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Multi-length scale modeling of CVD of diamond

Part| A combined reactor-scale/atomic-scale analysis
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Chemical vapor deposition of the (111)- and (100)-oriented single-crystalline diamond films
is studied by combining a reactor-scale model with an atomic-scale model. The
reactor-scale model is based on the solution of a continuum fluid-flow/heat-transfer
boundary value problem for a reactive gas in contact with a deposition surface. The
atomic-scale modeling is carried out using a kinetic Monte Carlo method. A consistency
between the two modeling schemes is achieved by: (a) using the reactor-scale modeling
predictions as input to the atomic-scale modeling scheme and; (b) using the atomic-scale
modeling results to identify the surface reactions which govern and, hence, should be used
in reactor-scale modeling of the deposition of (111)- and (100)-oriented diamond films. It is
found that by properly combining the two types of models, consistent predictions for the
film deposition rates can be obtained over a relatively large range of the CVD processing
conditions. In addition, different phenomena are found to govern the deposition process
for (111)- and (100)-oriented films. In the case of (111)-oriented films, the film growth rate
appears to be controlled by the nucleation of new layers. Contrary in the case of
(100)-oriented films, both the nucleation and growth processes seem to have comparable
effects. © 2000 Kluwer Academic Publishers

1. Introduction the models [e.g. 4, 5] deal with fluid dynamics and
Processing of diamond films by chemical vapor depothermal energy effects of the reactive gas flow at the
sition (CVD) from a precursor gas mixture containing aCVD-reactor length scale and allow only average film
small amount of hydrocarbon (usually methane, acetygrowth rates to be determined. In other words, these
lene, etc.) and hydrogen as the carrier gas at subambiemtodels fail to account for the effects of surface mor-
pressures of 1-200 Torr has become commercially viphology on the deposition rate and the extent of defect
able over the last decade [e.g. 1-3]. The gas mixture igeneration during the film growth. At the other length-
typically heated using hot filaments, plasmas, combusscale extreme, there is a variety of the models which
tion flames, and other means to promote dissociatiowleal with the CVD process at the atomic scale. Among
of some of the molecular hydrogen into atomic hy-these models, some deal with the surface energetics and
drogen and formation of various hydrocarbon radicalsare primarily used to determine kinetic parameters of
Despite the fact that under the standard CVD procesghe individual surface reactions [6-9] and to examine
ing conditions graphite is the stable form of carbon,the stability of various surface configurations [10-16].
atomic hydrogen bonds with carbon atoms on the surAlso molecular dynamics simulations are used to model
face and passivates it by converting the graphite-typéhe deposition of diamond single-crystalline films but
spP-bonded surface carbon atoms into thé-bpnded  only over a few milliseconds of growth time [e.g.17].
diamond-type carbon atoms [2, 3]. While it is well- This limitation is overcome by Battailet al. [18] and
established that chemical vapor deposition of diamondrujicic and Lai [19], who applied a kinetic Monte
occurs by the incorporation of chemisorbed hydrocar-Carlo method to carry out three-dimensional atomic-
bon radicals, the mechanism of the diamond growthscale simulations of (100)- and (111)-oriented diamond
is still not well understood. This is primarily caused single-crystalline films.
by the fact that the atomic-scale events which lead to In the present two-part paper a multi-length scale
diamond growth are difficult to studn situ. Hence, approach is used to study the CVD of polycrystalline
the current understanding of diamond growth has beediamond films. First, the CVD process is analyzed at
primarily gained through the use of computer modelingthe reactor-scale by solving the appropriate bound-
and simulations and/or from the interpretatiomrfitu  ary value problem for a reactive gas mixture in con-
experimental data. tact with a deposition surface. In order to account for
Several different modeling approaches have beethe differences between growth rates of the (111)- and
used to analyze the diamond growth process. Some @.00)-oriented facets of the film surface, the boundary

