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Detailed surface and gas-phase chemical kinetics of diamond deposition
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A chemical kinetic model is developed that includes detailed descriptions of both gas-phase and
surface processes occurring in gas-activated deposition of diamond films on diamond (111)surface.
The model was tested by simulating diamond film deposition in a hot-filament reactor using
methane-hydrogen, methane-argon, and methane-oxygen-hydrogen gas mixtures. The gas-phase
part of the model includes transport phenomena and predicts correctly the measured concentrations
of major gaseous species. The surface part of the model reproduces the general experimental
trends —the effects of temperature, pressure, initial methane concentration, and the addition of
oxygen —for the growth rate and film quality. Analysis of the computational results revealed the
factors controlling the growth phenomena. Among several reaction pathways describing deposition
of diamond initiated by different gaseous species, including CH3 and several C2H species, the H-
abstraction —C2H2-addition mechanism appears to dominate. The key role of hydrogen and oxygen
is identified to be the suppression of the formation of aromatic species in the gas phase, which
prevents their condensation on the deposition surface. Activation of the growing surface by H
atoms and gasification of sp carbon by OH radicals are other important factors. The developed
model does not support the theory of preferential etching by H atoms advanced to explain the kinet-
ic competition between diamond and nondiamond phases. Instead, it establishes the critical role of
aromatics condensation and interconversion of sp and sp carbon phases mediated by hydrogen
atoms.

I. INTRODUCTION

The technique of chemical vapor deposition (CVD) of
diamond films at low pressures has advanced rapidly in
recent years. ' The deposition rates and film quality are
repeatedly demonstrated to be su%ciently high for a
number of commercial applications to be feasible. At
the same time, it becomes evident that further technolog-
ical advancement, particularly in such challenging areas
as single-crystal growth for electronic applications and
low-temperature deposition for coating of optic and plas-
tic materials, requires a detailed understanding of the
fundamental phenomena responsible for diamond nu-
cleation and growth.

The Russian school of Derjagin, Fedoseev, and co-
workers ' developed a model for diamond nucleation
and growth based on macroscopic concepts of classical
nucleation theory and adsorption-desorption kinetics and
equilibrium. Their theory, however, does not identify
possible growth species or specific reactions taking place
at the surface; it is formulated in rather vague terms of
surface coverage, the formation of surface complexes,
and the etching of graphite by atomic hydrogen. Similar
thermodynamic and classical nucleation approaches have
been suggested by others. ' ' Several research groups
have begun using detailed chemical kinetic modeling to
describe gas-phase reactions occurring in diamond depo-
sition processes however, surface processes were
treated in a very general, phenomenological manner.
Tsuda et al. ' and Huang et al. investigated the en-
ergetics of several elementary surface reactions, but no
kinetic modeling was attempted.

Here we report a detailed kinetic modeling of surface
processes occurring in diamond CVD. The deposition is
described in terms of elementary chemical reactions for
both gas-phase and surface phenomena. Diffusion of
chemical species and gas convection are also included.
The model is tested by simulating diamond film deposi-
tion in a hot-filament reactor using methane-hydrogen,
methane-argon, and methane-oxygen-hydrogen gas mix-
tures. The computational results are then analyzed, re-
vealing the factors controlling the growth phenomena.

II. COMPUTATIONAL DETAILS

A. Model

The assumed model is an idealized constant-diameter
hot-filament reactor and, computationally, consists of
two separate submodels, those simulating the gas-phase
and the surface reactions. The gas-phase submodel is a
constant pressure laminar Aow with an imposed tempera-
ture profile. The reactor conditions —initial mixture
composition, pressure, initial gas velocity, and tempera-
ture profile —were founded on the experimental data of
Harris et al. For the "base" case in this work, we
chose a (0.3 vol. %%uoCH4)-H zmixtur e, pressur e2OTorr,
linear gas velocity 0.5 cm/s (at the temperature of 2600
K), and the temperature profile shown in Fig. 1. The
latter was obtained by numerically fitting the measure-
ments downstream the filament and assuming, for the
lack of experimental data, that the temperature profile
upstream the filament is symmetrical to the downstream
profile and that the gas remains in contact with the fila-
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FICs. 1. The assumed reactor temperature profile as a func-
tion of the distance from the filament. x =0 identifies the loca-
tion of the filament. Circles indicate the measurements of
Harris et al. (Ref. 27).

ment for a finite period of time at a constant temperature
of 2600 K. The inclusion of the upstream portion of the
temperature profile was found to be necessary for correct
prediction of downstream species concentrations. As no
other experimental data are available, the temperature
profile obtained in this manner was used in all the simula-
tions reported here. This is justifiable because the hydro-
carbon mixtures considered in the present study have an
extremely large, greater than 96%, degree of dilution and
therefore the temperature differences among such mix-
tures should be small.

The reactive gas composition was computed using the
Sandia burner code, which solves the conservation
equations for mass, momentum, and species concentra-
tions in a one-dimensional gas How with an assumed tem-
perature profile, accounting for chemical reactions,
species diffusion (including thermal diffusion), and gas
convection. The ideal gas law was assumed throughout.
The transport properties were computed using the code
and data of Kee et al. For chemical species not
specified in the latter data base, the required Lennard-
Jones parameters were calculated using empirical correla-
tions and available physical properties. The reaction
mechanism, rate coefficients, and thermodynamic data
assumed are presented in Sec. II B below.

In the surface submodel, we assumed that the film is
deposited on a substrate placed along the reactor wall
and that the deposition surface is in local thermal equilib-
rium with the gas. The deposition process is described by
a set of elementary chemical reactions of surface sites.
The rates of these reactions are expressed in terms of
two-dimensional concentrations of surface sites and
diffusional fluxes of gaseous species produced in the gas-
phase reactions. It was assumed that the gas-phase con-
centrations of chemical species are unaffected by their
consumption or production in the surface reactions, and
the computational results fully supported this assump-
tion. The evolution of the surface sites was obtained by
numerical integration of a set of simultaneous ordinary
differential equations describing the kinetics of the

developed reaction mechanism. A complete list of the
surface reactions, corresponding rate coefficients, and de-
tails on the estimation techniques are given in Sec. II C
below. The numerical integration of the differential equa-
tions was performed with an in-house computer code us-
ing the LSODE integrator of Hindmarsh. '

The overall computational procedure was organized in
two steps. First, for a given set of initial conditions, the
concentration profiles of the gas-phase species were com-
puted with the burner code. The obtained species con-
centrations were then used as an input to the surface ki-
netic code. All computations were performed on an IBM
3090-600S computer at the Pennsylvania State University
Center for Academic Computing.

B. Gas-phase reaction mechanism

The chemical reaction mechanism used in this work to
describe the gas-phase kinetics is based on two mecha-
nisms developed in our laboratory for applications in
combustion and Aamelike environments. The first is a
125-reaction, 31-species mechanism developed for high-
temperature pyrolysis and oxidation of methane and opti-
mized to reproduce quantitatively a variety of ignition
and Aame experiments. The second is a 342-reaction,
70-species mechanism, which quantitatively describes the
formation and growth of polycyclic aromatic hydrocar-
bons (PAH's) in acetylene and ethylene fiames. These
two mechanisms were combined and reduced in size, re-
moving those reactions that do not contribute
significantly at the conditions employed in the present
study. The obtained 158-reaction, 50-species mechanism,
along with the assigned temperature- and pressure-
dependent rate coefficients, is given in Table I.

Reactions (g9) —(g68) in Table I describe the conver-
sion of methane into methyl radical, ethane, ethylene,
acetylene, and other C&H„and CzH gaseous species; re-
actions (g69)—(g 129) describe the formation of larger ali-
phatics; and reactions (g130)—(gl58) the formation of
aromatics. To assist the reader in the identification of
large hydrocarbons, coded in Table I following our com-
pact nomenclature, the structures of several key chemi-
cal species are specified explicitly in Table II. The
nomenclature for the rest of the C4H„and larger hydro-
carbon compounds can be found in Frenklach et al.
species ' 'CH2 and '"CH2 denote the triplet electronic
ground (X B& ) and low-lying singlet first excited (a ' A

&
)

states of the methylene radical, respectively.
For pressure-dependent reactions, three rate coefficient

expressions —for the three pressures used in this
study —are given in Table I. Most of these expressions
are calculated using the Troe-Golden formalism in
the form reported by us previously. ' The collision
efficiency for the bath gas H2 was taken from the litera-
ture whenever available or otherwise assumed to be equal
to 2.9, relative to the collision efficiency of argon, or 2.5,
relative to the collision efficiency of Nz. The principle
of detailed balancing was obeyed for all reactions except
for those whose detailed mechanism remains unknown:
oxidation of aromatic molecules by OH and oxidation of
ethynyl, vinyl, and aromatic radicals by (3z. The thermo-
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No. Reaction"

TABLE I. Gas-phase reaction mechanism.

