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Materials

Atomic scale KMC simulation of {100} oriented CVD diamond film growth
under low substrate temperature

—Part II Simulation of CVD diamond film growth in C-H system and in Cl-containing systems
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Abstract: The growth of {100}-oriented CVD diamond film under two modifications of J-B-H model at low substrate temperatures
was simulated by using a revised KMC method at atomic scale. The results were compared both in Cl-containing systems and in C-H
system as follows: (1) Substrate temperature can produce an important effect both on film deposition rate and on surface roughness;
(2) Aomic Cl takes an active role for the growth of diamond film at low temperatures; (3) {100}-oriented diamond film cannot de-
posit under single carbon insertion mechanism, which disagrees with the predictions before; (4) The explanation of the exact role of

atomic Cl is not provided in the simulation results.
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1 Introduction

Synthesis of diamond films by chemical vapor
deposition (CVD) from a precursor gas mixture con-
taining a small amount of hydrocarbon (usually meth-
ane, acetylene, efc.) and hydrogen as the carrier gas at
sub-atmospheric pressures has become commercially
viable over the last decades [1-5]. And there are sev-
eral CVD methods through which diamond films can
grow in high rate and high quality. One significant
drawback to most of the current growth processes,
however, is that they are carried out at high substrate
temperatures (above 1000 K). Substrates that melt or
undergo problematic phase changes at these tempera-
tures cannot therefore be employed. It is excited that
low temperature (below 1000 K) growth of diamond is
one of the most important aims of CVD diamond
synthesis, which requires diamond film deposition in
C-H-CI system or in C-H-O system. A decrease of the
substrate temperature 7, would allow many new CVD
diamond film applications [6, 7].

Several growth models of CVD diamond film in C-
H systemn at high temperature have been the subjects
of extensive investigation, both experimentally and

Corresponding author: Xizhong An, E-mail: sympathy @263.net

theoretically [8-14]. However, fewer researchers have
gone in for the mechanism study of CVD diamond
film growth under low temperature in Cl containing
system. Recently, Joe, et al. reported a new model
through which diamond film can grow by insertions of
single carbon species at C-H bond under low substrate
temperature in C-H-Cl system, and they finished the
numerical simulation of diamond film formation by
this mechanism [14]. The growth of diamond film un-
der low substrate temperature is completely ascribed
to the insertions of single carbon species in Joe-
Badgwell-Hauge (J-B-H) model. In Part I of this two-
part paper [15], The growth of {100}-oriented CVD
diamond film under J-B-H model was simulated from
atomic scale by using a revised Kinetic Monte Carlo
(KMC) method [16]. However, through simulation we
cannot make sure whether the insertions of single car-
bon species or atom Cl dominate the whole deposition
process. To ascertain this phenomena, we revised J-B-
H model and simulated the film growth under these
modified models.

2 Method

Diamond is usually deposited at sub-atmospheric
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pressure (about 2660 Pa in this paper). The typical de-
position conditions are as follows. A feed gas of H,
containing a small fraction of some hydrocarbon pre-
cursor (often 1% CH, by volume) and in some cases
Cl, is supplied to the growth reactor and activated by
exposure to a heat source (a hot filament in this paper).
The growth substrate is in contact with this activated
gas and diamond deposition that occurs mainly by the
reaction of the substrate with H, C, CH, CH, and Cl
etc. according to a set of chemical reactions listed in
tables 1 and 2, respectively. The model in table 1 (cit-
ed as “modification 1 (mod.1)” hereafter) shows the
diamond film growth by insertions of single carbon
species in C-H system, where all the chemical reac-
tions and the kinetic data are both from reference [14].
This mechanism can demonstrate the key role of sin-
gle-carbon insertions during {100}-oriented CVD
diamond film growth, i.e. whether there are open sites
on the growth surface or not, there will be possible to
deposit diamond on diamond substrate. In table 1, C,
is the diamond atom on the growth surface, and D is
the diamond atom formed after the insertion reaction
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occurs. The model in table 2 (as “modification 2
(mod.2)”) indicates the growth of diamond film in C-
H-CI system. This model is helpful to examine the
critical role of atom Cl during {100}-oriented CVD
diamond film growth under low temperature, i.e. the
substrate surface must be activated either by hydrogen
abstraction or disadsorption to create open sites at first;
then the growth species in precursor near the substrate
will interact with the activated sites to finish the
chemical adsorption of hydrocarbon, which will lead
to the growth of diamond film. The atom CI does not
involve in the incorporation to diamond film lattice,
but it can react with those species adsorbed on the sur-
face to accelerate the process of reactions. Part of the
reactions and kinetic data in table 2 are from refer-
ences [11, 12, 14]. C, represents the diamond atom on
the surface, species separated by a bullet (*) are dimer
bonded, and an asterisk (*) represents a surface bira-
dical. CVD diamond film can grow on {100 }-oriented
substrate by homoepitaxy. The growth conditions and
size are all the same as in Part I [15].