0022-2461 © 2000 Kluwer Academic Publishers 5359



conditions at the deposition surface are adjusted in the Aninfinite-radius disk rotating below a fluid medium
two cases to take into account the details of the surfacis a classic problem in fluid mechanics [22—29]. For this
reactions and surface morphology. Next, atomic-scal@roblem the Navier-Stokes equations can be solved to
modeling of the growth of (111)- and (100)-oriented obtain the exact solution. This allows the heat and mass
diamond films is carried out. Coupling between thetransfer near an infinite-radius rotating disk to be stud-
reactor-scale and the atomic-scale models, which is theed extensively [25, 26]. As far as the application of the
subject of Part | of this two-part paper, is accomplishedrotating-disk solution to CVD, Olander [27, 28] used it
by: (a) using the species concentration at the deposto analyze the germanium-iodine system, while Pollard
tion surface obtained via the reactor-scale modeling aand Newman [29] and Hitchman [30] utilized it to study
the boundary conditions for the atomic-scale modelinghe deposition of Si from SiGl In these studies the von
and; (b) by enforcing that the (111)- and (100)-surfacekarman similarity method for isothermal flow [31] is
growth rates predicted by the two modeling schemes arextended to include the energy and species conservation
respectively compatible. In Part Il of this two-part paperequations and to account for temperature dependence
[20], coupling between the atomic-scale and grain-scalef the fluid properties, resulting in an ordinary differ-
models is carried out in order to analyze the evolutionential equation boundary-value problem for the mass,
of grain structure and film texture during CVD of the momentum, heat and species transfer.
polycrystalline diamond films. In the present work, the method initially proposed
The organization of the paper is as following: In Sec-by Evans and Greif [31] and subsequently extended by
tion 2, a reactor-scale model is developed and applie€oltrin et al. [4] to include the coupling between fluid
to analyze the deposition of diamond films in a rotating-flow and chemical kinetics is used to analyze the CVD
disk CVD reactor. Atomic-scale modeling of the CVD process. The method accounts for production/depletion
process via a kinetic Monte Carlo method is introducedf the species due to chemical reactions in the gas phase
and applied to the (100)- and (111)-oriented diamondand at the substrate/film surface and for the convec-
films in Section 3. A consistency between the reactortive and diffusive transport of species within the gas
scale and the atomic-scale models predictions is alsphase and to the deposition surface. A brief overview
discussed in Section 3. The main conclusions resultedf the method and of its numerical implementation is
from the present work are summarized in Section 4. given in Appendix. The model allows determination of
surface coverages, deposition rates, gas-phase species
concentration profiles, gas velocity profiles, and tem-
perature profiles as a function of the process parame-
- . ters such as the temperature and the rotation speed of
2.1. General con3|der§t|on . the disk, reactor pressure, and inlet gas flow rates and
The reactor-scale modeling of the diamond CVD pro'species mass fractions.

cess is carried out for a standard rotating-disk hot- "5, gas-phase reactions as summarized in Table | of
filament CVD reactor. The rotating-disk hot-filament ~.in and Dandy [32] are used in the present case

CVD reactor is one in which a heated disk-shape SUbArrhenius coefficients,  andE; which define the

sr:rate spi_ns in an ;I:ylindrlié:_al elncllosure tnrou92lwuicgtemperature dependence of the reaction rate constants,
the rgict;]ng gr;]as ows, '%’ - Itis we estg ISN€AEqy. (15), polynomial coefficients accounting for the
[e.9. 21] thatthe species and temperature gradients Nofs e rature dependence of specific heat, standard-state

”?a' to Fhe disk are equal e\_/erywhere on_thg dis_k. Thisenthalpies and entropies of all the gas-phase species are
gives rise to a very attractive uniform distribution of taken from CHEMKIN Il database [33].

the deposition rates on the substrate and simplifies th
modeling considerably.

2. Reactor-scale modeling of CVD

e Complex phenomena occurring at the deposition sur-
face involving gas-phase, surface and bulk species are
described using surface chemical reactions, Table I.
Symbols, G, S and D in the parenthesis refer respec-
tively to the gas-phase, surface and diamond (bulk)
Inlet Gas species, while R, R2 and R3 stand for single, dou-
ble and triple radicals, respectively. All the parameters
required to quantify the rates of the surface reactions
are obtained by combining the information from SUR-
FACE CHEMKIN Il with the ones reported by Battaile
et al [18].

It is well-established [34] that the surface of poly-
crystalline diamond films is generally faceted with
(111) and (100) planes. ltis also well documented that
the growth rates of (111)- and (100)-oriented single-
Substrate crystalline diamond films can be quite different under
9 the nominally identical processing condition [35]. The
model derived in the previous section does not take
into account neither the single-crystalline vs. polycrys-

Q talline nature of the film, nor its crystallographic orien-
Figure 1 A schematic of the rotating-disk hot-flament CVD reactor and tation. To overcome this limitation, a detailed atomic-
the associated coordinate system. scale analysis of the surface reactions listed in Table |

5360




TABLE | Surface reactions associated with CVD of diamond. The symbols in the parenthesis are as following: S-surface species, R-radical, G-gas,
D-diamond

Reaction Number Reaction Formula Substrate Orientation
1 CH(S)+ H(G) <> C(S,R)+ H2(G) (111),(200)
2 CH(S,RHH(G) <> C(S,R2H- H2(G) (111),(100)
3 CHy(S)+ H(G) <> CH(S,R)}+ H2(G) (111),(100)
4 CHG(Hy(S)+ H(G) <> CCxHy(S,R)+ H2(G) (111),(100)
5 C(S,RHH(G) < CH(S) (111),(100)
6 C(S,R2H4- H(G) <> CH(S,R) (111),(100)
7 CH(S,R}+ H(G) < CHy(S) (111),(100)
8 CCHy(S)+ H(G) <> CHCHy(S) (111),(100)
9 CCHy(S)+ H(G) <> C(S,R)+ CH3(G) (111),(100)

