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Multi-length scale modeling of CVD of diamond

Part Il 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.

© 2000 Kluwer Academic Publishers

1. Introduction rate, they can not account for the effect of surface mor-
Over the last decade, chemical vapor deposition (CVDphology on the growth rate or be used to predict for-
of the diamond films from a precursor gas mixture con-mation of the crystal defects during film deposition. In
taining a smallamount of hydrocarbon (e.g.£,8:H,,  other classes of models, the CVD process is analyzed
etc.) and H as the carrier gas at pressures in the rangat the atomic scale. Among these models some deal
1-200 Torr has become a commercially viable proceswiith the surface energetics [6, 7], determination of ki-
[e.g. 1-3]. Inthe CVD process the gas mixture is heateahetic parameters for individual surface reactions [7-9]
via hot filaments, plasmas or combustion flames, to proand the analysis of stability of various surface configu-
mote dissociation of the molecular hydrogen)iito  rations [10—16]. In addition, molecular dynamics [e.g.
atomic hydrogen (H) and formation of various hydro- 17] and Monte Carlo [e.g. 18, 19] methods are utilized
carbon radicals. While under the typical CVD process-+o carry out the three-dimensional atomic-scale simu-
ing conditions graphite is thermodynamically more sta-lations of CVD of the diamond single-crystalline films.
ble than diamond, H atoms bond with and passivate th&@he atomic-scale models, while being very instrumen-
surface carbon atoms by converting the graphite-typéal in predicting the generation of crystal defects, and
sp’-bonding into the diamond-type $ponding [2, 3].  the effect of surface morphology on the film-deposition
It is well-established that CVD of the diamond oc- rate, can not be used to study the evolution of grain
curs by incorporation of the chemisorbed hydrocar-structure, surface morphology and texture in polycrys-
bon radicals. However, the mechanism of the diamondalline diamond films. While the latter phenomena can
growth is still not well understood, primarily because be analyzed using one of the grain-scale models such as
the atomic-scale events which lead to diamond growtlthe model proposed by Van der Drift [20], these models
are difficult to studyin situ. Consequently, computer have not yet been applied to CVD of the polycrystalline
modeling/simulations and/or interpretation of the  diamond films.
situ experimental results are the main means of elu- In the present paper, which is Part Il of a two-
cidating the mechanisms of diamond growth. A varietypart paper, a multi-length scale approach is used to
of modeling techniques have been employed to datestudy CVD of the polycrystalline diamond films. In
In a number of these models [e.g. 4, 5], the CVD pro-Part | [21], the CVD process is analyzed by cou-
cess is analyzed at the reactor scale by solving the apling a reactor-scale model within which an appropriate
propriate continuum reactive-gas fluid-dynamics/heatreactor-scale continuum-type boundary value problem
transfer boundary value problem. While such modeldor reactive-gas mixture interacting with the deposition
are quite useful in the design of CVD reactors and typsurface is combined with a kinetic Monte Carlo atomic-
ically predict reasonably well the average film-growth 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 developec
in Part 1 [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 Il, 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 Figure 1 Formation ofthree equivaler_ltthree-carbon bridges, (a), whose

growth leads to formation of a new island on an atomically flat (111)

texture are develpped . and apP“ed -t0 St“‘?'y C\/Dsubstrate/film surface, (b). An island edge ABCD grows by nucleation,
of the polycrystalline diamond films in Section Ill. (), and growth, (d), of kinks.
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 ax =[112], y=[110]
and z=[111] while in the case of the (100)-oriented
diamond films the lattice orientation is defined as
x =[011],y =[011],z=[100]. Each film is allowed to
grow in thez-direction while periodic boundary condi-
tions are applied in th& andy directions in order to g
avoid the film-edge effects. The size of the computa-
tional lattice in thex—y plane is 9112 x 40d110) for
the (111)-oriented diamond film and 6@11)x40d011)

for the (100)-orientated whewy, ) 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 y=[011] AN |