Forward rate coe%cient"
n E

References
and/or

comments

gl
g2
g3
g4
g5
g6
g7
g8

Hz/Oz reactions
H+ H+ M~~Hz+M
H+ Oz~~OH+ 0
0+Hz~~QH+ H
OH+ Hz~~HzO+ H
H+ OH+ M~~HzO+ M
H+ Oz+ M~~HOz+ M
HOz+ H~~OH+ OH
HOz+ H~~Hz+ Oz

9.70[+16]
1.59[+17]
3.87[+04]
2.16[+08]
2.20[+22)
2.80[+18]
1.50[+14]
2.50[+13]

—0.60
—0.927

2.70
1.51

—2.00
—0.80

70.6
26.2
14.4

4.2
2.9

35, M =Hz
36
37
38
35, M =Hz
39, M =Hz
35
35

g10
gll
g12

Decomposition of CH4
CH4~~CH3+ H

CH3+ Hz~+—CH4+ H
CH~+ OH~~CH3+ HzQ
CH4+ Q~~CH3+ OH

10 Torr
20 Torr
50 Torr

3.08[+32]
1.34[+33]
1.31[+34]
4.13[+04]
1.50[+06]
1.90[+09]

—6.09
—6.18
—6.34

2.50
2.13
1.44

450.4
452.0
455.2

39.4
10.2
36.3

c
c
c
32
42
43

gl3
g14
g15
g16
g17
g18

Reactions of CH3
CH, +H~~[3'CHz+ Hz
CH +OH ' 'CHz+HzO
CH3+ OH~~CHzQ+ Hz
CH3+ Q~~CHzO+ H
CH3+ Oz~CHzO+ OH
CH3+M~~' 'CHz+H+M

1.80[+14]
1.13[+06]
8.00[+12]
8.43[+ 13]
7.58[+ 11]
2.90[+16]

2.13
63.2
10.2

37.4
379.0

44
32
44
45
32
35, M =Hz

g19
g20
g21
g22
g23

Reactions of CHzO
CHzO+ H~~CHO+ Hz
CHzO+ OH~CHQ+ HzO
CHzQ+ CH3~~CHO+ CH4
CHzQ+ MACHO+ H+ M
CHzO+ M~~CO+ Hz+ M

1.26[+08]
7.23[+05]
8.91[—13]
1.45 [+17)
2.40[ + 16]

1.62
2.46
7.40

9.1
—4. 1
—4.0
320.0
291.0

46
47
48
35, M =Hz
44, M =Hz

g24
g25
g26

Reactions of CHO
CHO+ H~~CO+ Hz
CHQ+ OH~~CO+ HzO
CHO+ M~~CH+ H+ M

2.00[+14]
1.00[+14]
3.48[+ 17] —1.00 71.1

35
39
49, M =Hz

g27
g28

CQ/COz reactions
CQ+ QH~COz+ H
CO+ 0+M~~COz+ M

1.05[+07]
7.10[+13]

1.37 —3.0
—19.0

d
35

g29

g30
g31
g32

Formation and consumption of CzH6
CzH6~~CH3+ CH3

CzH6+ H~~CzHq+ Hz
CzH6+ OH~~CzH~+ HzO

CzH6+ CH3~~CzH5+ CH4

10 Torr
20 Torr
50 Torr

2.37[+42]
5.52[+42]
2.20[ +431
5.40[+02]
2.20[+07]
5.50[—01)

—8.88
—8.90
—8.95

3.50
1.90
4.00

451.7
452. 1

453.2
21.8
4.7

34.7

e
e
e
35
52
35

g33

g34
g35

Reactions of CzH5
CH3+ CH3~~CzH5+ H

CzH5+ H~~CzHq+ Hz
CzH5~~CzH4+ H

10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

4.39[+12]
4.64[+ 12]
5.62[+ 12)
3.00[+ 13]
1.30[+37]
6.28[+37]
1.25[+38]

0.11
0.11
0.08

—8.15
—8.24
—8.20

44.6
44.7
45.2

184.3
186.9
189.4

e
e
e
35
f
f
f
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TABLE I. {Continued).

No. Reaction'
Forward rate coefficient"
A n E

References
and/or

comments

g36
g37
g38
g39
g40
g41

Formation and consumption of C2H4
CH3+' 'CH2~CqH4+H
C2H4+ H~~C2H3+ Hq
C2H4+ OH~~C2H3+ H20
C2H4+ CH3~~C2H3+ CH4
C2H4+ M+~C2H2+ H2+ M
C2H4+ M~~C2H3+ H+ M

5.00[+ 13]
3.16[+11]
2.70[+ 13]
4.20[+ 11]
7.54[+ 17]
7.54[+ 17]

0.70 33.5
24.9
46.5

332.0
404.0

54
55

g
35
35, M =H2
35, M =H2

g42
g43
g44
g45

g46
g47
g48
g49
g50

Reactions of CQH3

C2H3+ H~~C2H2+ H2
C2H3+ OH~~C2H2+ H20
C2H3+ 02~~CH20+ CHO
C2H2+ H~~C2H3

Reactions of C&H2

CpH+ H2~~C2H~+ H
C2H~+ O~~" 'CH2+ CO
C H, +0 CHCO+H
C2H2+ OH~~CqH+ H20
C2H2+ OH~~CHqCO+ H

10 Torr
20 Torr
50 Torr

3.00[+13]
4.00[+ 12]
4.00[+12]
7.18[+34]
3.12[+35]
1.13[+36]

8.00[+12]
7.81[+03]
1.39[+04]
2.71[+13]
2.19[—04]

—7.52
—7.61
—7.65

2.80
2.80

4.50

—1.0
30.9
32.9
35.5

11.0
2.1

2. 1

43.9
—4.2

58
59
60
h
h
h

35,62
1

1

65
66

g51
g52

g53
g54
g55
g56
g57
g58
g59
g60

g61
g62
g63
g64

g65
g66
g67
g68

g69
g70
g71
g72
g73
g74
g75
g76
g77

Reactions of CH2CO
CH2CO+ H~~CHCO+ H~
CH2CO+M~~' 'CH2+ CO+M

Formation and consumption of "'CH2
CHCO+ H~~" 'CH2+ CO
' "CH2+ H~~CH+ H2"'CH2+ H2~~CH3+ H
' "CH2+ OH~~CH20+ H
'"CH, +O,~~CO+OH+ H
' "CH2+ Oq~~COq+ H2"'CH2+ CH3~CqH4+ H"'CH2+ M~~' 'CH2+ M

Reactions of "'CH2
' 'CH2+H~~CH+ H2
' 'CH2+OH~~CH20+ H
' 'CH2+OH~~CH+ H20
' 'CH2+Oq~~CO+OH+ H

Formation and consumption of C atoms
CH+ H~~C+ Hq
C+02~~CO+ O
C+ OH~~CO+ H
C+ CH3~~C~H2+ H

Formation and consumption of C3H„species
CH+ CqH2~~C3H2+ H
C3H2+ OH~~CqH2+ CHO
C3H~+ H~~C3H3
"'CH2+ CpH2~~C3H3+ H"'CH2+ CqH2~~C3H3+ H
C3H3+ OH~~C2H2+ CHpo
C3H4+ H~~C3H3+ H2
C3H4+ H~~CH3 +C2H2
C3H4+ OH~ECHO+ C2H4

3.00[+ 13]
1.00[+ 16]

1.50[ + 14]
3.00[+13]
7.23[+ 13]
3.00[+ 13]
2.19[+13]
9.40[+ 12]
1.80[+- 13]
1.50[+ 13]

4.00[+ 13]
2.50[+ 13]
1.13[+07]
1.60[+ 12]

1.50[+14]
2.00[+ 13]
5.00[+13]
5.00[+13]

1.10[+13]
6.80[+13]
6.00[+ 12]
1.20[+ 13]
3.00[+ 13]
2.00[+ 13]
1.00[+12]
2.00[+13]
5.00[+12]

2.00

36.0
248.0

12.6
4.2

27.7

6.3
10.1
5.4

67
35, M =H2

64
68
68
68
68
68
68

M =H2

35
59
59
59

59
59
59
59

69
69
69
70
59
k
71
69
69
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TABLE I. (Continued).