10 CCH(S,R)+ H(G) <> C(S,R2H CH3(G) (111),(100)

11 CHCH(S)+ H(G) <> CH(S,R)+ CH3(G) (111),(100)

12 CCHCxHy(S)+ H(G) <> CCHy(S,R)+ CH3(G) (111),(100)

13 C(S,R1+ CH3(G) <> CCHz(S) (111),(100)

14 C(S,R2} CH3(G) <> CCHs(S\R) (111),(100)

15 CH(S,RM C3(G) <> CHCHz(S) (111),(100)

16 CGHy(S)+ CH3(G) <> CCxHy CH3(S) (111),(100)

17 C(S,RH CoH2(G) <> CCoH2(S) (111)

18 C(S,R2} CoH2(G) <> CGHa(S,R) (111)

19 CH(S,R}+ CoH2(G) <» CHCH2(S) (111)

20 CGHy(S)+ CoH2(G) <> CCxHyCoH(S) (1112)

21 CCH,(S)+ H(G) < CCHy_1(S)+ H2(G) (111),(100)

22 CCH,(S,R)+ H(G) < CCHy_1(S,R)+ H2(G) (111),(100)

23 CHCH,(S)+ H(G) <> CHCHy_1(S)+ H2(G) (111),(100)

24 CCH,.CxHy(S)+ H(G) <> CCH,_1CxHy(S)+ Ha(G) (111),(100)

25 CCH,(S)+ H(G) <> CCHy 1 1(S) (111),(100)

26 CCH,(S,R)+ H(G) < CCHy .. 1(S,R) (111),(100)

27 CHCH,(S)+H(G) <> CHCHy 1. 1(S) (111),(100)

28 CCH.CxHy(S)+ H(G) <> CCH, 1 1CxHy(S) (111),(100)

29 CGHy(S)+ H(G) <> CCHy_1(S)+ H2(G) (111)

30 CGHy(S,R)+H(G) <> CCHy—1(S,R)+ H2(G) (111)

31 CHGHy/(S)+ H(G) <> CHCHy_1(S)+ H2(G) (111)

32 CGH,CxHy(S)+ H(G) <> CCHz_1CxHy(S) + Ha(G) (111)

33 CGHy(S)+ H(G) < CCHy 1 1(S) (111)

34 CGHy(S,R)4-H(G) <> CCHy 4 1(S,R) (111)

35 CHGHy(S)+ H(G) <> CHCHy 4 1(S) (1112)

36 CGH,CxHy(S)+ H(G) <> CCHz 1 1CxHy(S) (111)

37 CCH,(S)+ CH3(G) <> CCHy 1 3(S) (100)

38 CCH,(S,R)+ CH3(G) <> CCHy 13(S\R) (100)

39 CHCH,(S)+ CH3(G) <> CHC,Hy 4. 3(S) (100)

40 CCHCxHy(S,R)+ CH3(G) <> CCoH, 4+ 3CxHy(S,R) (100)

41 C-C(S,R2x>2C(S,R2) (100)

42 C-CH(S,R¥> CH(S,R)}+ C(S,R2) (100)

43 CH-CH(S)~ 2CH(S,R) (100)

44 C(S,Ri+ CCHy(S,R)— C(D)+ CHy(S)+ C(D) (100)

45 C(S,RH CCHCxHy(S)— C(D)+ CHo(S)+ CCHy(S) (100)

46 C(S,RH+ CCHH(S,R)— C(D) + CH2(S)+ CH(S) (100)

47 C(S,R}+ CCHy(S,R)— C(D)+ CH2(S)+ C(S,R) (100)

48 CG(Hy(S)+ CCHy(S,R)— CCxHy(S)+ CH2(S)+ C(D) (100)

49 CH(S,R}+ CCHy(S,R)— CH(S)+ CHy(S)+ C(D) (100)

50 C(S,R2)}+ CCHy(S,R)— C(S,R)+ CH2(S)+ C(D) (100)

51 CGHy(S,R)+ CCHyCxHy(S)— CCyHy(S)+ CH2(S)+ CCxHy(S) (100)

52 CG(Hy(S,R)+ CCHH(S,R)— CCxHy/(S)+ CHx(S)+ CH(S) (100)

53 CGHy(S,R)+ CCHy(S,R)— CCHy(S)+ CH2(S)+ C(S,R) (100)

54 CH(S,RH CCHyCxHy(S)— CH(S)+ CH2(S)+ CCxHy(S) (100)

55 CH(S,R}+ CCHH(S,R)— CH(S)+ CHa(S)+ CH(S) (100)

56 CH(S,R}+ CCHy(S,R)— CH(S)+ CHz(S)+ C(S,R) (100)

57 C(S,R2)}+ CCHCxHy/(S)— C(S,R)}+ CH2(S)+ CCxHy(S) (100)

58 C(S,R2}+ CCHH(S,R)— C(S,R)+ CHp(S)+ CH(S) (100)

59 C(S,R2}+ CCHy(S,R)— C(S,R)+ CH2(S)+ C(S,R) (100)

60 CH(S,RH CHC,H2(S,R)— CH(S)+ CH2(S,R)+ CH(S) (100)

61 CCHy(S)+ CCzH3(S)— C(D) + C(D) + CH2(S)+ CH(S,R)+ CHz(S) + C(D) (111)

62 C—CH(S)+ H(G) <+ C—C(S,R+ H2(G) (100)

63 C—C(S,R)}+ H(G) <> C—CH(S) (100)

64 C—CCH(S)+ H(G) <+ C—C(S,R+ CH3(G) (100)

65 C—C(S,R)+ CH3(G) <> C—CCHjs(S) (100)

66 C—-CCHy(S)+ H(G) <> C—CCHy + H2(G) (100)

67 C—~CCHy(S)+ H(G) <> C—CCHy1(S) (100)

68 C—CCH,(S)+ C—C(S,R)—~ C(S,R)+ C(S,R)+ CH2(S)+ C(S,R+C(S,R) (100)
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Figure 3 Growth of an (100)-oriented film by trough insertion mech-
anism. Open circles represent diamond carbon atoms, shaded circles
