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Time dependent Monte Carlo (TDMC) simulations are performed on a diamond lattice to determine
the effect of surface properties/conditions on the growth of diamond thin films on flat and stepped
diamond {001}(2X1):H surfaces under chemical vapor deposition conditions. The gas—surface
interface consists of reactions of incoming gas-phase species, such as H, moiecules and H and CH;
radicals with surface radical, m-bond and step edge sites on the diamond {001}(2X1):H surface. The
rates and probabilities of adsorption, abstraction. desorption. and incorporation reactions. as well as
the reverse reactions, are explicitly calculated either via molecular dynamics or transition state
theory methods, or taken from experimental measurements. The TDMC method allows all these
reactions to occur simultaneously, though probabilistically, at each time step. The microscopic and
macroscopic characteristics of the growing film are observed as functions of time. Diamond films of
10~100 layers are grown in the simulation and the observed growth rate (~0.5um/h at 1200 K) is
in agreement with experimental results. The contributions to the activation energy of growth by
specific processes such as H abstraction, CH; adsorption and CH, incorporation into the trough sites
have been determined. The contributions to the activation energies by specific processes are not
linearly additive, and the CH, adsorption at step edges leads to enhanced growth at the edges.

© 1996 American Institute of Physics. [S0021-9606(96)01915-X]

1. INTRODUCTION

In a recent investigation'” we have implemented time-
dependent Monte Carlo (TDMC) simulations for modeling
diamond growth under chemical vapor deposition (CVD)
conditions. Whereas typical Monte Carlo calculations are
aimed at extracting equilibrium configurations, it is possible
to add the time dimension and to estimate the characteristics
of evolving quantities. For example, in our previous applica-
tion of this method, a two-dimensional diamond {001}(2X1)
surface in the presence of a gaseous environment of H atoms
and H, molecules was considered. The quantities of interest
were the concentration and distribution of radical sites. It is
the radical sites onto which C containing species adsorb and
consequently promote diamond growth. Processes such as H
atom and H, molecule adsorption and desorption, H atom
abstraction as well as H atom diffusion were inciuded in
these TDMC simulations. We were able to determine the
equilibrium concentration of radical and sr-bonded sites as a
function of temperature. Moreover, we could determine the
time related quantities such as lifetime of radicais and =7
bonds and the diffusion length of the radicals before they are
destroyed either by adsorption of a gas phase species or by
combination with other radicals to form 7 bonds.

The TDMC method'? developed so far equates the
Monte Carlo time step, ¢, to the real time as measured ex-
perimentally in a simple and straightforward manner. Given
a set of reaction rates, the probability of a specific reaction
happening in any time step is expressed as the product of the
rate and the time step. A constant time step for the simulation
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is chosen which is smaller than the duration of the fastest
process considered. Thus the probabilities for the given set of
all the reactions are between 0 and 1. During each time step
all of the particles in the system are allowed to move albeit
probabilistically. The reaction for an individual particle is
chosen randomly and either allowed to occur or not based on
its probability as defined above. In this manner the system
dynamically evolves with time.

The goal of this work is to extend the TDMC method to
be able to apply it to a real three dimensional growth. The
necessary adaptations of the methodology are chosen in or-
der to mimic the experimental conditions of CVD diamond
growth. The diamond growth rate is dependent upon many
factors which in essence determine the concentration of the
reactants at the surface. The hot filament CVD growth of
diamond typically occurs in a gaseous hydrogen environment
at low total pressures of approximately ~20-30 Torr.3~® The
major species in the gas phase are H,, CH,, C;H,, H, and
CHj,, with the last two being considered as the important
species for growth.>” The experimental growth rates for hot
filament CVD growth of diamond films are in the 0.1 to 1
w/h range ®~'% The apparent activation energy of the growth
on diamond {001} is 8 kcal/mol."!

There are several challenges to overcome to extend and
apply the TDMC prescription to realistic diamond growth in
three dimensions. First, one must construct a diamond lattice
for the simulation. Diamond does not follow the traditional
solid-on-solid model. Rather it has four unique planes of
atom positions as shown in Fig. 1. Moreover, on the {001}
surface, C atoms pair up to form surface dimers, shown with
a W-E orientation in Fig. 1. The surface dimers in the next
layer, however, orient N-S. Thus reorientation introduces a
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FIG. 1. Atop and side view of a ball and stick model of the diamond{001}(2
% 1):H surface. Shown in both views are two rectangies which enclose at-
oms with the same horizontal (i,j) grid values (see the text). The H atoms
are represented by the smallest and lightest spheres. The remainder of the
spheres represent C atoms with the largest spheres corresponding to the
surface atoms. The arrows in the top view point to the four carbon atoms
{two above and two below) bonded to the third layer carbon atom. In the
side view two H-terminated surface dimers are shown. If both H atoms are
removed from one surface dimer a strained 7-bond results.

logistical bookkeeping problem. Second, the list of possible
reactions and events greatly increases as one must now in-
clude hydrocarbon species such as methyl, CH,, radical. The
CH, radical can adsorb onto and desorb from the surface, the
H atoms of the CH, radical can also desorb, be abstracted or
diffuse down onto a radical on the surface thereby leading to
reactions on the surface that promote growth. Three-
dimensional growth increases the number of different types
of surface configurations even further as there are atoms at
the step edges. Third, after the list of possible reactions is
constructed, the rates for all the processes must be deter-
mined. It is possible that rates of key processes at the step
edges are different from those on flat terraces. Finally, there
is the issue of time scale. The growth rate is microns per
hour, yet there are individual events such as the lifetimes of
radicals that are on the order of microseconds. In the two-
dimensional TDMC simulations we used MC time steps of
~0.01-0.1 us. To grow even a few layers with this time step
is very computationally intensive.