No, Reaction"
Forward rate coefficient"

n

References
and/or

comments

g78
g79
g80
g81
g82
g83
g84
g85

g86
g87
g88
g89
g90
g91
g92
g93
g94
g95

g96
g97
g98
g99
g100
g101
g102
g103
g104
g105
g106
gl07

Formation and reactions of C4H„species
C2H4+ C2H3~~C4H6+ H
C3H4+ ' "CH2~~C4H6
C4H6+ H~~n-C4Hs +Hz
C4H, +OH~n-C4Hs+ H20
n-C4H, +H~~C4H4+ Hz
n-C~Hs+Oz~CzH3+ CHO+ CHO
C4H4+ H~~n-C4Hs
C4H4~~C2H2+ C2H2

C2H2+ C2H3~~C4H4+ H
C3H2+ ' "CH2~~C4H4
C3H2+ ' 'CH2~~C4H4
CH +"'CH CH +H
C3H3+' 'CH2~~C4H4+ H
C4H~+ H~~n-C4H3+ Hz
C4H4. +H~~i-C4H3+ Hz
C4H4. +OH~~n-C4H3+ H20
C4H4+ OH~~i-C4H3+ H20
C4H4~~CqH2+ Hz

n-C4H3+ H+ M~~C4H4+ M
i-C4H3+ H+ M~~C4H4+ M
C2H2+ C,H+ M~+n-C4H3+ M
n-C4H3+ H~C4H2+ Hz
i-C4H3+ H~~C4H2+ Hz
n-C4H3+ 02~C2H+ CHO+ CHO
&-C4H3+ Oz ~C2H+ CHzO+ CO
C4H2+ H+ M~~n-C4H3+ M
C4H2+ H+ M~~i-C4H3+ M
C2H2+ C2H~~C4H2+ H
C4H+ H2~~C4H2+ H
C4H2+ OH~+C3H2+ CHO

10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

6.21[+11]
2.00[+ 13]
6.30[+10]
2.20[+ 13]
1.50[+ 13]
7.83[+16]
5.80[+ 12]
7.91[+54]
1.33[+53]
3.31[+50]
1.70[+ 12]
2.00[+ 13]
2.00[+ 12]
2.00[+13]
2.00[+ 12]
3.16[+11]
3.16[+11]
2.20[+ 13]
2.20[+ 13]
3.39[+54]
5.70[ +52]
1.42 [ +50]
1.00[+ 15]
1.00[ + 15 ]
1.00[+ 16]
1.50[+15]
3.00[+15]
7.83[+16]
7.83[+16]
1.52[+ 18]
1.52[+ 18]
4.00[+ 13]
8.00[+ 12]
6.66[+ 12]

0.70

—1.80
0.24

—12.27
—11.68
—10.83

0.70
0.70

—12.27
—11.68
—10.83

—1.8
—1.8
—0.52
—0.52

14.0

25.1

17.5

12.4
408 ~ 8
407.2
404. 1

20.4

33.5
33.5
17.5
17.5

408.8
407.2
404. 1

113.8
113.8

11.0
—1.7

72
estimated
55
k 81

—k 93

kg, z
—kg 42/2

kg 83 kg 102

1

m
72
estimated
estimated
estimated
estimated

kg9 1 kg 37

kg92 kg 37

75
75

m
62

kg 97 kg 96

n

kg 99 kg42 /2
kg 1QQ kg42

kg101 = kg1oz
77
0
kg 104 kg 103

62

kg 106 kg 46

59

g108
g109
g110
gill
g112
g113
g114
g115
gl16
gl17
g118
g119

g120
g121
g122
g123
gl24
g125

Formation and reactions of C6H species
n-C6H7+ H~~C6H6+ Hz
n-C, H, +Oz~n-C4Hs+ CHO+ CHO
C6H6+ H~~n-C6H7
n-C4H, +C2H2~~C6H6+ H
C3H3+ C3H3~~C6H6
C6H6+ H~~n-C6Hs+ Hz
C6H6+ OH~~n-C6Hs+ H20
n-C6H, +O,~n-C4H, +CHO+ CHO

C6Hs+ H~C6H4+ Hz
C6H4+ H~n-C6Hs
C4H2+ C2H3~~C6H4+ H

C4H3+ C2Hz~~C6H4+ H

C6H4+ H~~n-C6H3+ H,
C6H4+ OH~~n-C6H3+ H20
n-C6H3+ H+ M~~C6H4+ M
C4H2+ C2H+ M~~n-C6H3+ M
n-C6H3+ Oz —+C4H+ CHO+ CHO
n-C6H3+ H~C6H2+ Hz

10 Torr
20 Torr
50 Torr

1.50[+ 13]
7.83[+ 16]
5.80[+12]
7.13[ —01]
2.00[+11]
3.16[+11]
2.20[+ 13]
7.83[+16]
1.50[+13]
5.80[+12]
1.70[+12]
2.03[+23]
7.55[+20]
4.71[+17]
3.16[+11]
2.20[+ 13]
1.00[+15]
1.00[ + 16]
7.83[+ 16]
1.50[+13]

—1.80
0.24
3.48

0.70

—1.80

0.24

—3.13
—2.44
—1.52

0.70

—1.80

12.4
38.0

33.5
17.5

12.4
20.4
84. 1

79.3
72.7
33.5
17.5

k 108 k 42/2
kg 109 kg 102

kg»o = kg8

p, 10—50 Torr
estimated

kg»3 =
kg37

kg»4 —kg93

kg11s kg102
k 116 k 42/2
kg 117 kg 84

kg1 18 kg86

P
P
P
kg 1zo

= kg37

kg 121 kg93

k, 1zz
=kg96

g 123 g98

kg124 = kg1oz

kg1zs —kg42 /2
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TABLE I. (Continued).

Reaction'
Forward rate coefficient"

n

References
and/or

comments

g126
g127
g128
g129

g130

g131

g132
g133

g134
g135
g136

g137
g138
g139
g140

g141
g142
g143

g144
g145

g146
g147
g148

g149
g150

C6H2+ H+ M n-C6H3+ M
C4H2+ C2H~~C6H2+ H
C2H2+ C4H~~C6H2+ H
C6H+ H2~~C6H2+ H

Formation and reactions of one-ring aromatics
n-C4H3+ C2H2~ A,

n-C6H5~+ A

n-C4H5+ C2H2~ A 1+H
n-C6H7~~ A 1+H

A1+H~~A1 +H2
A1+OH~~A 1 +H20
A1 +H~~A1

A, +OH ~CH20+ C2H2+ C3H3
A1 +02~n-C4H5+CO+CO
A1 +C2H2~~A, C2H+H
n-C4H3+ C4H2~ A 1C2H

A 1C2H+ H~~ A 1C2H +H2
A 1C2H+ OH~~ A 1C2H +H20
A1C2H +H~~A1C2H

A 1 C2H +02~C6H4+ CHO+ CO
n-C6H3+ C2H2~ A 1C2H*

A, C2H+ H~~ A 1C2H*+ H2
A 1 C2H+ OH~~ A 1

C2H* +H20
A1C2H +H~~A1C2H

A 1C2H*+O2~ C6H4+ CHO+ CO
A 1 C2H+ OH ~ A 1 +CHCO

10 Torr
20 Torr
50 Torr
10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

10 Torr
20 Torr
50 Torr

1.52[+ 18]
4.00[+ 13]
4.00[+ 13]
8.00[+ 12]