designate hydrocarbon carbon atoms, and small black circles stand for
Figure 2 Sequence of steps involved in the nucleation of a new layerhydrogen atoms. Surface reactions (listed in Table 1) involved in various
on an atomically flat (111) surface. Open circles represent diamoncgteps of the process are given in parenthesis.
carbon atoms, shaded circles designate hydrocarbon carbon atoms, and
small black circles stand for hydrogen atoms. Surface reactions (listed in

Table 1) involved in various steps of the process are given in parenthesis. . . .
Inthe case of (100)-oriented films, atomic-scale anal-

ysis reveals that nucleation of new layers can begin

is carried out in order to determine which reactions arevith adsorption of one-carbon hydrocarbons and thus
critical to (111)-oriented substrates and which to (100)the nucleation rate is quite high. Since the concentra-
oriented substrate and which reactions are equally imtion of such hydrocarbons is generally higher than the
portant in both cases. An example of such analysis |§Oncentrat|0n of two- or multi- carbon hydrocarbons
shown in Figs 2 and 3. The results of atomic-scalg'eaction paths such as (a)-(b)-(c)-(d) are more signifi-
analysis of diamond deposition on (111)- and (100)-cant than the ones such as (a)-(b)-(d), Fig. 3. Con-
oriented films discussed in Section 3 suggest that, t§equently, the surface reactions associated with the re-
a great extent, the overall deposition rate of (111)-2ction paths such as (a)-(b)¥¢d’) can be neglected
oriented films is controlled by the rate of nucleationduring the reactor-scale analysis of CVD of the (100)-
of new (111) layers (i.e. the growth rate of the exist-oriented diamond films.

ing |ayers is re|ative|y h|gh Compared to the nucleation The third column in Table | list the reactions SPECiﬁC
rate of new ones). Starting from the assumption thato (111)- and (100)-oriented films as well the reactions
the deposition rate of (111)-oriented films is controlledWhich are important for both substrate orientations.

by the nucleation of new layers, a detailed analysis of

the role of various reactions in the nucleation process is

carried out. A new layer is nucleated by formation of a2.2. Results

three-carbon bridge (e.g. ABC in Fig. 2d). Adsorption An example of the results which can be obtained by
of C;H> (contributes two carbon atoms to the bridge)analyzing the CVD of diamond films at the reactor
on a surface site adjacent to a site containing an adscale is shown in Figs 4 and 5. Fig. 4a and b show the
sorbed hydrocarbonis critical in the nucleation of a newaxial and substrate-radius scaled radial velocity fields
layer. Nucleation of three-carbon bridges through cofor CVD of (111)- and (100)-oriented diamond sin-
ordinated adsorption of three one-carbon hydrocarbogle crystals under the following processing conditions:
radicals is much less likely and consequently nucleatiorReactive gas at the reactor inlet (0.4% £192.6%
paths such as (a)-(b)-(c)-(d)-(e)-(f) in Fig. 2 prevail overHy), Theator=2000 K, Tsupstrate= 1000 K, p=20.25