the top layer of the substrates, the substrates are termi (©) o ® x=[011]
nated with a layer of atomic hydrogen (H). Since the
two substrates are shown in Fig. 1 of Part | [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 car
take place either by desorption or by abstraction of the
chemisorbed atomic hydrogen. Once a substrate surfac.
S.Ite IS ac.tlvated’ It Can.be repassivated by Chemlsorp{figure 2 Nucleation (A) and the beginning of growth (B) of a new layer
tion of either an atQm'C hydrogen or a hydro"‘"”lrbonon an atomically flat (100)-oriented diamond film by the following mech-
molecule. The chemisorbed hydrocarbon molecule cagnisms: (a) dimer insertion; (b) trough insertion and (c) by the BCN
desorb and thus reactivate the site. Conversely, theechanism.
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hydrocarbon molecule may take part in one of the pos- The kinetics of surface reactions is represented using

sible surface reactions which leads to the incorporatiorthe general formalism adopted in the Surface ChemKin

of carbon atom from the hydrocarbon molecule into thecomputer program [22]. Within this formalism, the for-

diamond lattice and thus to film growth. ward rate constant for reactionky, , is assumed to be
The film deposition is simulated by allowing the sub- given by the following Arrhenius-type relation:

strate to interact with a hot-filament heated process-gas

containing various concentrations of H KL Hs, CoHo, ki = ATH exp(—E> 1)

etc in accordance with the set of surface chemical reac- ' RT

tionsreportedin Table | of Part1[21]. The concentratlon_Where the pre-exponential factdt, the temperature

of various gas-phase, surface and solid-phase Spec'%?(ponenf}i and the activation enerdy; for all the sur-

at the deposition surface is obtained by carrying out 3 : : :
) . . ace reactions considered in the present work are ob-
reactor-scale modeling of CVD of the diamond fIImStained from Coltrinet al. [23, 24] and Battaileet al.

as reported in Part | [21]. . : ;
. . 18], R is the universal gas constant afidis the
In order to help interpret the results of atomlc'.scalegbs]olute temperature. Thge reverse reaction rate con-
modeling of the diamond dep_03|t|on.process., MaIn SUrsant is related to the forward reaction rate constant
face phenomena accompanying the interaction betweeglnd can be computed using the procedure outlined in
the reactive gas and the deposition surface are analyz%ppendix
mK];]Se\?velgtloerr]bn anatomically flat (111) planeis nucle- The temporal evolution of the diamond film dur-
Y catly plar ing growth is modeled using the version of the kinetic
ated gsathreg-cart_)on bridge through a series Qfsurfaﬁonte Carlo method recently developed by Battaile
reactions as listed in Table | of Part | [21] culminating

. . et al. [18]. Within this method, one surface reaction is
in reactions (1), £5), (13), (21) €25), (37), (29), (33) ?Ilowed to take place at one surface site during each

and (44). As shown in Fig. 1a there are three equivale :
three-carbon bridge orientations. Carbon atoms formnEIme step. The occurrence of one of the reactions at one

. ; of the sites is termed an event. At each time step, a
ing the th_ree-cgrbo_n bridges are represented as Iarqgt of all possible events is constructed and the prob-
crossed circles in Fig. 1a. The growth of either of these_| .. . X
three bridges leads to formation of an island of the newablllty for each event is set proportional to the rate
laver Fi glb The edae ofthe island is marked asABCDOf the associated surface reaction relative to the rates
inyFi ! 1%‘ THe rovvt% of the island takes place b nu_of the surface reactions associated with all the other
9. .D. 9 X P Y MU ossible events. Computer implementation of kinetic
cleation ar)d growth of the edge kinks. The nucleatio onte Carlo method is discussed in considerable de-
ofa new Kink occurs by addlt_lon .Of two carbon atomstails in Part | [21] and hence it will not be discussed
to the island edge as shown in Fig. 1c. Further growt ere
of the kink entails the addition of one carbon atom at L .
a time, Fig. 1d, and this is accomplished via the oper- As discussed in Part | [21], the present Monte Carlo

. . method uses a variable time increment which adjusts
ation of the surface reactions, (1), (2), (13), 21), (25),. . :
(3). (=7) and (49), Table | of Part | [21]. itself dynamically and stochastically to account for