We have developed the methodology to perform a three-
dimensional TDMC simulation of diamond film growth un-
der CVD conditions. Various other researchers have devel-
oped kinetic MC'2"" or TDMC?>? approaches. In this
study we have increased the number and complexity of re-
action events that are explicitly included. Of note are three of
the kinetic MC studies of processes relating to diamond
growth. Frenklach has modeled the concentration and distri-
bution of radicals and diradicals on diamond' but has not
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included either the time domain or the energetics specific to
m-bond sites. Frenklach also incorporated the tetrahedral dia-
mond structure and adsorption of CH; and C,H, onto an
adamantane seed crystal.l3 He assumed that the surface re-
actions occur instantaneously. Consequently. the time in his
simulation is related to the collision time of the various gas
phase species. Finally, Xing and Scott have modeled acety-
lene adsorption. desorption and reaction with a diamond
{111} surface.'® They have based their MC moves on initial
and final state energy differences which inherently assumes
equilibrium at every step.

The TDMC simulations presented here predict a growth
rate and Arrhenius activation energy in agreement with val-
ues observed experimemally.“ In agreement with studies of
Harris and Goodwin® we find that the CH; adsorption con-
trols the overall growth rate. Additionally the method allows
us to understand a microscopic picture of the events as they
occur during the growth. The hydrogen abstraction reaction
is shown to have the largest contribution towards the activa-
tion energy at temperatures approximately between 900 and
1200 K. A new CH, insertion mechanism in a trough be-
tween two dimer rows is identified as a rate limiting step at
800 K and below. The contributions to the overall activation
energy by H abstraction, CH, concentration and trough in-
sertion mechanism are not linearly additive. The concentra-
tion of the surface species at all times during the simulation
as well as a snapshot of the growing surface are determined
which provide further insight into the growth process.

In Sec. 1l we describe the model for the diamond lattice,
the catalog of reactions inciuded, the determination and val-
ues of the individual rates and reconciliation of time scales
varying over many orders of magnitude. Section III discusses
the TDMC method and the resuiting growth rate and micro-
scopic dynamics. In Sec. IV the main results of the general
approach are summarized.

II. METHOD
A. The diamond lattice

The hydrogen terminated diamond {001}(2X1):H lattice
is shown in Fig. 1. The diamond lattice (looking down at the
{001} surface) repeats every four layers. Each bulk C atom in
the lattice is fourfold coordinated and is bonded to two C
atoms in the layer above and two C atoms in the layer below
as shown for a third layer atom by the arrows in Fig. 1. In
addition there is a layer dependent directionality. For ex-
ample, the neighbor atoms above a third layer atom are in the
W-E direction. For a second layer atom, however, the neigh-
bor atoms in the layer above are in the N-S direction. In
addition, the {001}(2%1):H surface consists of hydrogenated
surface dimers which in Fig. 1 are oriented W-E. The layer
underneath, however, has dimers oriented N-S. As diamond
growth occurs the top surface layer remains dimerized
whereas C atoms in the inner layers have bulk configura-
tions. One straightforward approach in establishing a grid to
represent this surface is to use a three dimensional simple
cubic structure in which each diamond lattice site corre-
sponds to an equivalent point on the grid. In this case the
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model is only 1/4 full because each successive layer is offset
from the layers directly above and below it by 1/4 of the
diamond unit cell length. A more efficient grid is constructed
by considering one of the rectilinear cells denoted in Fig. 1.
If all the atoms in this cell are considered to have the same
horizontal grid indices (i,j), but a different vertical index,
(k), corresponding to the layer number, then all allowed val-
ues of the set (i,j,k) correspond to a C atom position. The
surface reconstruction is simply a perturbation of the surface
atom’s equilibrium lattice position and is kept track of by an
additional array index. A convenient advantage of this model
is that only one grid site exists in the trough between any two
dimers. This mode! thus implicitly includes the steric hin-
drance effect of not allowing CH, {(x=0-3) species to exist
concurrently on adjacent dimer atoms.

The addition of a third dimension (depth) to the simula-
tion need not significantly increase the computational re-
quirements beyond that of a two-dimensional simulation.
Most of the grid sites which contain fourfold coordinated
bulk carbon atoms or empty grid sites during each time step
of the computation can be ignored. Only the active sites in
the growing interface are monitored during the simulation.
The number of active sites considered is only ~1.5 times the
number of sites for the two-dimensional case of surface dif-
fusion. Another advantage of maintaining only the dynamic
list of active sites at which adsorption, abstraction, desorp-
tion, and incorporation reactions occur at each time is that
the list automatically gets restructured at each step. In par-
ticular, the few adjacent sites that might have confiicting
moves also get restructured as the dynamics progresses.

B. Surface reactions

In this study simulating the CVD growth process in-
cludes the reactions involving carbon containing species on
the surface, whereas previouslyl‘2 we had considered only
reactions involving H or H,. A basic requirement in any
Monte Carlo calculation is that a finite list of events must be
chosen. We have tried to make the list as complete as pos-
sible with the conditions that the incoming gaseous C species
is methyl radical, CH,, and that all reactions involving C
species lead to either a diamond structure or a dimerized
surface state and that there are no possible graphitic or amor-
phous C configurations. Some of these reactions were intu-
itively determined a priori while others appeared in prelimi-
nary simulations and were thus added to the list for the final
simulations.