the ones such as (a)-(b)3€c)’-(d)-(e)-(f) inthe same Torr, Heater-to-Substrate distaned.3 cm. Fig. 4c
figure. To account for these effects, surface reactionand d show the corresponding temperature and gas-
associated with the paths such as: (a)-(BHE')-(d)- phase species concentration fields. The results shown
(e)-(f) are neglected when reactor-scale modeling ofn Fig. 4a—d suggest that the nature of the substrate, i.e.
CVD of the (111)-oriented films is carried out. (1112)- vs. (100)-oriented substrate, has a measurable
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Figure 4 Axial velocity fields, (a), scaled radial velocity fields, (b), temperature fields, (c), and the gas-species concentration fields, (d), as a function
of the distance from the (111)- and (100)-oriented diamond substrates under the following CVD condition: Reactive gas at the reactor inlet (0.4%
CHa, 92.6% ), Theator= 2000 K, Tsupstrate= 1000 K, p = 20.25 Torr, Heater-to-Substrate distare&.3 cm.

4

T T T T T T 12 T T T T
—— Atomic—scale —— Atomic—scale
—— Reactor-scale 10] —— Reactor—scale ]
71 A a Chuetal [36] T

I~

(100)

8 P

(98]
1

Deposition Rate, (um/hr)

Deposition Rate, (um/hr)
=2}

—_
1

0 T T T T T T 0 T T T T T T
800 900 le+03 1.1e+03 1.2e+03 1.3e+03 1.4¢+03 1.5¢+03 0

1 2 3 4 5
Substrate Temperature, (K) Mole % CH4 in Feed Gas

Figure 5 Reactor- and atomic scale analyses predicted (111)- and (100)-oriented film deposition rates as a function of (a) the substrate temperature
and (b) concentration of CHn feed gas. The remaining processing condition are as indicated in Fig. 4.
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ever, that among the results shown in Fig. 4a—d, only the
concentration of the gas species at the substrate surfac
Fig. 4d, are used as input to the atomic-scale modeliny g,
of diamond-film deposition discussed in next section.
Fig. 5a and b, respectively, show the effects of substrat
temperature and mole fraction of Gih the feed gas on

the growth rates of (111)- and (100)-oriented diamond
films. The primary purpose of displaying the results in
Fig. 5a and b is to enable their comparison with the
atomic-scale modeling and experimental counterparts
This comparison is discussed in next section.

effect on the gas-phase fields. It should be noted, how .
|

3. Atomic-scale modeling of CVD
3.1. General consideration z=[111]
The growth of (111)- and (100)-oriented single- y=[110]

crystalline diamond films by CVD has been modeled x=[112]
at the atomic scale using rigid diamond-type lattices.
In other words, the atomic relaxations and vibrations
are not considered. In the case of (111)-oriented films
the orientation of the lattice is defined as=[112],
y=[110] andz=[111] while in the case of the (100)-
oriented diamond films the lattice orientation is defined
asx =[011],y =[011],z=[100]. Each filmis allowed

to grow in thez-direction while periodic boundary con-
ditions are applied in the andy directions in order to
avoid the film-edge effects. The size of the computa- < 2 _
tional lattice in thex-y plane is 90d(112) x 40d(110) for WD r

the (111)-oriented diamond film and 8@11)x 40do11) z=[100]
for the (100)-orientated whewk, ) is the spacing of y=[011] I
the Uvw) diamond planes. Initially, six (111) and six x=[011]

(100) planes of the diamond lattice are filled with car-
bon atoms to form a six-layer thick (111) and a Six_|ayerF?gure 6 A section of: (a) an (111)-or?ented and (b) an (100)-ori9nted
thick (100) substrate, respectively. To passivate the to iamond substrate used in the atomic-scale modeling of the diamond
layer of the substrates, the substrates are terminate D process.
with a layer of atomic hydrogen (H). A small segment
of each of the two substrates is shown in Fig. 6, in which
diamond atoms are represented with open circles whiléto the growing film. To ensure consistency between
hydrogen atoms are denoted as filled circles. the atomic- and reactor-scale models, the concentration
The growth of diamond requires that the hydrogen-of gas and surface species on the film surface obtained
terminated substrate surface be activated which caift Section 2 are used in this section to determine the
take place either by desorption (Reactior$)—(—8),  rates of surface reactions.
Table I) or by abstraction (e.g. Reactions (1)—(4), The temporal evolution of the diamond film dur-
Table 1) of the chemisorbed atomic hydrogen. Once ang growth is modeled using the version of the kinetic
substrate surface site is activated, it can be repassivatédonte Carlo method recently developed by Battaile
by chemisorption of either an atomic hydrogen (Re-et al [18]. Within this method, one surface reaction is
actions (5)—(8), Table 1) or a hydrocarbon moleculeallowed to take place at one surface site during each
(e.g. Reactions (13)—(20), Table I). The chemisorbedime step. The occurrence of one of the reactions at one
hydrocarbon molecule can desorb (Reaction$3)—  of the sites is termed an event. At each time step, a list
(—26), Table 1) and thus reactivate the site. Con-of all possible events is constructed and the probabil-
versely, the hydrocarbon molecule may interact with thety for each event is set proportional to the rate of the
gas phase (e.g. Reactions (9)-(12), (21)-(40R1)— associated surface reaction relative to the rates of the
(—24), (-29)-(-32), Table 1) or with other surface surface reactions associated with all the other possible
species (e.g. Reactions (44)—(61), (68), Table 1) whictevents. In other words, at each time step, a random
ultimately leads to the incorporation of carbon atomsnumbera uniformly distributed in the range (0, 1) is
from the hydrocarbon molecule into the diamond latticegenerated to select the evemfrom M possible events