A new layer on an atomically flat (100) plane can bethe fact that different events take place at different

nucleated (A) and subsequently grown (B) by one of ates.
the three mechanisms: (a) the dimer insertion, Fig. 2a;
(b) the trough insertion, Fig. 2b and ¢ the BCN mecha-2.2. Results
nism, Fig. 2c. All three mechanisms are considered infThe top view of an (111)-oriented diamond film
the present work. deposited under the CVD conditions typical for a
During deposition of the (111)-oriented single- rotating-disk hot-filament reactor: reactive gas at the
crystalline diamond films various crystal defects of thereactor inlet (0.4% Chl 92.6% H), Theator= 2000 K,
point, line and plane type can form. Among the point- Tsypstrate= 1000 K, p = 20.25 Torr, Heater-to-Substrate
type defects, vacancies, Fig. 3a and entrapped hydralistance= 1.3 cm at four deposition times is shown in
gen atoms, Fig. 3b, can be generated. Fig. 3c showsig. 5a—d. The surface morphology shown in these fig-
formation of a partial dislocation with the Burgers vec- ures is typical for the (111)-oriented diamond films.
torb =a/6[121] which is accompanied with a stacking To help the analysis of surface morphology, different
fault (a planar defect). Square and diamond symbols arshades of grey are used to designate the relative mag-
used in Fig. 3c to indicate the carbon atoms residing omitude of the z coordinate of the atoms. The white (the
two adjacent101) planes each on one side of the stack-brightest shade of grey) atoms are located on the very
ing fault. Fig. 3d shows a (111)-type twin which is the top of the surface asperities, while the black (the dark-
result of nucleation and growth of a three-carbon bridgeest shade of grey) ones are located on the bottom of the
isomer on the atomically flat (111) surface. surface valleys. To further improve the clarity of the sur-
In general, defects are less likely to form during face morphology, the regions containing (111) twins are
growth of the (100)-oriented diamond films. In partic- represented using circles of somewhat larger diameter.
ular, significantly lower concentrations of the line and At short simulation times, Fig. 5a, there is a relatively
planar defects are generally observed in comparisotarge fraction of twins (T) separated from the regular
with the ones in the (111)-oriented diamond films. For-regions by dislocations loops (D) and gaps (G). As dis-
mation of the point defects is more likely and two cussed earlier, formation of anew (111) layer starts with
types of such defects, vacancies and entrapped hydréermation of a three-carbon bridge (B, Fig. 5b), which
gen atoms are shown in Figs 4a and b, respectively. 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 Burgebs=va¢6§t21] and the
associated stacking fault (marked by two parallel adjacHdit) 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).

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.
2={100] A side view of the four (111)-oriented diamond films
y=[011] I corresponding to Fig. 5a—d is shown in Fig. 6a—d. For
x=[011] comparison, all the morphological features marked in

Fig. 5a—d, are also indicated in Fig. 6a—d. These figures
Figure 4 Formation of (a) a vacancy (the large crossed circle) andc|ear|y show that the growth of (111)-oriented diamond
(b) a pair of entrapped hydrogen atoms (two small crossed circles) ir. : . .
an (100)-oriented diamond film. Dashed lines are used to designate tr?élms I$ dominated by the edge/kink-type of grovv'th.of
basic diamond tetrahedron which contains the point defect. 111)‘_|S|and3- 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,
island (1). Large islandsgland b in Fig. 5b and c are the surface morphology of the (111)-oriented diamond
bounded by the well defined edges (E) and kinks (K)films is dominated by (111) terraces and steps.
The evolution of the morphology of the islandsand The effect of substrate temperature (the remaining
I, with time, Fig. 5b and c, clearly shows that kink processing conditions kept identical to the ones listed
nucleation and motion is the main mechanism of islandabove) on the (111)-oriented film deposition rate is
growth. The edge/kink morphology of the islands per-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% CHy, 92.5% H), Theator= 2000 K, Tsubstrate= 1000 K, p=20.25 Torr, Heater-to-Substrate Distaneel.3 cm. Deposition times: (a) 0.87 s;

(b) 1.81 s; () 2.07 s and (d) 2.85 s. Nomenclat@re 3-carbon bridge, C - Twin covered by regular cryskat Dislocation loop E - Edge G - Gap,

| - Island K - Kink, N - Nucleus T - Twin, V - Void.

= —v-—-.,!.—..-.