1.32[+51]
2.48[+48]
3.92[+44]
6.04[+62]
2.93[+60]
6.87[+56]
2.48[+ 13]
6.04[+62]
2.93[+60]
6.87[+56]
2.50[+ 14]
2.10[+13]
5.45[+42]
3.48[+39]
2.18[+35]
1.00[+ 12]
2.00[+ 12]
4.00[+ 13]
1.32[+51]
2.48[+48]
3.92[+44]
2.50[+ 14]
2.10[+13]
5.45 [ +42]
3.48[+39]
2.18[+35]
2.00[+ 12]
1.32[+51]
2.48[ +48 ]
3.92[+44]
2.50[+ 14]
2.10[+13]
5.45[+42]
3.48[+39]
2.18[+35]
2.00[+12]
1.00[+12]

—0.52

—11.79
—10.94
—9.77

—15.74
—14.99
—13.84
—0.33

—15.74
—14.99
—13.84

—8.74
—7.77
—6.51

—11.79
—10.94
—9.77

—8.74
—7.77
—6.51

—11.79
—10.94
—9.77

—8.74
—7.77
—6.51

113.8

11.0

90.4
86.4
80.5

104.7
102.0
97.0
23.4

104.7
102.0
97.0
66.9
19.1
61.6
55.9
48.2

31.3
42.3
90.4
86.4
80.5
66.9
19.1
61.6
55.9
48.2
31.3
90.4
86.4
80.5
66.9
19.1
61.6
55.9
48.2
31.3

kg126 kg 103

kg 127 kg 105

kg128 kg 105

kg 129 kg46

P
P
P
q
q
q
P, 10—50 Torr
kg 133 kg 131

kg 133 kg 131

g133 g131
80
81

r
estimated
83
72
kg 140 kg 130

g14Q g13Q

kg 14p kg 13p

kg141 kg 134

kg142 kg 135

kg 143 kg 136

g143 g 136

kg 143 kg 136

g151 g 138

kg 145 kg 130

g145 g13Q

kg 145 kg 130

g146 g 134

kg 147 kg 135

gl48 g136

kg 148 kg 136

kg148 kg 136

g149 g138
estimated

g151
g152
g153
g154

g155
g156
g157
g158

Formation and reactions of two-ring aromatics
A1C2H +C2H2~~A2 X
A 2 +H~~ A 2 X +H2
A2+OH~~A 2 X+H20
A2 X+H~~A2

A 2 X +02~ A 1 C2H+ CHO+ CO
A2+OH~ A1C2H+CHO+ CH2
A2 X+C2H2~~A2R5+H
A2R5+OH —~ A2+CHCO

10 Torr
20 Torr
50 Torr

4.00[+ 13]
2.50[+ 14]
2.10[+13]
5.45[+42]
3.48[+39]
2.18[+35]
2.00[ + 12]
1.00[+ 12]
4.00[+ 13]
1.00[+ 12]

—8.74
—7.77
—6.51

42.3
66.9
19.1
61.6
55.9
48.2
31.3

42.3

kg 151 kg 139

kg 152 kg134

kg 153 kg 135

kg 154 kg 136

kg 154 kg 136

kg 154 kg 136

kg 155 kg 138

estimated
kg 157 kg 139

estimated

'Reactions with the sign "~~"were treated as reversible and those with "~"as irreversible.
"The forward rate coefficient k = AT"exp( —E/RT)); the units are cm', K, kJ, mol, and s. The rate coefficients for the reverse direc-
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TABLE I. (Continued).

tion were determined via equilibrium constants. Numbers in square brackets denote powers of 10.
The rate coefficient expression is obtained using the Troe-Golden formalism (Refs. 84—86) in the format reported in Ref. 18 and us-

ing the data reported in Refs. 40 and 41 ~

The rate coefficient expression is obtained using the Troe-Golden formalism (Refs. 84—86) in the format reported in Ref. 18 and us-

ing the data reported in Refs. 40 and 50; this expression is valid for a pressure range of 10 to 50 Torr.
The rate coefficient expression is obtained using the Troe-Golden formalism (Refs. 84—86) in the format reported in Ref. 18 and us-

ing the data reported in Refs. 40 and 51.
'The rate coefficient expression is obtained using the Troe-Golden formalism (Refs. 84—86) in the format. reported in Ref. 18 and us-

ing the data reported in Ref. 53.
~The rate coefficient expression is obtained by fitting the data of Refs. 56 and 57.
'The rate coefficient expression is obtained from the rate coefficient of the reverse reaction, and the latter was calculated using a com-

puter code of Gilbert and Smith (Ref. 87) with the transition state parameters of Ref. 61.
'The total rate coefficient value for reactions (g47) and (g48) is taken from Ref. 63 and the branching ratio is from Ref. 64.

- The rate coefficient is estimated based on the value of 6.0X 10"2 for M =N, suggested in Ref. 68 and the relative collision efficiency

/3H /P~ =2.5 from Ref. 35.
H2 2

"'The rate coefficient used by Lutz et al. (Ref. 59) is multiplied by a factor of 2, following the results of Ref. 33.
Obtained from the rate coefficient of the reverse reaction given in Ref. 73 and the equilibrium constant.
'"'The rate coefficient expression is calculated using a computer code of Gilbert and Smith (Ref. 87) with the transition state parame-
ters of Ref. 74. The branching ratio for reaction channels (g85) and (g95) is 0.7/0. 3.
"Derived from the data given by Duran et al. (Ref. 76).
"Obtained from the rate coefficient for the reverse reaction reported (Ref. 62) and the equilibrium constant.
"The rate coefficient expression is obtained using the QRRK computer code and the parameters of Ref. 78.
"The rate coefficient expression is calculated using a computer code of Gilbert and Smith (Ref. 87) with the transition state parame-
ters of Ref. 79.
'The rate coefficient expression is calculated using a computer code of Gilbert and Smith (Ref. 87) with the transition state parame-
ters of Ref. 82.

TABLE II. Nomenclature of selected species in Tables I and III.

Name used Structure Name used Structure

n-C4H, O

H
I

H3C—C—CH3
I

CH3

t-C4H,
0

H3C —C—CH3
I

CH3

n-C4H,

n-C4Hs

n-C„H,

H

H —C=C—C

C—H

H H

C=C H

H C=C

H

H l H

II
C~ CH~ ~C~ iH

I
H

n-C(, Hs

H —C=C—C

C
I

H
H

C
C~ H

C
~ II

H C H
~C~& ~C

I
H

Q, C2H C=C—H

2, C2H C=C—H 2 tC2H2

H

C

C—H

32Rs
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dynamic data for the calculation of the equilibrium con-
stants were taken from the following sources: for most of
the small molecules from the compilation of Burcat, for
HO2 from the Sandia compilation, ' for C2H and the re-
lated C, -H group additivity from the recent results of
Careen et al. , and for C2H3, C4H2 and larger hydrocar-
bons from Stein and Fahr.

C. Surface reaction mechanism

The surface processes were modeled in terms of ele-
mentary chemical reactions of surface sites. These reac-
tions and associated rate parameters were founded on the
premise that chemical reactivity of solid carbonaceous
materials is localized on the carbon sites in a manner
similar to that of the corresponding gaseous species. In
other words, the kinetics of analogous elementary chemi-
cal reactions on a per site basis is the same for all forms
of carbon. ' ' ' Following this assumption, specific sur-
face reactions were postulated. A complete list of these
reactions, comprising the surface reaction mechanism
adopted for the present study, is given in Table III. Most
reactions of the surface reaction mechanism were found-
ed on analogous gas-phase reactions. For the purpose of
estimation of the rate parameters for these surface reac-
tions, most closely related prototype gas-phase reactions
were chosen; the latter are also listed in Table III.