Table 1 Surface-phase reactions in modification 1 of J-B-H model

No. Surface-phase reaction A/ (mol-cm™s™) n E/(Jmol™)
1 CH+H=C,;+H, 7.30x10" 0.0 35700.0
2 C,+H=CH 1.70x10" 0.0 0.0
3 C, + CH, = C,CH, 5.00x10' 0.0 0.0
4 C,CH, + H= C,CH, + H, 1.00x10™ 0.0 43680.0
5 C,CH, + H= C,CH, 1.70x10" 0.0 0.0
6 C,CH, + H= C, + CH, 3.00x10" 0.0 0.0
7 C,H + CH,= C,CH, 5.00x10" 0.0 21000.0
8 C,+CH, = C,CH, 5.00x10'? 0.0 0.0
9 CH+CH= C,CH, 5.00x10" 0.0 21000.0
10 C;+CH=C,CH 5.00x10"2 0.0 0.0
11 C,CH+H = C,CH, 1.70x10"3 0.0 0.0
12 CH+C=C,CH 5.00x10" 0.0 21000.0
13 C,+C=C,C 1.00x10" 0.0 0.0
14 C,C+H= C,CH 1.70x10" 0.0 0.0
15 C,C+H,= C,CH, 1.70x10" 0.0 0.0
16 C,+C,CH, =D +CH, + D 3.00%10" 0.0 0.0
17 CCH+CH=D+CH+D 3.00x10" 0.0 0.0
18 CC+CH=D+C +D 3.00x10" 0.0 0.0

The diamond film growth simulations start on an
H-passivated diamond substrate. All lattice sites are
fixed at their diamond cubic positions. The temporal
evolution of the diamond surface is simulated by
means of a modified Kinetic Monte Carlo (KMC)
method [16]. As the surface evolves according to this
KMC method, it will be covered by various combina-

tions of radical sites, H atoms, Cl atoms and hydro-
carbons chemisorbates, all of which will evolve ac-
cording to the site-by-site reaction either in table 1 or
in table 2. The program is written in Visual C lan-
guage and run in a Pentium IIT 800 personal computer.
The memory is 256 M and the running time is about 1
to4s.
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Table 2 Surface-phase reactions in modification 2 of J-B-H model

No. Surface-phase reaction A/@molem'sh n E/(J-mol™) AH/(J-mol ™) AS/(J-mol LK 1)
1 CH+Heo Cp+ H, 1.30x10" 0 30660.0 —41580.0 22.26
2 C;+HeCH 1.00x10" 0 0.0 —406980.0 -137.76
3 C,H,+ H & C,+ CH, 3.00x10" 0 0.0 —-103320.0 33.18
4 C,+CH, & C,CH, 5.00x10" 0 0.0 —297780.0 -176.40
5 CCH, +He C,CH, , +H, 2.80x107 2 31340.0 —47460.0 2772
6 C«H,+H < CCH,,, 1.00x10" 0 0.0 -348600.0 -143.22
7 CeCi e Ci+*+Cy 1.00x10" 0 0.0 20580.0 1.68
8 CH+Cl=C+HC . 1.70x10" 0 84.0 — —_

9 C,CH, + Cl= C,CH, + HCI 1.62x10" 0 3024.0 — -
10 C;+Cl=C/A 2.40x10% 0 0.0 — —_
11 CCl+H=C,+HCl 1.10x10" 0 19320.0 — —
12 Ca*CCH=CACL, HAC, 2.00x10" 0 36960.0 — —

Note: *‘»"—dimer bonded; *—surface biradical.

3 Results and discussion

In the process of diamond film growth, substrate
temperatures play an important role. Their effects on
deposition rate, surface roughness (R,) and height of
the film can be characterized. Definitions of deposi-
tion rate and surface roughness are the same as that in
reference [12]. Conditions of CVD diamond film are
as following: T, = 900 K, wg = 0.023%, wep =
0.023%, wy, = 90% (w, mass fraction) and P = 2.66
kPa. We call this the standard case for comparison.
Keeping other process parameters in standard case
constant, we simulated {100}-oriented CVD diamond
film growth under two modified models when the sub-
strate temperatures are 1000, 900 and 800 K, respec-
tively.