3 'ﬁi.. 'l'
".;i-;_l'

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 results depicted in Figs 7 and 8 show that both
The agreement between the two sets of results can libe growth rate of the (111)-oriented diamond films and
considered as reasonable. the concentrations of crystalline defects/imperfections
The effect of substrate temperature on the concenncrease with the substrate temperature. This suggests
tration of point-type defects (vacancies and entrappethat there is an intermediate temperature range within
hydrogen atoms) and the area fraction of twins in thewhich one can obtain an optimum combination of the
(111)-oriented diamond films are shown respectively irfilm quality and the high rate of deposition. This temper-
Fig. 8a and b. The concentration of the point-type de-ature can be determined by first defining a parameter in
fects is found to be fairly constant during the depositionwhich the film growth rate and the inverse concentration
process, Fig. 8a. In sharp contrast the twinned fractiomf the defects are properly weighted and then identify-
of the film is found to monotonically decrease with the ing the temperature at which such a parameter acquires
film thickness, Fig. 8b. a maximum value. Since the relative weighting factors
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Figure 7 Effect of the substrate temperature on the deposition rate of (111)- and (100)-oriented diamond films, (a), and the corresponding growth
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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, ll,, 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 insertionT) and
the BCN mechanisng) are found to be operative. The
relative contributions of these mechanisms is estimated
asD: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 thatthere 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 CVD conditions specified in Fig. 5. Error bars represent on standardn€ (100)-oriented diamond films is shown in Fig. 8a.
deviation over five simulation runs.

5376

Since the concentration of the defects increases with



~ 'aa san
[ ]

R
it

.

0 00 :
' 9
e
oY 00 0

<
o =
!

o0 =

0= 00
iQGC.D
[N

® 2 00 1 ®
o0 X ® = 1 @
aeled &

[ Fu ]

o1%e;
= 40d = O ¥ @ =
OI

s1%:

8 |

o ¥
|

L |

i
PO Y =

& =
({1
10
L
¥ 00
@ 1010
| |
t:1
e
®: 00

Figure 9 Top view of four (100) surface configurations obtained under the CVD conditions identical to the ones listed in Fig. 5. Deposition times:
(2)0.01s; (b) 0.018ss; (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.

I,

(b)

(d)

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

the substrate temperature and the deposition rate is Grain-scale modeling of CVD of diamond films is
maximum at a temperature around 1150 K, there idirst carried out using a simple four square-grain struc-
again a intermediate temperature range within whictlture. A top view of the four-grain film is shown in
CVD is optimal relative to achieving a maximum de- Fig. 11. Grains 1 and 4 haveg 800 direction normal to
position rate and a minimum concentration of thethe substrate while grains 2 and 3 hav& &0 direction
defects. 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
3. Grain-scale modeling of CVD (100) facets. The four-grain film was chosen in order
3.1. General consideration to account for the experimental findings which show
In this section, the growth of polycrystalline CVD- that the surface of polycrystalline diamond films is pre-
grown diamond films atthe grain scale is analyzed usinglominantly composed of the (111)-type facets and, to
both a simple three-dimensional and a two-dimensiona& lower extent, of the (100)-type facets. Following the
(a Van der Drift-type) model. It is well-established procedure described below, y andz components of
that the surface of polycrystalline diamond films is the velocity of each grain vertex are calculated. Dur-
faceted with the (111) and, to a less extent, (100jng calculation of the vertex velocity, the effect of the
crystallographic planes. The growth rates of these facetisiclination of each surface facets relative to the plane
are assumed to be equal to the rates of the (111)- anaf the substrate on the facet growth rate is taken into ac-
(100)-oriented single-crystalline diamond films deter-count. This is done by multiplying the deposition rate of
mined in the previous section. each surface facet by a factég which is proportional
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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 distancev At where At is a small time increment.
The procedure used for determination of the velocity
components of a vertex is explained schematically in
Fig. 12. The velocities; and v, 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, and
{111} 72X v, respectively. Them® andv” are next summed
as vectors to obtain the vertex velocity, v. Finallyis
resolved into itsx andy componentsyy andvy. This
procedure yields the following relations betwegnvy

anduvy, vr.
grain | grain 2
v] COSB + vy COSw 3
Figure 11 Top view of the four-grain structure used in three-dimensional Ux = Sin(a _ ,3) ( )
simulations of the diamond film growth. (uvw) notation used to denote . ]
the orientation of grains facets aiakl) the crystallographic direction v sing 4+ vy Sina 4
normal to the substrate surface. Heavy lines are used to denote the grain Vy = Sin(a _ ’3) ( )

boundaries.