The nomenclature for the gaseous chemical species ap-
pearing in Table III is the same as the one used for the
gas-phase reaction mechanism discussed in Sec. II B
above. The surface sites, or "surface species, " are defined
as follows. "Cd" denotes an sp carbon radical site and
"CdR" an "R" bonded to this site. Similarly, "C "
denotes an sp carbon radical site and "C R" an R bond-
ed to this site. The "CdH" sites signify hydrogenated di-
amond surface sites and "C H" hydrogenated nondia-
mond surface sites. The rest of the "CdR" and CgR"
sites represent hydrocarbon surface intermediates or
"complexes. " For instance, species CgC2H, CgC2H*, and
C C2H2 appearing in Table III are surface analogs of
gas-phase species A, C2H, A &C2H*, and A, C2H2 de-
scribed in Table II, respectively. At the present level of
modeling, we do not distinguish among various forms of
nondiamond materials —they all are lumped into the C—
type surface sites. Their general nature, nonetheless,
could be often revealed upon the identification and
analysis of reactions responsible for the formation of
these sites at a given set of initial conditions. Our model
calculates two-dimensional concentrations of surface sites
and the linear rate of carbon deposition in a manner
which will be described in Sec. II D below.

The reaction mechanism of Table III includes a de-
tailed description of the following processes occurring on
diamond (111) surface: surface site activation by the
abstraction of the terminal H atoms leading to the forma-
tion of surface radicals; deactivation of the surface radi-
cal sites by the abstraction of H atoms from gaseous
species and by recombination with free gaseous atoms
and radicals; growth of diamond by the addition of
methyl, acetylene, and other C2H& species —vinyl,
ethylene, ethyl, and ethane; condensation of aromatic

species on the growing surface, thereby covering dia-
mond sp sites with nondiamond sp sites growth of
the sp sites by the acetylene-addition mechanism;
gasification of sp carbon via reactions with hydrogen
atoms, hydroxyl radicals, oxygen atoms, and oxygen mol-
ecules; and interconversion of sp and sp sites into one
another.

The rates of the gas-surface reactions, the most com-
mon reaction type in the surface reaction mechanism,
were formulated based on equation

r r= '=y
~

V V

which expresses the assumption of equal reaction proba-
bilities for similar gas-phase and gas-surface reactions.
Here r, is the rate of the gas-surface reaction per surface
site, v, is the rate of collisions between a given gaseous
species and a given surface site, rg and v are the corre-
sponding properties of the prototype gas-phase reaction,
and y is the probability of a given reaction upon col-
lision. The gas-phase rates are given as'

r=kC

1/2
8K~ T

o. C

—1- =1v= —cCo. =—
4 g ' 4

1/2
8m~ T

C o, , (4)

which is the product of the collision frequency of the
reacting gaseous series with unit area of the substrate' '

—,'cC, and the collisional cross section of the surface site
o, Here c and I are the average velocity and molecu-
lar mass of the gaseous species attacking the surface. The
value of o., assumed in the present study is 2.6 A /site for
both diamond sp and nondiamond sp surfaces.

Substituting Eqs. (2) —(4) into Eq. (1) and expressing for
r„we obtain

o-, k

mp4o. 1+
mg

1/2 Cg

where m is the molecular mass of the prototype gaseous
species. Equation (5) defines the per-site rate coefficient
of the gas-surface reaction k„

where k is the per-molecule rate coefficient of the proto-
type gas-phase reaction, C is the concentration of the
gas-phase reactant [e.g. , the concentration of H atoms in
reaction (sl)j, its is the Boltzmann constant, T is the gas
temperature, p is the reduced mass for the reactants of
the prototype reaction, cr =—'vr(d +d ) is the collision
cross section of the prototype reaction, and d and d are
the diameters of the reactant and prototype gaseous
species, respectively. The collision rate for the gas-
surface reaction per surface site is defined as
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where r,
' and v,

' are the gas-surface reaction and collision
rates, respectively, per unit area. This leads to the
definition of an equivalent, per unit area, rate coeKcient
expression

k,'= —,'yc =0.05
1/2

8K~ T
7Tm QH

The rates of reactions describing gasification of the sp
carbon by 0 atoms [reactions (s50) and (s52)] were as-
sumed to be equal to those of OH radicals.

The rate of surface condensation of aromatic species
[reaction (s30) in Table III] was estimated in a similar
manner, using Eqs. (7) and (8), and considering y to be
the sticking probability. We envision that the surface
condensation can proceed by several reaction mecha-
nisms: by the formation of a chemical bond (chemisorp-
tion) upon collision of an aromatic species with an active
surface site or by the initial formation of weak van der
Waals bonds with sp' and sp sites present on the surface
(physisorption) followed by a rapid chemical transforma-
tion of the admolecule via its molecular decomposition or
by its reaction with a gaseous species. It is also possible
that coadsorption-induced condensation of aromatics on
the gro~ing surface can play a role. Some of these phe-
nomena have been observed for benzene condensation on
hot metal surfaces. ' No information is available for
condensation of aromatics on diamond surfaces. We as-
sumed for the present work the sticking probability y to
be equal to 0.1. Sensitivity analysis performed during our
study and discussed in Sec. III C below indicated that y
may be substantially lower than 0.1. Choosing a larger
value @=0.1 helped in the illustration and emphasis of
the phenomena discussed.

The rates of unimolecular surface reactions [e.g. , the
reverse of reaction (s4)] were estimated via the detailed
balancing and assuming that the equilibrium constants of
the surface reactions are equal to those of the corre-
sponding prototype gaseous reactions. The values of the
rate coefficients for all surface reactions were fitted into
the modified Arrhenius form over the temperature range
of 500 to 1800 K, and the obtained parameters are listed
in Table III.

D. Surface kinetics

Based on the formalism of the per-site rate coe%cients
developed above, the kinetics of the surface reaction is

1/2 kg
m4' 1+
m

The rates of several gas-surface reactions, those
describing gasification of the sp carbon by OH radicals
[reactions (s49) and (s51)], were estimated diff'erently. In-
stead of relying on analogous gas-phase reactions, which
are not well established, the rates of these reactions were
expressed using the reaction probability y, taking it to be
equal to 0.2, following the results of Neoh et al. for the
oxidation of soot, i.e.,
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treated in a manner similar to that of the gas-phase reac-
tions, except that the concentration variables of the
differential equations are now two-dimensional number
densities of surface sites. That is, the reaction rates are
given by

R, =k, C y,
for gas-surface reactions and by

(9)

(10)

~C( ~ )
—H +H~~~ C( & )

+H2

—+C()). +C2Hq~ —+C(2)—H,

for unimolecular surface reactions. g, denotes the num-
ber density of given surface sites per unit surface area.
Equation (9) applies to all the reactions of Table III, ex-
cept for (s49)—(s52). The rate coefficients listed in Table
III for the latter reactions are per unit area and hence
their reaction rates are given as

R, =k,'C f,
where f is the fraction of the surface covered by the sp
sites. The formation-disappearance rate of a given sur-
face species is expressed by

dX ==gv, ,a, R, (12)
J

where t is the reaction time, g; is the number density of
the ith surface species, v; - is the stoichiometric
coefficient of the ith species in the jth reaction, and a; z

is
a factor that takes into account that the surface site den-
sity is changed when a transformation between the sp
and sp carbon atoms occurs. This effect, however, is rel-
atively small, about 5%—the density of carbon sites on
(111) diamond surface is 0.363 A versus 0.382 A of
the graphite surface. Therefore this difference is ignored
in the present work, i.e., the value of a is assumed to be
unity for all reactions.

The growth of the film was modeled using the tech-
nique of linear lumping. In this method, an infinite num-
ber of differential equations describing a polymerization-
type process is lumped into a small number of differential
equations for the moments of the polymer distribution
function. ' ' To illustrate the application of this tech-
nique to film growth, let us consider the following exam-
ple. A film is deposited epitaxially by the following set of
reactions:

—+C—H+H~~~C- +H2,
~C +C2H2 —+ —+C—H,

(13)

(14)

where ~C—H and —+ C- represent lumped species,
defined as

and

X~C—H g X~C(.
)
—H

i =1

X~c g X~c(,.) r

i=1
(16)

respectively. Note that the number density of ~C—H
sites does not change, in accordance with the epitaxial
growth assumed in this example. The deposition rate-
the number of carbon atoms deposited per unit area per
unit time —is specified by the rate of reaction (14). Di-
viding this rate by the site number density of a complete
layer determines the linear rate of the film growth.

