystal lattice is rotated about the twin-plane normaln
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Figure 12 An intermediate, (a), and the final, (b), top-view configuration of the four-grain structure under the deposition conditions corresponding to
α3D= 2.0; (c) and (d) are the corresponding top views forα3D= 1.0.

Figure 13 A Schematic of three types of two-dimensional nuclei and the
vertex velocity construction procedure used in the Van der Drift analysis
of the diamond film growth.

by 180◦. This rotation is represented by the following
rotation matrix:

R= 2nnT − I (5)

wheren is expressed as a (3× 1) vector,nT is its trans-
pose andI is the second order identity matrix. In the

present casenT= 1/
√

3〈111〉 and there are four〈111〉
plane normals. Twinning causes any lattice vectorv to
becomeRtwinv. In the case of grains 1 and 4, twinning
on each of the four (111) planes causes the direction
normal to the film substrate to change from〈100〉 to
〈122〉. Conversely, for grains 2 and 3, twinning on two
(111) planes causes the direction normal to the sub-
strate,〈110〉, to change to a〈114〉 direction while twin-
ning on the other two (111) planes retains the〈110〉 tex-
ture of these grains. This analysis indicates that even if
the grain-1/grain-2 and grain-1/grain-3 boundaries in
Fig. 12b are to remain vertical and hence grain 1 re-
tains its original size during the film growth, the〈110〉
texture would increase relative to the〈100〉 texture.

Fig. 13c and d show the evolution of the surface struc-
ture in the four-grain diamond film under the growth
velocity ratio ofα3D= 1.0. These results are typical
for α3D< 1.5. As shown in Fig. 13c, both the (111)
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and the (100) facets on grains 2 and 3 shrink and ulti-
mately disappear as grains 2 and 3 are being covered
and finally completely blocked-off by grains 1 and 4.
This findings suggest that under the conditions corre-
sponding toα3D< 1.5, the film surface is completely
covered with (111) facets and the film has a〈100〉-type
texture. It should be noted, however, that based on our
atomic-scale simulation results shown in Fig. 7b, the
growth velocity ratio is generally greater than 1.5 un-
der the CVD processing conditions. Therefore,〈100〉-
textured polycrystalline diamond films are not expected
to be obtained under the typical CVD conditions. This
finding is in agreement with the experimental results of
Wild et al. [26].

Fig. 14a and b show the evolution of the grain
structure, surface morphology/roughness and texture
in CVD-grown polycrystalline diamond films under
the processing condition corresponding to the growth
velocity ratio α3D= 2.0 andα3D= 1.0, respectively.
These results are typical forα3D > 1.5 andα3D < 1.5,
respectively.

Forα3D> 1.5, Fig. 14a, the film surface is completely
covered with (111)-type facets while surface asperities
are predominantly the〈110〉-edges (lines of intersec-
tions of two (111) planes). As a result, the film sur-
face is quite smooth at the grain-size scale and the film
acquires a〈110〉-type texture. All these findings are
fully consistent with the experimental results of Wild
et al. [26].

For α3D< 1.5, Fig. 14b, the surface is also com-
posed entirely of the (111) facets but it is quite rough
at the grain-size scale. Furthermore, in sharp contrast
to theα3D> 1.5 case, surface asperities correspond to
the diamond-octahedron vertices (the points of intersec-
tion of four (111)-planes) rather than to the diamond-
octahedron vertices. The film acquires a〈100〉-type tex-
ture, the intensity of which increases as the film grows.

The results shown in Fig. 14a and b suggest that, from
the standpoint of obtaining a smoother film surface, it

Figure 14 The evolution of two-dimensional grain structure during CVD of polycrystalline diamond films under the conditions corresponding to the
growth velocity ratio: (a)α3D= 2.0 and (b)α3D= 1.0. Nomenclature: Solid lines -{110} edges; dotted lines - projected{111} facets; dash-and-dot
lines - grain boundaries.

is advantageous to employ the CVD conditions corre-
spond toα3D > 1.5. In addition, the film deposition rate
for theα3D > 1.5 case is found to be about 12–15%
higher than that in theα3D < 1.5 case. This could be
seen in Fig. 14a and b in which the final films structures
correspond to the same deposition times.

4. Discussion and conclusions
In the present work, chemical vapor deposition of poly-
crystalline diamond films is analyzed by combining an
atomic-scale model with two grain-scale models. In
such analysis, the atomic-scale model enables deter-
mination of intrinsic growth rates of the surface facets
of polycrystalline films and the effect of surface con-
ditions on the rate of incorporation of the crystalline
defects. The grain-scale models, on the other hand al-
low determination of the polycrystalline film growth
rate and surface roughness, grain-structure and crys-
tallographic texture in the as-deposited polycrystalline
films.

In Part I of this two-part paper [21], a reactor-scale
model and the present atomic-scale model were com-
bined to establish the relationships between CVD-
processing parameters such as the concentration of
species in the feed gas temperature and pressure and
the chemical and thermal conditions at the film surface.
Thus, by combining the analysis presented in Part I with
the one presented in this paper, one can establish a direct
link between the processing conditions and the result-
ing microstructure (and properties) of the as-deposited
films. Such a link can be used to both optimize the
process (Process Design) and/or improve the perfor-
mance of the deposited film (Product Design).
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Appendix: Computation of the reverse
reaction rate constant
The reverse reaction rate constant,kri , is related to the
forward reaction rate constant as:

kri =
kf i

KCi

(A1)

where KCi is the equilibrium reaction constant ex-
pressed in concentration units and is related to the equi-
librium constant expressed in pressure units,K Pi as:

K Pi =

KCi

(
Patm

RT

)−∑Kg
k=1 vki N l

s∏
n=N f

s

(
00

n

)−∑K l
s(n)

k=K f
s(n)
vki

K l
s(n)∏

k=K f
s(n)

σ
vki

k

(A2)

wherePatmis the pressure of 1 atm,00
n the standard state

density of the surface sites of typen, σk(n) the num-
ber of sites of typen occupied by speciesk, andvki ’s
are the stoichiometric reaction coefficients associated
with speciesk and reactioni , Kg the total number of
gas species andKs

f(n) andKs
l(n) the first and the last

surface species residing onn-type sites, respectively,
andNs

f andNs
l the first and the last surface site types,

respectively.
K Pi can be computed from the standard-state en-

thalpy change1Hi
0 and the standard-state entropy

change1Si
0 accompanying reaction i as:

K Pi = exp

(
1S0

i

R
− 1H0

i

RT

)
(A3)

1Hi
0 and1Si

0 for the set of surface reactions used
in the present work are obtained from Coltrinet al.
[23, 24] and Battaileet al. [18].

It should be noted that for the surface reactions
listed in Table I of Part I [21] in which the number
of surface species is conserved, the sum

∑Kg

k= 1 vki = 0,

and hence (Patm/RT)
∑Kg

k= 1 vki = 1. For the remaining
surface reactions

∑Kg

k= 1 vki = − 1 and, hence (Patm/
RT)

∑Kg

k= 1 vki = 0.0122 K
cm3

1
T .
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