wherea andg, as indicated in Fig. 13, are respectively

to the deposition flux per unit facet area. Under thethe angles the left and the right edges of vertex A make
assumption of a uniform distribution of the incident With the positive side of the axis.
particles,Bo = cosao, Whereayg is the angle between  Initially, the nuclei grow '|nd<_epend.ently_ from each
the facet normal and the substrate plane normal. Fopther. However after certain simulation time, the nu-
the four-grain film, the followingy, values are deter- Cléi have grown to the extent that they begin to contact
mined: 54.75for the (111)-facets on grains 1 and 4 and With their neighbors, ultimately forming a continuous
35.26 for the (111)-facets and 4%or the (100)-facets film at the substrate. Subsequent growth of the film is
on grains 2 and 3. accompanied by a competition between the adjacent

As will be shown below the morphology of the film grains, the process in which more favorably oriented
is governed by the relative magnitude of the (111) andrains (the grains whose direction of the fastest growth

(100) growth rates which is conveniently expressed ustS nearly normalto the surface of the substrate) block off
ing a growth velocity ratio: 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.

a3p = V320 (2)

V111

wherewv;go andvi1; are the growth rates of the (100)
and (111) facets, respectively. It can be easily verified.2. Results
that the ultimate shape of anisolated three-dimensiondtig. 3a and b show the evolution of the surface structure
nucleus is determined by the magnitudegs. Specifi-  in the four-grain film under the periodic boundary con-
cally forasp < 1, the nucleus adopts a cubic shape surdition in the x andy directions forazp =2.0. These
rounded by the (100) facets. Fesp > 3, on the other results are typical fowsp > 1.5. As the film grows,
hand, the nucleus becomes an (111)-faced octahedrotihe (100) facets shrink as grains 2 and 3 begin to cover
For 1 < agp < 3, the nucleus acquires a (100)-(111)- and block off grain 4. Meanwhile, the grain-1/grain-2
faced cubo-octahedron. The variation of the growth ve-and grain-1/grain-3 boundaries extend only in ztok-
locity ratio azp with the substrate temperature underrection. After certain simulation time, the (100) facets
the remaining CVD processing conditions given in thedisappear. This finding is, at least, qualitatively consis-
previous section is shown in Fig. 7b. tent with the results of Wilcet al. [26] which show
The growth of polycrystalline diamond films at that the (110 texture (resulting from the growth of
the grain-scale level is also analyzed using a two-grains 2 and 3) increases with the film thickness. In ad-
dimensional idealization in which the surface of a in-dition, a relatively low stacking fault energy promotes
plane projected diamond film is taken to be composedhe tendency for formation of twins on the (111) surface
of projected (111) and (100) facets and projected [110facets which can further contribute to an increase in the
edges. Modeling of the evolution of the film grain- (110 texture of polycrystalline diamond films. This can
structure follows closely the approach initially pro- be explained as following. When a twin is formed, the
posed by Van der Drift [20]. At the beginning of a sim- crystal lattice is rotated about the twin-plane normal
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© (d)

Figure 12 An intermediate, (a), and the final, (b), top-view configuration of the four-grain structure under the deposition conditions corresponding to
a3p =2.0; (¢) and (d) are the corresponding top viewsdep = 1.0.

present case' = 1/4/3(111) and there are foufl11)
plane normals. Twinning causes any lattice veotty
becomeRyinv. 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 frg&00 to

<
”““"“ (122. Conversely, for grains 2 and 3, twinning on two

////// ,/ //A/// /75’}‘/"}‘/’/3} 0 ///// T // (111) planes causes the direction normal to the sub-
strate,(110), to change to &.14) direction while twin-

Figure 13 A Schematic of three types of two-dimensional nuclei and the ning on the other two (111) planes retains ¢th&0 tex-
vertex velocity construction procedure used in the Van der Drift analy5|sture of these gralns This anaIyS|s indicates that even if
of the diamond film growth. . . . . . .
the grain-1/grain-2 and grain-1/grain-3 boundaries in
Fig. 12b are to remain vertical and hence grain 1 re-
by 180'. This rotation is represented by the following tains its original size during the film growth, th&10)
rotation matrix: texture would increase relative to thE00) texture.
R=2nn' — | ) Fig. 13c and d show the evolution of the surface struc-
ture in the four-grain diamond film under the growth

wheren is expressed as a ¢31) vector,n' is its trans-  velocity ratio of agp=1.0. These results are typical
pose and is the second order identity matrix. In the for asp <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 ultiis advantageous to employ the CVD conditions corre-
mately disappear as grains 2 and 3 are being coverezspond taxzp > 1.5. Inaddition, the film deposition rate
and finally completely blocked-off by grains 1 and 4. for theasp > 1.5 case is found to be about 12—-15%
This findings suggest that under the conditions correhigher than that in thesp < 1.5 case. This could be
sponding toxsp < 1.5, the film surface is completely seeninFig. 14a and b in which the final films structures
covered with (111) facets and the film hagl@0-type  correspond to the same deposition times.