Reactions (s5), (s21), and (s26)—(s29) in Table III ex-
press this type of lumping for the growth of the sp car-
bon and reaction (s36) and (s44) for the growth of the
sp carbon. The former are assumed irreversible, as re-
quired for the exact lumping. ' This assumption is
founded on the premise that the rate of the reverse reac-
tion in these cases is negligible compared to the forward
rate. Quantum-chemical calculations 6 indicate that,
indeed, the last reaction step of the addition of an ace-
tylene molecule to a diamond surface radical proceeds
not only without activation energy but essentially irrever-
sibly within the temperature range of diamond deposi-
tion. Since details of reactions (s26) —(s29) and (s21) are
not fully understood, we assumed, by analogy, that these
reaction steps are irreversible.

The linear growth rate of the carbonaceous film was
defined in the present work as

—+ C(2)—H+ H~~~ C(2). H2,

~C(2) +C2H2~ ~C(3) H

etc. , where the subscript of ~C counts the depositing
atomic carbon layers, from unity to infinity. The kinetic
features of this infinite number of reactions (an infinite
number of cycles, each consisting of the chemically simi-
lar two-stage process) can be represented by the kinetic
properties of the lumped reaction system

0.366 h 2.6 X 10 ' (2',q+ 2%,2(+2%,26+2%,27+ 2%,2((+ 3%,29+ 6%,3p

+2+s35+ 2+s 36+ 2%s39+2%$44 2%s46 2+ s47

—2%,4s
—2A 49 2% 5p 2% 5,

—2A, 52) pm/h, (17)

where the A's are the net reaction rates and their integer
multipliers are the numbers of carbon atoms incorporat-
ed into or removed from the film as a result of the corre-
sponding lumping reaction sequences and hh is the aver-
age interlayer distance in angstroms. The latter was

defined as

hh =3.35f +2.06(1 —f), (18)

where 3.35 and 2.06 are the interlayer distances in graph-
ite and diamond, respectively, and f, as defined earlier, is
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Ireaction (s 5 ) ] propagates diamond growth. The ace-
tylene addition, reaction (s5), is assumed to proceed
without activation energy, based on the potential-energy
calculations of Huang et al.

Other diamond deposition reactions considered in this
study are computed to have rates two to four orders of
magnitude lower than the rate of the acetylene-addition
channel discussed above (Fig. 7). Curve c in Fig. 7
identifies the rate of reaction (s21), which expresses the
formation of sp carbon from surface radical
Cd—CHz—CHz . The latter is produced primarily via
the addition of gaseous vinyl radicals to Cd surface radi-
cals, reaction (s23), followed by reaction (s24) —the addi-
tion of hydrogen atoms to Cd—CH =CHz complexes
formed in (s23). The consecutive addition of CH3 radi-
cals to surface sites, reactions (s6) and (s12), accom-
panied by respective hydrogen abstraction reactions, re-
actions (s8) and (s16), is computed to be as fast as the
(s23)—(s24) route. This reaction pathway, comprised of
alternating CH3 additions and H abstractions, should be
one of the fastest ways of depositing diamond on (111)
surface by a CH3-based mechanism at the conditions
when ions are not present at large concentrations. As re-
vealed by the computational results, the reason that this
methyl-addition route is much slower than the acetylene-
addition route lies in the low concentration of surface
complexes Cd —CH3. This occurs because the formation
of Cd —CH3 in reaction (s6) is counteracted by its de-
struction in reaction (s7). When we remove reaction (s7)
along with similar reactions (s14) and (s15), whose pro-
totype gas-phase reaction has been questioned, " the rate
of diamond growth by the methyl-addition reaction chan-
nels is increased by a factor of 5 at most. In this case, the
rate is limited by the decomposition of the Cd —CH3
complexes via the reverse of reaction (s6). Another lim-
iting factor is the decomposition of Cd—C2H5 via reac-
tion (s16) followed by the reverse of (s20).

Surface complexes Cd—CH =CH2 formed in reaction
(s23) lead to sp growth not only via their conversion to
Cd—CHz—CHz by hydrogen atom addition as discussed
above, but also via the formation of a Cd—CH =CH- in-
termediate2 by H-atom abstraction in reaction (s26).
The computed rate of the latter reaction is depicted in
Fig. 7 by curve d. Curve b in this figure represents the
rate of diamond growth as a result of a combined
(sequential) addition of methyl radicals and acetylene
molecules —reactions (s6), (s7), and (s29). Such a reac-
tion pathway was suggested by us previously as a possible
mechanism for nucleation of the initial kernel that can
propagate the epitaxial growth of a diamond layer via the
acetylene-addition mechanism. As follows from Fig. 7,
the (s6)-(s7)-(s29) reaction sequence is computed to be
the fastest among the methyl-based reaction channels, al-
though still much slower than the acetylene-addition step
(s5). The latter may explain the existence of an induc-
tion period for diamond growth.

In considering the diamond growth reactions discussed
above, we assumed that the growth proceeds via a se-
quence of several steps, e.g.,

d 2 4~ d 2 2

~Cd —CH2—CHq. ~~Cd —H+H

[reactions (s20) and (s21), respectively], instead of more
direct chemically activated processes, e.g. ,

~Cd- +C2H4 —+~Cd —H+H

[reaction (s20')]. The latter approach is more accurate,
but neither the required data nor reliable theory exist to
apply it to the problem addressed here. It is reasonable
to assume, however, that the reactions of the surface-gas
complexes should behave close to the corresponding
high-pressure limits, thereby justifying the approach un-
dertaken in this study. Nonetheless, since this assump-
tion affects the important competition" between the
methyl- and acetylene-addition reaction channels for dia-
mond growth, we performed several numerical sensitivity
tests. The inclusion of reaction (s20') with the rate
coefficient equal to that of reaction (s5) results in about
two orders of magnitude larger diamond growth rate via
the CH3-deposition channel (s21), yet still about two or-
ders of magnitude slower than the growth via the
acetylene-deposition channel (s5). It should be pointed
out, however, that the assumption k, zo =k,

&
is quite un-

realistic, since we estimate that reaction (s20') should
have a significant activation energy, at least 60 kJ/mol,
and therefore the discussed test provides an upper-limit
estimate for the rate of reactior. (s20 ). Similarly, the in-
clusion of reaction

—+Cd C~H3+ H —+ —+Cd—H+ H,
proceeding via energized ~Cd —CH2—CH2 intermedi-
ate complex with an upper-limit rate coefficient, i~stead
of reaction sequence (s24) —(s21) proceeding via thermal-
ly stabilized surface species, increases the corresponding
Aux by one to two orders of magnitude, which is
insufficient to efFectively compete with reaction (s5).

It should be noted that both acetylene- and methyl-
addition routes considered in the present study are the
same from the point of view that both proceed via the
formation of Cd —CzH complexes. These acetylenic sur-
face complexes are so effective because of the high pro-
pensity of the triple-bonded carbon to radical addition.
One can view the role of acetylene as the "energy
storage": the triple bond is formed in the energetic gas-
phase environment and the chemical energy of this stable
bond is then delivered to the substrate and used in
energy-limited surface reactions while still preserving the
original C—C bonding. Also, the reversible reactions of
the surface complexes can account for the observed ex-
perimentally" catalytic conversion of C2H„to CH~ and
vice versa on diamond surfaces.

The curve in Fig. 6 marked "Graphite growth" depicts
the growth rate of the sp carbon phase via the H-
abstraction —C2H2-addition reaction pathways.
This rate is defined in the present work as the sum of the
forward rates of reactions (s36) and (s44). The sum of
the reverse rates of these two reactions is shown in Fig. 6
by the curve marked "C'rasification of sp phase by H."
An inspection of these two curves indicates that both
processes are extremely slow, as compared to the dia-
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mond growth, at the low- and intermediate-temperature
ranges. At higher temperatures, the sp gasification be-
comes the predominant process while the graphite
growth remains relatively slow. A closer examination of
the computational results revealed that the major contri-
butor to the graphite growth is reaction (s44) and to the
sp gasification it is the reverse of reaction (s36). In oth-
er words, reaction (s36), along with reaction (s39), runs
in reverse. Reaction (s44) reverses its direction at tem-
peratures above about 700 C. Also, reaction (s35) re-
verses its direction at temperatures above 900'C and re-
action (s40) and (s42) above 1100'C, and reaction (s37)
equilibrates at T & 1200 C.