The complete list of surface events should include ad-
sorption, desorption, reaction, and diffusive events. As is dis-
cussed in Sec. I D, we have included a time filter that sepa-
rates out the fast diffusive processes which are then ignored.
Adsorption and desorption events are relatively
st:raightforward2 and are delineated in Table I as reactions
a-d. Growing epitaxial diamond requires that the surface
dimers break and C atoms insert into the surface dimers as
well as into the trough positions between the two surface
dimers. Possible pathways for these steps are shown in Fig.
2. The dimer insertion mechanism (reaction e) was proposed
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TABLE I. Surface reactions.

Surface reaction

a Hydrogen adsorption onto a radical site
a’ H desorption (reverse of a)

b Hydrogen abstraction

b’ H deposition from H, (reverse of b)

c H. desorption

¢’ Dissociative H, addition (reverse of c)
d CH, adsorption

d CH, desorption (reverse of d)

e Dimer insertion (see Fig. 2)

f BCN mechanism (see Fig. 2} i
g Trough insertion (see Fig. 2)

h Dimerization

following molecular dynamics simulations®' as a two step
process where the starting configuration is a surface dimer
with a H atom adsorbed on one C atom and a CH, radical on
the other C atom.’? The surface dimer opens forming an
ethylenic configuration and then the CH, inserts into the ep-
itaxial position. A one-step mechanism with an energetically
high three-center transition state has also been proposed for
the same product.™

A mechanism for bridging the trough position with a C
atom (reaction f) has been proposed by Harris based on
model studies on bicycio [3,3.1] nonane (BCN).** The
mechanism is similar to that shown in the middle of Fig. 2.
The two adjacent surface dimers have a C atom inserted into
them. In the trough region there is a radical on one C atom
and on the other C atom there is a CH, radical. This is an
almost perfect configuration for bonding across the trough.
There are a couple of additional assumptions in the BCN
mechanism.*® First the authors assume that surface dimers
have formed in the next layer whereas we do not make this
assumption. We believe this to be a minor difference. Sec-
ond, they assume perfect alignment of dimer-trough pairs.
Our preliminary simulations showed that this assumption is
not valid, thus a second trough mechanism as shown in Fig.
7 is considered. The difference between the trough insertion
mechanism shown here (reaction g) and the BCN mechanism
is that a surface dimer must be broken (middle of the three
surface dimers) for the growth to continue.

The formation of new surface dimers (reaction h) occurs
after CH, groups have inserted into adjacent surface dimer or
trough positions (not shown). There is steric hindrance® be-
tween the H atoms and thus the two CH, groups dimerize,
desorbing a H, molecule in the process. This process can
also occur with two CH groups inserted into adjacent surface
dimer or trough positions but in this case no H, is desorbed.
The configuration of an inserted CH group did not arise very
frequently in the simulation but it is included for complete-
ness.

Given these reaction events, a number of surface sites
appear in the calculations. These have been categorized into
12 different generic configurations as shown in Fig. 3. For
configurations 1-10 the specific site of interest is the right-
most atom or radical. The odd numbered configurations up to
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N

Dimer insertion

Trough Insertion

FIG. 2. The three types of insertion reactions considered for these simuiations. They correspond from top to bottom to reaction types e, f, and g in Table I.

9 correspond to 2X1 dimer sites. The even number configu-
rations up to 10 represent {111} sites. The {111} notation is
used as the rightmost carbon atom has three C neighbors
much like a C atom on the {111} surface. Configurations 11
and 12 represent epitaxial CH, and CH species, respectively.
The reactions that can occur for each configuration are de-
lineated in Table II. For example, in configuration 1, if the R
group on the leftmost C is a radical, then at the radical on the
rightmost C atom the following reactions can occur—H atom
adsorption (reaction a from Table I), CH, adsorption (d), H
atom deposition from H,(b'), and dissociative H, adsorption
(c") since there are two radical sites on the same surface
dimer, i.e., a 7 bond. On the other hand, if there is something
else besides a radical on the leftmost carbon, then all of the
above reactions can occur except the dissociative H, adsorp-
tion (¢’). The computer code thus has approximately four
times as many configurations as given in Fig. 3. Specifically,
the configurations which differ only in the number of ad-
sorbed H atoms are treated separately.

C. Rate constants and probabllities

Once the list of reactions has been determined, the rates
for each must be evaluated. One of the key factors in being
able to model such a complex growth process is being able to
determine a rate for any required reaction. As with the pre-
vious investigation we have taken the rates from a combi-
nation of molecular dynamics (MD) simulations, transition
state theory (TST) and experimental values. For the MD
simulations and TST calculations we have used the hydro-
carbon potential developed by Brenner.*¢*’

For many of the individual reaction rates or energetics
there are alternative calculated values in the literature. We
have chosen to use a consistent set from the Brenner hydro-
carbon potential. The results presented here of the TDMC

calculation indicate that the trough mechanism is rate limit-
ing at low temperatures. The energetics for this reaction have
not been reported by others.

In this study we have used a temperature range of 800-
1200 K since good quality diamond films are typically grown
at temperatures less than 1300 K. For simplicity and lack of
better information we have assumed that aimost all the rates
follow Arrhenius behavior, thus they can be described by an
activation energy, E,, and a frequency prefactor. The com-
plete list of rates for each configuration of Fig. 3 is given in
Table IL It is easier, however, to discuss them by type as
given in Table 1. More detail on how and why various ap-
proaches have been used is given in Ref. 2. The simple de-
sorption events (a’ and d") are assumed to have activation
energies as defined by the bond strength using the Brenner

e
Y

2

2]
6
10

‘.X -g%,

W

R = radical, H, CH, CH,. CH,,

?:S_..