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-4. Discussion and conclusions

der the CVD processing conditions. TherefoH)0) - In the present work, chemical vapor deposition of poly-
textured polycrystalline diamond films are not expecteccrystalline diamond films is analyzed by combining an
to be obtained under the typical CVD conditions. Thisatomic-scale model with two grain-scale models. In
finding is in agreement with the experimental results ofsuch analysis, the atomic-scale model enables deter-
Wild et al. [26]. mination of intrinsic growth rates of the surface facets

Fig. 14a and b show the evolution of the grain of polycrystalline films and the effect of surface con-
structure, surface morphology/roughness and texturditions on the rate of incorporation of the crystalline
in CVD-grown polycrystalline diamond films under defects. The grain-scale models, on the other hand al-
the processing condition corresponding to the growtHow determination of the polycrystalline film growth
velocity ratio azp =2.0 and azp = 1.0, respectively. rate and surface roughness, grain-structure and crys-
These results are typical fagp > 1.5 andasp < 1.5,  tallographic texture in the as-deposited polycrystalline
respectively. films.

Forasp > 1.5, Fig. 14a, the film surface is completely  In Part | of this two-part paper [21], a reactor-scale
covered with (111)-type facets while surface asperitiesnodel and the present atomic-scale model were com-
are predominantly thé110-edges (lines of intersec- bined to establish the relationships between CVD-
tions of two (111) planes). As a result, the film sur- processing parameters such as the concentration of
face is quite smooth at the grain-size scale and the filnspecies in the feed gas temperature and pressure and
acquires a(110-type texture. All these findings are the chemical and thermal conditions at the film surface.
fully consistent with the experimental results of Wild Thus, by combining the analysis presented in Part | with
et al. [26]. the one presentedin this paper, one can establish adirect

For agp < 1.5, Fig. 14b, the surface is also com- link between the processing conditions and the result-
posed entirely of the (111) facets but it is quite roughing microstructure (and properties) of the as-deposited
at the grain-size scale. Furthermore, in sharp contragiims. Such a link can be used to both optimize the
to theasp > 1.5 case, surface asperities correspond tgrocess (Process Design) and/or improve the perfor-
the diamond-octahedron vertices (the points of interseamance of the deposited film (Product Design).
tion of four (111)-planes) rather than to the diamond-
octahedron vertices. The film acquired 80 -type tex-
ture, the intensity of which increases as the film grows Acknowledgements
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Appendix: Computation of the reverse
reaction rate constant

The reverse reaction rate constdqt, is related to the 4

forward reaction rate constant as:

5.
s

where K¢, is the equilibrium reaction constant ex- s

pressed in concentration units and is related to the equi-

librium constant expressed in pressure uriig, as: 9.
.Y. L. YANG andM. P. D’EVENLYN, J. Amer. Chem. Soc

10

Kp = 11.

Ke()

- ZK:gl Vi NL ; n
Ke, <|:(;EF1) k 1_[ (rd)” Yokl % 1_[ o
e

=N k=K{(n)
(A2)

13

wherePynisthe pressure of 1 atrﬁr? the standard state
density of the surface sites of type ox(n) the num-
ber of sites of typa occupied by specids, andwvy;’s 7
are the stoichiometric reaction coefficients associateé
with species and reaction, Kq the total number of
gas species anids' (n) and K¢ (n) the first and the last
surface species residing ontype sites, respectively,
andNs" andNy' the first and the last surface site types, »,
respectively.
Kp can be computed from the standard-state en-

thalpy changeAH;° and the standard-state entropy 22-

changeA §° accompanying reaction i as:

exp(ﬁ B AHio)

Kp =

R " RT (A3)

AH;% and ASP for the set of surface reactions used 2e.

in the present work are obtained from Colten al
[23, 24] and Battailest al. [18].
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