It is somewhat surprising that the growth of the gra-
phitic phase is computed to be so much slower than the
growth of diamond. However, this computational pre-
diction can be corroborated by the recent conclusions of
Zhu et ah I &z and Schroder et al. & i8 based on the charac-
terization of diamond films by Raman spectroscopy that
graphite inclusions in these films are small, on the order
of 1 to 10 nm. The significance of the computational pre-
diction that gasification of the sp carbon phase by hy-
drogen atoms is not a critical factor at temperatures of
diamond deposition will be discussed in Sec. III F.

A most revealing result of the present kinetic study,
found to be in accord with experimental observations, "
is the importance of the sp ~~p transformations,
represented in our model by reaction (s45). At high tem-
peratures, this reaction runs in reverse (see Fig. 6) and
signifies graphitization of diamond. At low temperatures,
reaction (s45) primarily follows condensation of benzene,
reaction (s30). The latter process, whose rate is
represented in Fig. 6 by the curve marked "PAH conden-

sation, " was suggested to play a significant role in chemi-
cal vapor deposition of diamond in a previous study. '

Figure 8 depicts the results of several sensitivity tests
demonstrating the significance of the benzene condensa-
tion and the sp ~~p transformation processes. It should
be noticed that the removal of these processes from the
model distorts dramatically the predictions: without ben-
zene condensation the model does not predict the low-
temperature film characteristics —it predicts 100% dia-
mond phase for temperatures below 700 C [cf. curves A

and B in Fig. 8(b)]; and without the sp ~~p transforma-
tion the bell shape of the diamond growth rate depen-
dence on temperature is not reproduced at all [cf. curves
3 and C in Fig. 8(a)]. It is clear, therefore, that the rate
parameters assigned to these processes significantly
inAuence the numerical predictions of the model. For in-
stance, a comparison of curves A, D, E, and F in Fig. 8(b)
demonstrates the sensitivity to the sticking probability of
benzene condensation: reducing y from 0.1 to 0.0001,
while having no significant e8'ect on the deposition rate
and the high-temperature film quality [see Fig. 8(a); only
cases A and E are shown for clarity], decreases substan-
tially (but not entirely) the depositing sp surface cover-
age at low substrate temperatures. Unfortunately, there
are no quantitative data available on the surface sp /sp
ratio. However, the results computed with diferent
values of y indicate that a substantially lower sticking
probability than 0.1 is also consistent with the qualitative
phenomena seen in experiment. Sensitivity analysis for
the sp ~~sp transformation indicated that its rate and
thermodynamic parameters aA'ect the temperature of the
computed peak deposition rate.
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D. Temperature dependence

At high temperatures, which in our model correspond
to short distances of the substrate surface from the fila-
ment, the vapor-deposited diamond sites are rapidly gra-
phltlzcd via Icactloil (s45) and tllc sp calbo11 folIIlcd Is
gasified with an equally fast rate by reactions with H
atoms, as is evident from the computational results de-
picted in Fig. 6. In this regime, therefore, the net deposi-
tion rate is low and decreases with the increase in temper-
ature [Fig. 4(a)] and the deposited film is predominantly
graphite [Fig. 4(b)]. At low temperatures, corresponding
to long distances of the substrate surface from the fila-
ment, the deposition rate is limited by the rate of produc-
tion of Cd sites. The number density of these surface rad-
icals is determined by the difference between the rates of
reaction (sl) producing Cd sites and reaction (s4) de-
stroying them (Fig. 9), i.e.,

k, )

+Cd k +Cd H (19)
s4

Because reaction (sl) has a substantial activation ener-

gy and the rate coefficient of reaction (s4) is tempera-
ture independent (see Table III), the k, I/k, 4 ratio is in-
creased with temperature. The number density of avail-
able Cd H surface sites is also increased with the increase
in temperature in the low-temperature regime, as indicat-
ed by the improvement in film quality [Fig. 4(b)]; this
occurs due to the reduction in the gas-phase concentra-
tion of benzene (Fig. 2) and hence in the rate of its con-
densation on the growing surface. Thus both factors in
Eq. (19) lead to the increase in the Cd number density
and therefore in diamond growth rate with temperature.
With further increase in temperature, the number density
of Cd sites begins to decline due to the reduction in ther-
modynamic stability of these surface radicals, which
expresses itself in the increased rate of reaction

Temperature ('C)

FIG. 9. Rates of selected surface reactions computed for the
base case, a (0.3 vol% CH4)-H2 mixture at a pressure of 20
Torr: a, forward reaction (s1); 6, reverse of reaction (s1); c, for-
ward reaction (s4); d, 8„—R, ,

—R,4, e, reaction (s5); f, for-
ward reaction (s45); and g, reverse of reaction (s45).

Cd —+C H+H

[the reverse of reaction (s45)]. This explains the bell-
shaped temperature dependence of the deposition rate.

The films deposited at low temperatures are computed
to contain high sp fractions [Fig. 4(b)]. In this tempera-
ture regime, the sp -bonded carbon comes primarily from
the condensation of benzene. A part of this sp carbon is
converted to an sp phase by the addition by hydrogen
atoms, reaction (s45), as discussed earlier. Considering
the possible outcomes of the H addition to an aromatic
hydrocarbon adsorbed on a hydrogenated diamond sur-
face, we conclude that the sp carbon phase formed in the
low-temperature regime must contain an amorphous, dia-
mondlike component rather than purely diamond crystal-
lites. This may explain the increased imperfection in dia-
mond film morphology observed in experimental studies
at low substrate temperatures. '

The difference in the nature of the sp carbon phases
formed in different temperature regimes can be further
demonstrated by the results computed for situations
when the substrate and the gas-phase temperatures are
different from one another (Fig. 10). Such a geometry
can be imposed on our model by considering a constant-
temperature substrate placed along the reactor wall. In
these computations, the reaction rates of gas-surface re-
actions were multiplied by the term ( Ts /T, )' . In doing
so, we assumed, at the present level of modeling, that the
frequency of collisions of a gaseous species with a surface
site is determined by the gas-phase temperature T, but
the probability of reaction (i.e., the transition state) is
determined by the surface temperature T, .

The results depicted in Fig. 10(b) clearly indicate that
the computed film quality at the high substrate tempera-
tures is independent of the gas-phase temperature —it is
determined by the graphitization process, the reverse of
reaction (s45). At the low substrate temperatures, the
film quality is dramatically worsened with the decrease in
the gas-phase temperature, i.e., with moving away from
the filament, as a result of the increased concentration of
benzene and, therefore, the increased rate of benzne con-
densation on the substrate surface via reaction (s30). In
contrast to the computed film quality, the bell shape of
the deposition rate dependence on the substrate tempera-
ture is computed to be independent of the gas-phase tem-
perature [Fig. 4(a)]. Our model predicts that larger depo-
sition rates and a better film quality are obtained when
the gas-phase temperature in the deposition zone is
higher than the substrate temperature.

K. K6'ects of initial methane concentration
and pressure

The gas-phase kinetic model predicts that an increase
in the initial methane concentration decreases the con-
centration of hydrogen atoms and increases the concen-
trations of hydrocarbon products including acetylene and
benzene, as demonstrated in Fig. 11. These computed
trends are in general agreement with experimental obser-
vations. ' ' A detailed analysis of the computational re-
sults revealed that at low methane concentrations, the de-
crease in the H concentration leads to an increase in the
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where K,&~ is the equilibrium constant of reaction (s45)
and Eq. (19) was used for the number density of the Cd
radical sites. Equation (20) implies that the surface frac-
tion of the Cd H sites at a given temperature, and hence
the position of the peak in the deposition rate, is deter-
mined by the concentration of hydrogen atoms. It turns
out that for the conditions tested the increase in pressure
results in a larger reduction in the H concentration than
the increase in the initial methane concentration.