3.1 Simulation of CVD diamond film growth under
different models at 1000 K

The evolution of diamond film deposition rate with
simulation time at 1000 K is shown in figure 1. This
plot indicates that the shape of each curve is in accor-
dance with that in Part I of this two-part paper [15],
which are all due to the morphology of the substrate
surface. The diamond film deposited in Cl containing
system (such as in J-B-H model [14] or in modifica-
tion 2) has higher growth rate than that deposited un-
der single carbon species insertions in C-H system.
This phenomenon indicates that atom Cl is very effec-
tive in low temperature growth of diamond film, whi-
ch is in well agreement with the conclusions drawn by
several researchers [17-21]. And this made us doubt
the role of the single carbon insertions on C-H bond in
diamond film CVD process at low substrate tempera-
tures.

Even though the growth rate in Cl containing sys-
temn is higher than that in C-H system at low tempera-

tures (see figure 1), it also has higher surface rough-
ness which can produce significant effects on film
quality (as shown in figure 2). Therefore, the substrate
temperature of 1000 K is not suitable for the growth of
diamond film of good quality. In order to acquire the
desired diamond film, suitable substrate temperature
should be carefully chosen.
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Figure 1 Evolution of diamond film deposition rate with
simulation time at 1000 K.
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Figure 2 The evelution of diamond film surface roughness
with simulation time at 1000 K.

The slope of the film height curve shown in figure
3 represents the growth rate of diamond film in quan-
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titative, i.e. a steep curve corresponds to a high de-
position rate (see both figure 1 and figure 3).
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Figure 3 The evolution of diamond film height with simu-
lation time at 1000 K.

3.2 Simulation of CVD diamond film growth under
different models at 900 K

When T, is 900 K, the difference of diamond film
deposition rate between Cl containing system and sin-
gle carbon insertion system becomes very evident (as
shown in figure 4), and the latter made the growth rate
of diamond film drop rapidly. Such low rate will have
no sense for actual production of diamond film. From
figure 4, it is also found that there is still disparity of
growth rate in two Cl containing systems, which
means the single carbon insertion cannot accelerate
the film deposition.
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Figure 4 The evolution of diamond film deposition rate
with simulation time at 900 K.

From the surface roughness curve in figure 5, it is
found that smoother diamond films can be produced
both in Cl containing system and in C-H system at low
temperatures, compared with those created at some-
what higher temperatures (see figure 2).

3.2 Simulation of CVD diamond film growth under
different models at 800 K

When the substrate temperature drops to about 800
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K, it is found that in single carbon insertion system the
diamond film can hardly grow. In Cl containing sys-
tems, however, the deposit rate of diamond film is re-
latively high (as shown in figure 6). This once again
proves the important role of atomic Cl in the process
of diamond chemical vapor deposition. Figure 7 is the
evolution of diamond film surface roughness with
simulation time. Undoubtedly, such smooth diamond
film should be due to the key role of atomic CI, not of
single carbon insertion.
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Figure 5 The evolution of diamond film surface roughness
with simulation time at 900 K.
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Figure 6 The evolution of diamond film deposition rate
with simulation time at 800 K.
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Figure 7 The evolution of diamond film surface roughness
with simulation time at 800 K.
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4 Conclusions

(1) Two modifications of J-B-H model have been
accomplished in order to ascertain the role of atomic
ClI and single carbon species insertion in CVD dia-
mond process.

(2) The simulation results indicate that the substrate
temperature (7,) plays an important role in diamond
film growth process. As the elevation of T,, the dia-
mond film showed a high growth rate and meanwhile
a coarse surface. Therefore, considering the relation-
ship between the deposition rate and the surface
roughness, a moderate 7, should be chosen.

(3) Atomic Cl can increase the growth rate of dia-
mond film and create smooth film in relative low T,
but it should be constrained to a suitable concentra-
tion.

(4) Through our simulation, no predominance of
single carbon species insertion has been found. On the
contrary, {100}-oriented diamond film cannot deposit
at a high enough rate on such mechanism as single
carbon insertion at low substrate temperature. This re-
sult is in disagreement with the report before.

(5) Even though atomic CI can produce positive ef-
fects on diamond film growth and realizes diamond
film deposition at low substrate temperatures, how-
ever, what is the exact reason for aomic Cl in the
process of diamond film growth still needs further
study.
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