FIG. 3. The 12 basic surface configurations considered in the TDMC simu-
lation.
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TABLE II. Probabilities of reactions occurring at specific configurations as given in Fig. 3. The probabilities are
given per 6r=1X 10~5 s at 1200 K. For reactions involving gas phase species such as adsorption and abstrac-
tion, the probabilities were converted into their corresponding rates using the appropriate collision rate of (H,
H,, or CH,) with the surface.” Partial pressures used for this table are 18 Torr for H,. 0.1 Torr for H. and 0.01

Torr for CH;.
Prefactor E,
Type R? Reaction s (eV) Probability Ref.
1 Radical a 5.11x107! 2
d 6.50x107* d
b' See note ¢ 0.32 4.68%1077 2
¢’ See note b 1.25 1.92x1071° 2
H, CH, CH,. Cﬁ; a 3.48x107! 2
d 425%107° d
b’ See note b 1.25 2.65x1073 2
2 Any* a 3.48x107" 2
d 7.21%107* 42
b’ See note b 1.25 2.65%107° 2
3 Radical b 8.7x10™! 0.34 2.07x1072 2
a’ 1.0%10% 3.43 3.93x1077 2
H c 1.0x10™ 3.14 6.49%x107° 39
34 H, CH, CH,, CH, b 1.3x10° 0.42 1.47x1072 2
a’ 1.0x10" 4.43 2.48x107" 2
5 Radical d’ 1.ox10" 3.24 247x107¢ d
56 Any b 2.3%10° 0.33 6.37X1072 2
d' 1.0x10" 4.24 1.56x1071° 2
19 Any e See Table I1] and text 31d
7.8 Any b 8.7x107! 0.34 2.07%x1072 d
7-10 Any a 1.25%107! d
8.10 Any g 1.0x10" 2.00 3.998x107! d
Any f 1 d
11 Any b 8.7%x10"! 0.34 2.07x107? d
12 Any a 3.48%x107" d
11,12 Any h 1 d

See P. W. Atkins, Physical Chemistry, 3rd ed. (Freeman, New York. 1986), p. 764 and Ref. 2.

The functional group designated by R in Fig. 3.

“For the reverse reactions the activation energy is actually the energy difference between the initial and final

configurations as discussed in Ref. 2.
dRate constants determined in this work.
¢“Any” refers to a radical, H. CH, CH,, or CHj,.

potential. The prefactors are assumed to be 10'* s7'. Care is
taken to distinguish between final states of a single radical on
a surface dimer and in a 7 bond as the energetics are differ-
ent.

Hydrogen adsorption (a) and hydrogen abstraction (b)
reactions were previously modeled by MD simulations for
radical sites at temperatures between 1200 and 1800 K.2 The
abstraction values were fit to an Arrhenius form and extrapo-
Jated to temperatures lower than 1200 K. On the other hand,
there is minimal temperature dependence in the adsorption
probabilities as it is an unactivated process, thus the adsorp-
tion values caiculated for 1200 K are also used at the lower
temperatures. For comparison purposes the values of the H
adsorption probability per site at 1200 K is 53% on a 2X1
radical site and 78% on a m-bond site. The H abstraction
probability per site at 1200 K is ~2% for a 2% 1 configura-
tion that results in a radical and ~3% when it results in a 7
bond. For other configurations where H adsorption can occur
to a radical on a lattice site, we chose to use the same value
as that for adsorption at a radical site (53%). Exceptions to
this are configurations 7—10 where more flexible CH, or CH
adspecies are present. We performed MD simulations®® at

1200 K and calculated a probability of 19% for H adsorbing
to CH, to form CH;. The adsorption probability on CH,
group is lower than on a radical because the CH, group has
more thermal motion than a radical attached to a lattice site.
A value of 19% for the H adsorption probability is used for
configurations 7-10.

We calculated H abstraction probabilities from a CH,
adspecies and obtained probabilities of 9.4% at 1200 K,
19.3% at 1500 K. and 26.7% at 1800 K. The values on a per
H atom basis are consistent with the values of 2%-3% for H
atom on the surface at 1200 K.? Simulations were also per-
formed for H abstraction from CH,. The probability deter-
mined is 4.5% at 1200 K. At higher temperatures the CH,
species inserted into the dimer (reaction ¢) thus abstraction
calculations could not be performed. Since the 1200 K ab-
straction probability from a CH, adspecies is similar to that
from a H saturated (2X 1) surface, the previously determined
values are used at all temperatures.

The MD studies of CH; adsorption were performed
analogously to the H adsorption simulations. The gas phase
CH, was equilibrated to the desired temperature before ad-
sorption on the surface. For temperatures of 1200, 1500, and
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FIG. 4. A possible pathway for CH, insertion into the dimer bond starting
with a CH, adsorbed on a dimer with a radical on the adjacent dimer atom.
The values for the rate constants are given in Table HI.

1800 K, the adsorption probabilities per site on a 7 bond are
3.82%, 3.9%, and 4.5% and on a radical site are 0.25%,
0.42%, and 0.33%, respectively. Given the statistical uncer-
tainties, each set of numbers are indistinguishable from each
other. We thus used the values of 3.82% and 0.25% for the
two types of sites at all temperatures.