and thus to film growth. in accordance with the relation:
Atomic-scale modeling of CVD of diamond is car-
ried out in the present work by quantifying the contri- Z'.“_—l r T or
R . . k j=0 "] j=0"1]
bution of the surface reactions listed in Table | to the v <Y< =y (1)
process of incorporation of carbon from the gas phase Zj=0 r Zj=0 i
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wherer ; is the rate of surface reaction associated withterparts. The atomic-scale modeling deposition rates
eventj andro=0.r; corresponds to the either first or are obtained by dividing the product of the number
the second term on the right hand side of Equation (14)pf atoms deposited in a given time increment and
depending on the direction of the particular surface rethe (111)/(100) interplanar spacing by the product of
action. the number of carbon atoms in a completely filled
After an event has occurred, the total number of pos{111)/(100)-layer and the time interval. A time incre-
sible eventdM, and the sequence in which the events arenent of 0.01 sec is used to compute the “instantaneous”
listed are updated and the aforementioned procedure geposition rate. For comparison, the experimental re-
repeated. sults of Chuet al. [36] for the (111)-oriented films are
The Monte Carlo method used in the present workalso included in Fig. 5a. The results depicted in Fig. 5a
uses a variable time step to account for the fact thaand b show that the reactor- and atomic-scale modeling
different events take place at different rates. At eaclresults are generally consistent with each other. This is
simulation step the time incremeat is computed as: quite encouraging considering: (a) a completely differ-
ent nature of the two modeling schemes: and (b) that
__In(8) @ both sets of modeling results are generally in a reason-
Y

able good agreement with their experimental counter-
parts.
wherep is a random number uniformly distributed in ~ The top view of an (111)-oriented diamond film de-
the range (0, 1), and the denominator in Equation 2 repposited under the same CVD conditions as the ones
resents the sum of the reaction rates of all the events thégfined in Section 2.7 at two deposition times is shown
can occur in the given simulation step. The time incredn Fig. 7a and b. The surface morphology shown in
ment given by Equation 2 is adjusted dynamically andthese figures is typical for the (111)-oriented diamond
stochastically during a Monte Carlo simulation run tofilms. To help the analysis of the surface morphology
accommodate the fastest possible event at each simuldifferent shades of grey are used to designate the rel-
tion step, thus greatly reducing restrictions associate@tive magnitude of the coordinate of the atoms. The
with conventional fixed time-increment Monte Carlo White (the brightest shade of grey) atoms are located on
methods. In other words, when fast reactions are possthe very top of the surface asperities, while the black
ble in a given step i.e. when the instantaneous depos{the darkest shade of grey) ones are located on the bot-
tion rate is high, the denominator in Equation 2 is largetom of the surface valleys. To furtherimprove the clarity
and consequently, the time incremexitis small. Con-  of the surface morphology, the twinned regions (T) are
versely, when the instantaneous deposition rate is lowepresented using circles of somewhat larger diameter.
because only slow reactions are possible in a given simA relatively large fraction of twins separated from the
ulation step, the time increment given by Equation 2 isregular regions by dislocations loops (D) and gaps (G)
large. can be observed in Fig. 7a. As is shown in Fig. 2d and
further discussed in Part Il [20], formation of a new
(111) layer starts with the formation of a three-carbon
3.2. Results bridge. Such a bridge is marked as B in Fig. 7a. As
The effects of substrate temperature and the mole fraa bridge grows it forms first a nucleus (N) and then a
tion of CH4 inthe feed gas on the atomic-scale modelinglarge islands (1). Large islands, &nd b in Fig. 7a and
predicted deposition rates of (111)- and (100)-oriented form well-defined edges (E) and kinks (K). The evo-
diamond films are shown respectively in Fig. 5a and Hution of the morphology of the islandg, &nd b, with
for comparison with their reactor-scale modeling coun-time, Fig. 7a and b, clearly shows that kink nucleation