F. Role of hydrogen

The role of hydrogen in vapor-activated deposition of
diamond has been the focus of attention because it is only
after a large excess of hydrogen was used in the process
that pm/h growth rates were obtained. ' ' ' ' Several
possible explanations have been proposed (see recent arti-
cles for review, ' ' and analyses' ' ' ). Most of the
proposals implicate atomic hydrogen, most notably the
preferential etching of graphite over diamond, advanced
by the Russian scientists' and now adopted widely, and
stabilization of the diamond surface. Using the
developed model, we now examine the factors affected by
the presence of hydrogen.

Figure 9 presents the largest computed rates of reac-
tions involving hydrogen atoms. An inspection of this
figure indicates that the fastest reactions among them are
the H abstraction, reaction (s 1), which activates the dia-
mond surface by producing radicals sites, and the recom-
bination of H atoms with these radical sites, reaction
(s4). In other words, these two reactions principally con-
trol the number density of active Cd sites. One may no-
tice that the rate di(ference of these two reactions (curve
d in Fig. 9) practically overlays with the diamond growth
Aux at the low and medium temperatures and with the
rate of graphitization at the high temperatures. The next
important processes are the transformation of sp to sp
at low temperatures and the gasification of the sp phase
(etching) at high temperature, both processes governed
by the addition of hydrogen atoms to unsaturated carbon
bonds. As mentioned earlier, the sp gasification by H
atoms is computed to be a slow process at temperatures
of diamond deposition. That is, our model does not sup-
port the theory of preferential etching advanced ' to
explain the kinetic competition between diamond and
nondiamond phases.

The present computational results fully support the
prediction made by us previously' that the main effect
the addition of hydrogen has on diamond deposition is
the suppression of the formation of aromatic species in
the gas phase by H2. A computer simulation at the same
conditions as the base case but with hydrogen replaced by
argon in the initial mixture resulted in a purely sp film
whose deposition rate decreases with temperature mono-
tonically.

'

G. Role of oxygen

Perhaps the most intriguing technological advance-
ments made since the addition of hydrogen is the im-
proved characteristics of diamond deposition with the ad-

dition of oxygen ' ' " ' ' and the growth of dia-
mond films in hydrocarbon Aames, ' ' ' pioneered by
Hirose and co-workers. It was of interest, therefore, to
investigate what possible effects on diamond growth can
be predicted by our model when oxygen is introduced
into the system. Since no detailed experimental informa-
tion (e.g. , temperature profiles) on oxidative environ-
ments depositing diamond films is available, we per-
formed computational tests using the reactor geometry
adopted in the present study for the oxygen-free analysis
and assuming that the initial mixture contains a small
amount of oxygen, such that the temperature profile
should not be significantly different from the assumed
profile.

The results of such simulations indicated that the addi-
tion of small amounts of oxygen does not necessarily in-
crease the deposition rate but substantially improves the
film quality, especially at low temperatures (Fig. 14).
This computational prediction' is now supported by ex-
perimental observations. ' The model predicts the de-
crease in the concentrations of hydrocarbon species (Fig.
11), also in accord with experimental findings. " '

An analysis of the computational results indicated that
the improvement in film quality with the addition of oxy-
gen results from the decrease in the concentration of ben-
zene, as was hypothesized by us previously. ' The latter
is caused by the oxidation of hydrocarbon precursors to
benzene. In reactor geometries like the one considered in
this study —after being exposed to a very high tempera-
ture, the reactive gas Aows along a decreasing tempera-
ture profile —the formation of aromatic species from a
hydrocarbon mixture occurs when the gas cools to tern-
peratures around 1000'C. ' ' ' Under such condi-
tions, the addition of small amounts of oxygen to the inlet
stream results in practically stoichiometric oxidation of
carbon prior to the gas reaching the aromatics-forming
region. ' In fuel-rich mixtures, because of the relatively
low concentration of QH and hence a slow rate of CQ
conversion to CO&, the oxidized carbon is accumulated in
the form of CO. Based on these considerations, we chose
to compare the results obtained in the computer simula-
tion of a (2.3 vol % CH4)-(1.0 vol% 02)-H2 mixture with
those of a (0.3 vol% CH~)-Hz mixture, because in both
cases the total amount of carbon accumulated in hydro-
carbon species after the hot-filament zone should be the
same.

Comparing these results, we note that the species con-
centrations (Fig. 11) and the deposition characteristics
(Fig. 14) are indeed very close to one another in the two
cases. In these computations, as typical for the present
study, the substrate temperature was assumed to be equal
to the gas temperature. When the gas and the substrate
temperatures are allowed to vary separately from one
another, the film quality computed for a (2.3 vol%
CH~)-(1.0 vol% 02)-H~ mixture (Fig. 15) is notably im-
proved over that for a (0.3 vol% CH4)-H2 mixture [Fig.
10(b)] at low substrate temperatures. This difference is
caused by the gasification of the sp carbon by OH radi-
cals, reaction (s49). The rate of this reaction is denoted
by a solid curve marked "Gasification of sp phase by
QH" in Fig. 16; this figure depicts the rates of major car-
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(i) The quantitative prediction of the gas-phase envi-
ronment in the film deposition zone depends critically on
the precise knowledge of the gas history not only in the
post-filament zone but also in pre- and near-filament
zones.

(ii) Under the conditions studied, diamond grows
predominantly by the addition of acetylene to sp-
hybridized surface radicals Cd. The contribution to the
growth by other species —methyl, ethyl, ethylene, and
vinyl —is computed to be extremely slow under the tested
conditions. The reaction-path analysis indicates that dia-
mond deposition by these species proceeds via the forma-
tion of acetylenic or ethylenic intermediate complexes on
the growing surface.

(iii) The reaction "bottleneck" of diamond deposition
at low substrate temperatures is the formation of Cd radi-
cals. Their formation rate is determined by the balance
between the H-abstraction Cd H+ H ~Cd +H2 and
recombination Cd+H —+CdH reactions. This rate in-
creases with temperature because the former reaction has
a substantial activation energy whereas the latter does
not. At higher substrate temperatures, the thermo-
dynamic stability of Cd radicals becomes the limiting fac-

diets correctly the measured concentrations of major
gaseous species. The surface part of the model repro-
duces the general experimental trends —the effects of
temperature, pressure, initial methane concentration, and
the addition of oxygen —for the growth rate and film
quality.

The analysis of the computational results along with
various sensitivity tests led us to the following con-
clusions.

tor: the sp -hybridized Cd sites decompose forming an
sp graphitic phase.

(iv) The chemical growth of the sp graphite phase is
computed to be much slower than the growth of dia-
mond.

(v) At low substrate temperatures, condensation of ben-
zene from the gas phase onto the growing surface com-
petes with the diamond growth process by covering the
available sp diamond sites. The condensing aromatic
molecules are converted into an amorphous sp /sp car-
bonaceous network by the addition reactions of hydrogen
atoms.

(vi) The main factors affecting the deposition charac-
teristics with the increase in the initial concentration of
methane are the increase in the aromatics formation and,
to a lesser degree, the decrease in the H-atom concentra-
tion. The former factor reduces the quality of the film,
whereas the latter causes the shift of the peak deposition
rate to higher substrate temperatures. The effect of pres-
sure is essentially the concentration effect.

(vii) The key role of hydrogen and oxygen in diamond
deposition is to suppress the formation of aromatic
species in the gas phase and thereby to prevent their con-
densation onto the growing surface.

(viii) The major reactions of hydrogen atoms in the sur-
face processes are the H-atom abstraction, which ac-
tivates the surface by creating radical sites; recombina-
tion with these surface radicals; and the addition to unsa-
turated carbon —carbon bonds, thereby converting
aromatics into amorphous carbon at low temperatures
and gasifying graphite at high temperatures.

(ix) Gasification of sp carbon by OH radicals, which is
computed to be much faster than that by H atoms when
oxygen is added to the mixture, contributes to the im-
proved quality of diamond films deposited at lower sub-
strate temperatures.

Taken together, these conclusions imply that our model
does not support the theory of preferential etching ad-
vanced to explain the kinetic competition between dia-
mond and nondiamond phases. Instead, it establishes the
critical role of aromatics condensation and interconver-
sion of sp and sp

' carbon phases mediated by hydrogen
atoms in gas-activated deposition of diamond films.
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