The H, desorption (c) probability was taken from experi-
mental values.*® The only mechanistic assumption made
about the process is that the two hydrogen atoms must des-
orb from the same dimer on the surface. As discussed in Ref.
2 the reverse reaction rates of H atom deposition from H,
(b'), and dissociative adsorption of H, (c') are estimated
from relative energetics. The values of the energy difference
are given in Table L.

Reactions e and g which involve CH, insertion into a
surface dimer or trough are shown in detail in Fig. 2. The
activation energies and prefactors for these reactions have
been calculated via a steepest descent path method*® and a
simple transition state theory®' is used for the reaction rates
as described previously.> The rates for any additional CH,
{x=1-3) reaction probabilities such as H transfer from a
CH; to an adjoining radical (Fig. 4) have been calculated in
a similar manner and are given in Table III. Reaction f, the
BCN mechanism, is assumed to occur instantaneously with
unit probability.

There are surface dimerization reactions (h) between ei-
ther a pair of adjacent inserted CH, groups or CH groups. We
have assumed that this is a highly favorable reaction and that
the reactions occur instantaneously with unit probability.

TABLE IIl. Rate constants for equilibrium processes (as given in Fig. 4)
which lead to the insertion of a CH, species into the dimer bond. Activation
energies and prefactors are determined via SDP and TST calculations (see
the text}.

Rate constant Prefactor b Activation energy (eV)
ky 1.9X i 1.51
k, 1.9% ¥ 1.21
-k, 1.0 1.65
k, 1.0x 3 1.28

The simulation conditions for gas—surface interface have
been chosen for the concentrations of gas phase reacting spe-
cies to match experimental conditions.~!® The simulations
have been done at partial pressures for H atom, H, molecule
and CH, radical set at 0.1, 18, and 0.01 Torr, respectively.
These pressures are used to calculate® the reaction probabili-
ties given in Table II. Corat and Goodwin*' have reported
that the CH; concentration decreases with temperature beiow
approximately 1000 K. This decrease in CH, concentration
which corresponds to an activation energy of ~4 kcai/mol
has been taken into account in these simulations unless it is
explicitly stated otherwise.

To summarize, all reaction probabilities at 1200 K are
given in Tabie II. For activated processes the activation en-
ergy and prefactor are also given so that values at lower
temperatures can be obtained. For reactions involving colli-
sions with a gas phase particle, a collision factor which is
temperature and partial pressure dependent has been used.
The partial pressures used for Table II are given therein.
Finally, as mentioned in the previous paragraph, an addi-
tional temperature dependence in CH; concentration has
been used in the simulations unless stated otherwise.

D. Time scales

The discussion of the reconciliation of the overall simu-
lation time duration with the lifetimes of the individual
events is now in order. In the ideal case every possible reac-
tion should be included in the MC cailculation. Such a simu-
lation cannot be completed on today’s computers because
there are many orders of magnitude difference between the
fastest and the slowest reactions. We have partitioned the fast
processes into two groups. The first group includes many of
the surface processes that are either rare events that do not
contribute significantly to the growth process or are those
which lead to no net change in the system. For an in depth
look into the atomistic details these events should be in-
cluded, but can be deait with in a different manner than the
simulation of macroscopic quantities such as the film growth
rate. For example, radical site diffusion on the surface has a
lifetime of approximately 1 us."? This lifetime is too small
for diffusion to be monitored for a simulation that may last
up to 40 s. Additionally, in our previous study'” we have
shown that, at temperatures below 1200 K, H atoms do not
diffuse significantly during the lifetime of a radical site. Thus
the H diffusion events can be ignored in a long time scale
simulation of the growth. The second category of fast events
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is exemplified by CH, insertion into a dimer bond. The CH,
insertion event has a lifetime on the order of 107 s and is
one of the primary mechanisms by which carbon is incorpo-
rated into the diamond lattice. Since a methyl radical collides
with a surface site every 5X10™*s the insertion reaction gen-
erally achieves equilibrium long before the next adsorption
event occurs. One pathway for the insertion reaction, starting
with an adsorbed methyl radical on a (2X1) dimer. is shown
in Fig. 4. The corresponding prefactors and activation ener-
gies for the Arrhenius rate constants are given in Table IIL
One could take these rate constants, determine the equilib-
rium populations and then probablistically determine which
configurations exist at any given time. An examination of the
rate constants for the steps involved in the insertion reaction
shows that at equilibrium the reaction has gone essentially to
completion. Additionally the adsorption of any species onto
the radical site in Fig. 4(c) will ensure that the reverse reac-
tion does not occur. Thus the insertion reaction is treated as
irreversible.

In summary, the timescales of the fastest and slowest
processes in this work differ by many orders of magnitude.
There are two possible approaches to including both kinds of
processes in a single simulation. First, the simulation is per-
formed in time steps suitable to the fast processes and very
slow processes are incorporated as rare events through ap-
propriate schemes.'? Second. the simulation is performed in
time steps suitable for rate determining slow processes and
the fast processes are included as though at each time step all
the fast processes have achieved chemical equilibrium. We
choose the second approach because the focus is on the over-
all growth rates with the microscopic dynamics of fast pro-
cesses also included.