At =

G T N C B T

Figure 7 Top view of two (111)-oriented diamond films obtained under the CVD conditions identical to the ones listed in Fig. 4. Deposition times:
(a) 1.81 s and (b) 2.07 s. Nomenclature: B—3-carbon bridge, C—Twin covered by regular crystal, D — Dislocation loop, E—Edge, G- Gap, |—Island,
K—Kink, N—Nucleus, T-Twin.
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Figure 8 Top view of two (100)-oriented diamond films obtained under the CVD conditions identical to the ones listed in Fig. 4. Deposition times:
(a) 0.02 s and (b) 0.03 s. Nomenclature: B—BCN mechanism, D—Dimer insertion mechanism, I—Island, T—Trough insertion mechanism.

and motion are the main mechanisms of island growthused as input in the reactor-scale model and the film
Furthermore, the rate of growth of the existing islandsmicrostructure is the output of the atomic-scale model,
is found to be substantially larger than the rate of nuclethe present approach enables the establishment of the
ation of the new (111) layers. This has two major con-processing/microsctructure (and, in turn, property) re-
sequences: (a) the overall deposition rate is governeldtionship in single crystalline diamond films. In other
by the rate of nucleation of new (111) layers and (b)words, the approach allows processing condition to be
the surface morphology is dominated by (111)-islandsselected to obtain the film of desired microstructure and
edges and kinks. properties.

It should be noted that since the regular (non- The atomic-scale modeling results presented in the
twinned) regions constitute the largest portion of thepresent paper reveal a distinct differences in the sur-
film surface and since the growth is nucleation con-face morphology and surface-reaction kinetics of (111)-
trolled, the regular regions grow at a higher rate tharand (100)-oriented diamond single crystals. The surface
the twinned regions. As a result, the twinned regionsmorphology of (111)-oriented films is dominated by is-
are gradually being covered with the regular regiondands of the new layer bounded by straight-edges and
(C), and become buried inside the film. kinks while in the case of (100)-oriented films the sur-

The top view of an (100)-oriented diamond film de- face is composed mostly of small clusters of the new
posited under the identical conditions as the (111)dayer and is hence quite irregular. The overall deposi-
oriented diamond film discussed above is shown irtion rate in the case of (111)-oriented films is governed
Fig. 8a—b. In order to indicate the formation of dimer by the nucleation of new (111)-layers while in the case
bonds along the [011] direction, the distance betweemf (100)-oriented films both the nucleation and growth
the carbon atoms forming a dimer bond is shortened. Aurface processes appear equally important. As will be
striking feature of the surface morphologies shown inshown in Part Il [20], these differences are intimately
Fig. 8a and b is the absence of well-defined regularlydinked with differences in the nature and concentration
shaped islands surrounded by straight edges and kinkef the defects produced in the course of the deposition
which were seen in Fig. 7a and b. Instead, typical isprocess.
lands, I, I, I3 in Fig. 8a and b, are quite irregular in
shape and the film grows by the continuing nucleation
of new and the growth of the existing islands. Con-Appendex: Modeling of CVD in a
sequently, the film surface remains very irregular. Arotating-disk reactor
careful analysis of the deposited surface in Fig. 8a rePhysical model
veals that all three deposition mechanism: the dimeiThe CVD reactor is modeled as a rotating disk of infi-
insertion (D), the trough insertion (T) and the BCN nite extent in the # plane located at the axial position
mechanism (B) are operative and their relative contriz= 0, Fig. 1, and separated in the axial direction from
bution to the film deposition process is assessed a% parallel porous stationary heater by a distabcé

D:T:B=16:7:6. forced, purely axial flow from the heater is directed to-
ward the disk. The flow at the heater is approximated
4. Discussion and conclusions by the inlet flow conditions into the reactor. Due to

In the present work, chemical vapor deposition of thethe finite domain dimension in the direction, a ra-
(111)- and (100)-oriented single-crystalline diamonddial pressure gradientis developed. The non-isothermal
films is analyzed by combining a continuum reactor-reacting-flow boundary value problem is defined by a
scale model with a discrete atomic-scale model. It isset of governing conservation equations. In these equa-
shown that by proper coupling the two models cantions, both convective and diffusive transport of species
make consistent predictions for the film growth rateare considered as well as the production/consumption
over wide ranges of processing conditions. Based ownf species by the chemical reactions. Thermal diffusion
this finding and the fact that processing parameters ans taken into account in thermal energy conservation
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and species continuity equations. Transport propertieshermal energy balance:
are considered as temperature and mixture-composition

dependent.