E. TDMC caicuiation

Given an ensemble of microscopic reactions in a system,
the essence of the time dependent Monte Carlo calculation is
how the system evolves towards the equilibrium configura-
tion. A template or grid of sites is established on which the
individual reactions occur. The sites are cycled through, and
from a Monte Carlo approach various events are allowed to
proceed. Since we are considering a multitude of competing
processes for many particles simultaneously, an important
consideration is the method by which we extend the Monte
Carlo caiculation into the time domain. Our method is based
upon the observation that given the rate of each individual
process in a system, the probability of a process occurring
within any specified time period or time step is simply the
product of the time step and the rate for the process. A single
constant time step, &, for the overall dynamics is chosen
such that it is greater than the duration of the fastest process
considered. The probabilities for all of the considered pro-
cesses are thus between O and 1. All of the particles are
allowed to move in each step with the process for each par-
ticle randomly selected. A particle moves, however, only if
the probability of the move is less than a uniformly sampled
random number between 0 and 1. The constant time step is
chosen such that the acceptance probability of the fastest

process is about 0.5, a value typical of most MC simulations.
In this procedure a value of &= 1073 is chosen. A compara-
tive discussion of different TDMC methods is given in Ref.
2.

We are interested in the dynamics on a diamond
{001}(2X 1) surface with the goal of growing a few layers of
diamond. For a flat {001}(2X1) surface the grid chosen is
10X 10 points, with periodic boundary conditions, in which
each grid point is a surface C atom. The TDMC calculation
proceeds by keeping track of all the grid points at the inter-
face. In a single time step all grid points are checked for the
possibility of adsorption, desorption, abstraction, or reaction
events. The growth rate as well as surface structure are moni-
tored at each time step. The model allows the determination
of the surface concentration of all species and the overall
activation energy. The contributions to the activation energy
from specific events can also be calculated.

lil. RESULTS AND DISCUSSION

The TDMC simulations are carried out to study (i) the
overall growth rates and comparison to experiments, (i1) the
activation energy for growth and factors contributing to it,
and (iii) the growth on a stepped {001}(2X1):H surface.
Since CH; adsorption is the source for depositing and sub-
sequently incorporating C in the growing diamond lattice,
the growth rates are determined for a series of simulations,
each having different CH, adsorption behavior on a flat dia-
mond (2X 1}:H surface. These simulations are discussed and
compared with experiments in Sec. Il A. The contributions
to the overail activation energy of growth by different gas—
surface reactions such H abstraction, CH; insertion into
trough sites and gas phase CH, concentration are explored in
Sec. III B. In Sec. Il C we report simulations on a single
stepped diamond {001}(2X 1):H surface and monitor the time
development of the various types of reactions and the sites
on the surface.

A. Growth rates and CH, adsorption probabilities

Since the adsorption of CHj is the major means of add-
ing carbon to the surface and helps to govern the growth rate
we have chosen three different CH; adsorption schemes. In
the first scheme the adsorption probability for CHj is the
same for all the surface sites and is set to the value
(6.5%107* at 1200 K or 3.82%) calculated for adsorption
onto configuration 1. reaction d (R=radical, i.e, a 7 bond)
as given in Table II. In the second scheme the CH,; adsorp-
tion probability on a terrace site is set to the value
(4.25%107° or 0.25%) caiculated for adsorption onto the
configuration 1, reaction d (R=nonradical) and the 7 bond
adsorption probability remains unchanged at 6.5X107%. In
the third scheme different configurations have different CH,
adsorption probabilities. The reaction probability at an iso-
lated radical on a terrace is given in Table I, as reaction d
under configuration 1 when R is a nonradical (4.25%1079).
Adsorption at a 7 bond js given by the value for site con-
figuration 1 and reaction d when R is a radical site
(6.5X107* at 1200 K). Finally adsorption at a step is given
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FIG. 5. Plot of the log of the diamond growth rate vs inverse temperature.
Data for the three schemes explained in the text are shown. The solid
squares correspond to scheme 1, the open triangles to scheme 2, and the
solid diamonds to scheme 3.

by the {111} step edge adsorption probability (4.24%) as cal-
culated by Perry and Raff using the same interaction poten-
tial as we have used in this work.*> The step probability is
assigned if any site adjacent to the radical site being consid-
ered is vacant, or if two radical sites are adjacent to one
another in a configuration other than a 7 bond.

In Fig. 5 the growth rate is plotted versus the inverse
temperature for the three simulation schemes. The lower
growth rates are observed for schemes 2 and 3 where the
CH, adsorption probabilities on a terrace site are lower, but
more realistic, than in scheme 1. The growth rates in both the
cases are similar to those reported by Chu eral.!' for
homoepitaxial growth on the diamond {001} surface where
the observed growth rate changes from approximately 0.08
w/h at 1000 K to 0.5-0.9 wh at 1250 K. The variation in the
overall magnitude of the growth rate seen by changing the
CH, adsorption probability supports the supposition that the
adsorption of CHj is one of the rate determining steps in the
film growth.*® In all the three cases we see that the growth
rates follow Arrhenius behavior.

B. Activation energy of growth

The Arrhenius activation energy of the overall growth
process can be calculated directly from the growth rate data
in Fig. 5. Experimentally, Kondoh er al.** have reported an
activation energy of 22-24 kcal/mo] for polycrystalline dia-
mond growth on a Si{001} substrate and Chu et al.!! have
reported an activation energy of 8 kcal/mol for homoepi-
taxial diamond growth on the {001} surface. We have calcu-
lated an activation energy of 12.9 kcai/mol where the CH,
adsorption probabilities are all the same (scheme 1), 12.2
kcal/mol for the second scheme and 14.5 kcal/mol for the
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TABLE IV. Arrhenius activation energies of growth for TDMC simulations
which include different temperature dependencies.

H CH, Trough E,
Case abstraction concentration insertion (kcal/mol)

1 X X X 12.9
2 X X 10.5
3 X X 11.9
4 x 8.1
5 X 2.7
6 X NA

7 —-0.1

case where the CH, adsorption probabilities differ by local
configurations. The contribution to the activation energy by
different CH; adsorption probabilities is about 10%. The pre-
dicted activation energies are within the range of the experi-
mental values. It is important to note that the input to the
TDMC calculations has come from individual reaction rates
and that no fitting of the overall growth rate to the experi-
mental data has been performed.

It is not obvious from the energetics given in Table II
which of the reactions controls the activation energy of the
overall growth process. To delineate which process domi-
nates, we considered the temperature dependence of the H
abstraction process (radical creation), the gas phase CH; con-
centration, and the trough insertion reaction (g). By selec-
tively keeping constant the temperature dependence of one
or more of these processes, we can determine the effect of
the specific process on the activation energy. Listed in Table
IV are the temperature dependences that are included for
each of the different simulations plotted in Fig. 6. Case 1 of
Table 1V and Fig. 6 is the same as scheme 1 of Fig. 5 and
includes all temperature dependences. Before discussing the
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FIG. 6. Plot of the log of the diamond growth rate vs inverse temperature.
The seven curves correspond to the seven different cases of temperature
dependencies listed in Table IV.
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specific caiculations there are two factors to mention. First,
hidden in the temperature dependence of the H abstraction
probability and the gas phase CHj; concentration is the tem-
perature dependence of the collision frequency2 with the sur-
face which is proportional to 1/,T. This factor has a negli-
gible effect on the activation energy as evidenced by the
results of case 7 where only the collision frequency is altered
with temperature. Therefore, the temperature dependence of
the collision frequency is included in all the calculations
even though it is not explicitly mentioned. Second, if a quan-
tity is held constant with temperature, the value at 1200 K is
used. thus all the curves in Fig. 6 converge at 1200 K.

The first striking conclusion reached from the results in
Table IV and Fig. 6 is that omitting any of the temperature
dependences reduces the activation energy. A closer exami-
nation shows that the largest contribution (8—9 kcal/mol) to
the overall activation energy is due to H abstraction (case 4)
and this contribution is consistent with activation barriers
calculated for the abstraction reactions. The contributions
from all the three processes are also not linearly additive. For
instance. the value of E, in case 5, where only the T depen-
dence of the CH; concentration is retained, is 2.7 kcal/mol
which if added to that for case 4 gives 10.8 kcal/mol. On the
other hand, case 3 exhibits an activation energy of 11.9 kcal.
Additionally the contribution from the trough insertion reac-
tion (case 6) is clearly not linear. The CH; concentration and
the trough insertion process are strongly coupled to each
other. The trough insertion process appears to be the rate
limiting step at low temperatures as evidenced by the large
decrease in observed growth rate at 800 K in case 6. This is
confirmed by looking at a snapshot (Fig. 7) of the growing
surface at 800 K with all the temperature dependencies in-
cluded. After 0.5 s the surface has started to grow and several
pits are apparent on the surface. In the next 3.0 s all but one
of the pits has filled in and the surface continues to grow
around the pit at the left edge of the surface in the lower half.
Part of the same pit is also seen at the right edge because of
the periodic boundary conditions. The configuration in the
pit is the same as the initial condition for the trough insertion
reaction shown in Fig. 2. Growth at 10.0 s has stopped and
cannot continue until the trough insertion takes place.

In summary. the H abstraction process dictates the acti-
vation energy for temperatures approaching 1200 K. At the
lowest temperature investigated (800 K), however, the trough
insertion mechanism is the rate limiting step. It is, in fact. the
observation in the simulation of bottlenecks such as that
shown in Fig. 7 that forced us to include the trough insertion
mechanism in addition to the Harris's BCN mechanism. This
simulation thus points out the need to use a higher level of
electronic structure calculations to determine a more accurate
estimate of the activation energy for trough insertion of a
CH, species.

C. Effect of surface steps

In order to gain better insight into the processes affecting
the growth rate and activation energy, the calculations dis-
cussed in Sec. III A have been repeated at 1200 K for a larger

6005

0.5sec
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FIG. 7. Three topographical snapshots of a growing diamond surface for
case 1 at 800 K with snapshots at 0.5, 3.5, and 10 s. The surface area shown
is a square of side 25 A and the plot is shaded by laver number with the
highest layer being the lightest in shade. The surface of the original crystal
is black and initially lower layers can also be seen as it is possible to see
four layers deep into the diamond crystal. This sequence shows the growth
being halted at 16 layers in 10 s while waiting for a trough insertion event to
occur in the pit at the left edge in the lower half.

grid size and with a stepped surface using the same three
CH, adsorption schemes as described above. The initial con-
figuration of the 20X 20 grid is shown in Fig. 8. The dimer
rows on the terraces can clearly be seen with individual
dimer atoms represented by ovals. From the initial configu-
ration the simulation proceeded for 10 s. During the course
of the growth the number densities of all the surface species
were collected. The results for schemes 2 and 3 are quanti-
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FIG. 8. The initial surface configuration for the stepped surface studies. The
dimer rows on each terrace are rows of adjacent ovals. The axis scale is in
angstroms and the plot is shaded similarly to Fig. 7.