Nomenclature

oT

0T _ 8, -
et = 32 0%

oT
0z

K

g
Ai, Bi, Ei  Arrhenius coefficients in the forward - (CkaYkaE + cbkhk) =0 (A4
rate constant of thieth reaction k=1 9z
Ain Cross-section area of the reactor inlet
Cps Cpk Specific heat at constant pressure for theSpecies continuity:
gas mixture and#-th species,
respectively Yy 90 YiVk Yy .
h Specific enthalpy of thk-th species O =TT, Ut Mok =0
lg, Is Total number of gas-phase and surface
reactions, respectively (k=1....Kg=1) (A5)
ki, Kii Forward and reverse rate constants for
thei-th reaction, respectively The following simplifications are used: (a) con-
Kb, Kg, Ks Total number of bulk, gas and surface ~ stant angular velocity az=const; (b) stagnation
species, respectively flow approximation for the circumferential velocity:
m Mass flow rate at the reactor inlet v(z,r)=V(2r; (c) constant average thermodynamic
M Mean molecular weight of a mixture pressure,p; (d) non-zero constant radial gradient of
My Molecular weight of thek-th species spatially varying pressure, ggd/dr =const and the
Rc Universal gas constant ideal-gas equation of state is applicable:
Sk Production rate of thie-th species due to
t Ti::arface reactions . ﬂ _ P Ks i
T Temperature RT R 9~ M
Tin Temperature at the reactor inlet
u, v, w Axial, radial and circumferential Sinceo =o(T, Yk, k=1, ..., Ky), ¢ is not considered
velocities, respectively as a separate dependent variable.
Vi diffusion velocity of thek-th species Chemical production rate of th&-th gas-phase
Yk Mass fraction of thé-th species species is defined as:
A Thermal Conductivity
0 Mass density Iy
WK Chemical production rate of tHeth wk = Z i = wk(Yj(j =1,...,Kg))

species due to gas-phase reactions

Boundary value problem and

governing equations

The boundary value problem is defined in termszof
as the independent variable ank), V(2)=v(2)/r,
W@ =w(2)/r, T(2), Yk(2), k=1, ..., Kg—1, as de-

pendent variables and the following governing equa-

tions:

Mixture continuity/mass conservation:

10 au uo
s S wv--%_0 (A1
o ot 0z 0 0z
Radial momentum conservation:
oV 0 oV oV
— = —(u— ) —ou— — o(VZ - W?
ot az<”az> ou—7 —el )
1dpnm
————=0 A2
r dr (A2)
Circumferential momentum conservation:
oW 0 oW oW
— = —|pu— |—ou——20VW =0 A3
07t az(“az> M5z~ (A3)

i=1
k=12 ...,Kg) (A6)
wherevy; is the net stoichiometric coefficient for the
k-th species in thé-th reaction:
The rate of progress for theth gas-phase chemical
reaction is defined as:

Kq K
o = ki [ [[Xd™ — ki [[IXd% G =1,....19)
k=1 k=1
(A7)

where [Xi] is molar concentration fok-th gas-phase
speciesksi andk;; the forward and the reverse rate
constants for the-th chemical reaction expressed as:

A TH !

ki = AT exp( RCT) (A8)
- ki

ki = P (A9)

and the equilibrium constant for theth chemical re-
action in concentration unit€ is defined in terms of
the corresponding entropy and enthalpy changes [19].

The following boundary conditions are applied to the
problem at hand:
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At the Heater (a) axial velocity at the inlet is defined
in terms of the equation of state as:

from the conditions that at steady state the production
rates of the surface species are zero and the the activ-
ity of bulk species remains constant and include Equa-

. . Kg tions A10 and Al1l. The problem can then be solved in
__m R __m R i; a straightforward manner to yield the distributionupf
Mp An PAn (= Mk V, W, T andYx (k=1,..., Kg—1) in the gas-phase
between the heater and the substrate, and the concen-
(b) no radial flow; (c) no circumferential flow; tration of the gas specieg (k=1,..., Kg— 1), sur-
(d) constant temperature and (e) constant inlet-gaface speciegy (k=1, ..., Ks— 1) and bulk specieay

species mass fractions.
Atthe Substrat€a) the axial velocity is defined through
the Stefan flow condition;

Kg

U= sgas_on_surka

|

(A10)
k=1

(b) no slip; (c) constant substrate temperature; (d)A

mass fractions of the gas-phase species are defin

(k=1,...,Ky—1) on the substrate. The deposition
rate of each of the bulk species can next be obtained
from its production rate at the surface as:

SEUIk Mk
Qk

Gk

(K = 1, Ky) (A12)
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The computational domain between the heater and thﬁeferences

substrate is divided into intervals which yields + 1
discretez values (nodes)) — 1 of which are “internal”
nodes.

There are 4 (Kq — 1)=3+ Ky governing differ-
ential equations: (a) one mixture continuity equation
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