tatively and qualitatively similar so only data for schemes |
and 3 are shown in Figs. 9(a) and 9(b). The primary differ-
ences between schemes | and 3 are the number of dimer sites
(configuration 3 in Fig. 2) and the number of {111} CH,
(x=1-3) configurations (sum of configurations 6. 8, and 10
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FIG. 9. A comparison of the number density of the different surface species
for schemes 1 and 3 as a function of time for the stepped surface. Scheme |
and 3 are represented by graph A and B, respectively. O—sum of all sites of
type 1-12, V—iype 4, A—type 3, B—sum of types 6, 8, and 10.
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in Fig. 2). For scheme 1 approximately 20% of the surface
sites are dimers at any given time indicating a continued
presence of sites which allow for quick incorporation of car-
bon into the lattice via the dimer insertion mechanism of Fig.
2. Additionally this implies that only a small number of sur-
face CH, species are waiting to be incorporated into the lat-
tice via the other two trough insertion processes. Conversely
the dimer sites in scheme 3 are quickly constsned and the
surface {111} CH, (x=1. 3) species are left waiting for an
incorporation pathway. This is primarily due to an order of
magnitude decrease in the CH, adsorption probability on the
terraces and at other sterically hindered sites. Since diffusion
is not considered in this simulation. it is necessary for two
CH,’s to adsorb next to each other to form a new dimer bond
in the next layer. In the case of scheme 1 such event happens
with regularity whereas in schemes 2 and 3 it becomes less
frequent because CH, adsorption probability is low. In the
latter case as soon as a newly formed dimer loses a hydrogen
it reacts with another gas phase species to form {111} CH,
type of site. The increased abundance of CH, sites in scheme
3 leads to a slower growing and rougher surface.

In terms of the actual surface configuration, the expecta-
tion thus would be for scheme 3 to show growth along step
edges and that there shouid be some retention of surface
features due to the higher reactivity at step edges. Con-
versely in scheme | one would expect a quickly growing
smooth surface devoid of surface features. Figures 10(a) and
10(b) show the growing diamond surface at 0.5, 3.5. and
10.0 s for schemes 1 and 3. respectively. As expected,
scheme | shows a fast growing smooth surface with the
completion of almost 25 layers within the 10 s simulation.
The scheme 3 on the other hand. exhibit slower and rougher
growth of only eight layers in a 10 s simulation. The most
prominent surface hydrocarbon species is the epitaxial CH,
species which have inserted into the dimer or trough. These
CH, species tend to grow in rows perpendicular to the dimer
rows on the surface and can be seen as individual lines of
approximately 2 A in width in Fig. 10(a). When two of these
lines appear next to each other they indicate the formation of
dimers on the surface. Individual carbon centers are seen as
ovals and no distinction can be seen among any of the CH,
species. Scheme 3 [Fig. 10(b)] shows a rougher and slower
growing surtace with some retention of surface features. Ini-
tially the addition of CH, species occurs at the step edges
and similar to scheme | we see rows of CH, form perpen-
dicular to the dimer rows. By 3.5 s most of the easily acces-
sible sites have been filled and the growth must now wait for
the deeper and hindered sites to be filled. It is at this point
that we see a change in the growth rate that reflects a depen-
dence on the lower CH. adsorption probability at the hin-
dered site.

Although scheme 3 represents a more realistic physical
picture of diamond growth, the growth rate is lower than that
seen experimentally and the topographical picture of the sur-
face does not show the rows of dimers that are observed in
scheme 1 and in STM pictures of the diamond{001} surface
after growth.* One reconciliation of this difference might be
the inclusion in the simulation of surface diffusion processes
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0.5 sec 0.5 sec

3.5 sec

10.0 sec 10.0sec

FIG. 10. Snapshots taken at 0.5, 3.5, and 10 s of diamond surfaces grown.
on the substrate shown in Fig. 8. under schemes | (A) and 3 (B). The piots
are shaded similarly to figures 7 and 8. At 0.5 s both the schemes show
arowth of 8 layers. At 3.5 s scheme 1 in (A) shows smoother growth of 12
tavers while scheme 3 in (B) still shows only 8 layers with many pits in the
erowing interface. The final growth at 10 s is of 25 layers in (A) and of 8
layers in (B).

involving CH, species. One specific diffusion process that
may lead to surfaces which look more like the STM imaged
surfaces would be the diffusion of CH, along the dimer rows.
A CH, could diffuse along a dimer row until it collides with
another CH, species and then dimerizes. This would serve
the purpose of converting CH, species into dimer species
resulting in rows of dimers on the surface rather the rows of
CH,'s presently observed. Another important process may be
diffusion of C containing species along the step edges or
interlayer diffusion.*’ It may be easier for a C to be incorpo-
rated into the lattice at sites with low adsorption probabilities
if the carbon species can diffuse to that site. This could serve
to both lower the activation barrier and increase the growth
rate.

IV. CONCLUSIONS

A TDMC simulation of hot filament CVD diamond
growth has been presented which qualitatively matches the
results of experimental growth studies. Both the growth rate
and the activation energy are similar to those experimentally
observed for homoepitaxial diamond growth on dia-
mond{001} surfaces. The growth is seen to be limited by the
adsorption of CHj at sterically hindered reaction sites and by
the trough insertion at low temperatures. On a stepped sur-
face the growth occurs mainly at the step edges as expected.

6007

It is likely that the difference between these results and ex-
periment may be due to surface diffusion processes that have
not been considered in this simutation. Nonetheless separate
domains on successive lavers have been observed which are
similar to those seen in the STM images. Not only have the
macroscopic quantities such as the growth rate been deter-
mined but the concentrations of the surface species at any
time during the simulation has also been extracted to yieid
useful microscopic information about the growth process un-
der different reaction conditions.
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