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ABSTRACT

An on-lattice, N-fold, variable-time-step, periodic kinetic Monte Carlo model for {100} chemical
vapour deposition (CVD) diamond growth has been developed using a 3-dimensional fully
tetrahedral model for the diamond lattice. The growth model supports adsorption and
incorporation of CH, species at monoradical and biradical dimer and trough sites. Once CH,
has been incorporated into the lattice as a CH, bridge, they can be rapidly etched back into the
gas phase using a preferential-etching mechanism, or migrate across the surface until they
eventually fuse and add to the bulk. The new 3D model has enabled three migration events to
be specified and modelled in more detail: adjacent dimer migration, migration into vacant
trough sites and migration down atomic steps. Specific dimer-creation and dimer-breaking
processes have also now been added to the 3D model, and these dimer reconstructions on the
surface are now modelled explicitly. Inclusion of both mechanisms simultaneously increased
predicted growth rates and decreased roughness for nanocrystalline and microcrystalline
diamond growth conditions. The conclusion is that future kMC models need to include the
three migration events as well as models for dimer making and breaking processes if they are

ARTICLE HISTORY
Received 23 May 2025
Accepted 3 September 2025

KEYWORDS

CVD diamond; kinetic Monte
Carlo; modelling of growth;
surface migration

to simulate diamond growth more accurately.

1. Introduction

Chemical vapour deposition (CVD) of diamond [1] is
now a mature technology with many existing and poten-
tial commercial applications in electronics, quantum
computing, mechanical parts, sensors, optics and jewel-
lery [2]. Advances in CVD technology driven by the
burgeoning market in lab-grown diamond gemstones
[3], have allowed thicker diamond films to be deposited
at faster rates, and therefore at lower cost. The previous
commonly held perception that diamond is a rare and
expensive product only useful for gems or niche appli-
cations is being dispelled rapidly, and finally diamond
is becoming regarded as a truly useful, affordable, engi-
neering material [4].

In CVD, a diamond coating is deposited onto the
surface of a suitable substrate, which may be a smaller
diamond seed in the case of gemstone growth, or mate-
rials such as a Si wafer, a quartz window, or metal surface
for mechanical-wear applications. The substrate is
placed onto a heated stage (700-1000°C) inside a vac-
uum chamber containing flowing process gases at
20-200torr. The gases typically comprise a carbon
source, such as methane, diluted to just a few percent
input mole fraction in hydrogen. These gases are ener-
gised using either a heated metal (W, Ta, or Re) filament

placed a few mm above the substrate surface or by appli-
cation of a microwave discharge. The thermal or electri-
cal energy fragments the molecules to form a chemical
“soup” of atoms, radicals, ions and clusters near the sub-
strate surface. Reactive species, mainly H atoms and CH,
radicals, from this hot gas mixture diffuse to the surface,
and under certain optimal conditions [5], deposit onto
the surface as a continuous layer of diamond.

Different applications require diamond films with
different properties and compositions. Whatever the
application, optimisation of the diamond CVD process
is crucial to achieve the desired diamond characteristics.
Most experimental and theoretical studies of diamond
growth have focused on the (100) diamond surface,
because growth here leads to fewer defects than on other
surfaces and can produce large, flat terraces of near per-
fect crystallinity under optimal conditions. Although a
“standard model” for diamond growth [6] has existed
for over 20 years, it fails to account fully for the growth
rate, the crystallite size, defect incorporation, and many
other growth features observed experimentally. In the
standard model, H atoms are created by the dissociation
of H, in the plasma or thermally by the filament. These
drive the chemical processes both in the gas phase and
on the diamond surface, creating surface-radical sites
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(dangling bonds) by abstraction of H from the C-H sur-
face bonds. The fraction of surface radical sites is ~10%
[7], depending upon the process conditions, such as the
concentration of gas-phase atomic H just above the sur-
face, [H],, and the substrate temperature, T,. The main
growth species is believed to be the CH, radical [8-10],
which adds to these surface-radical sites. Because the
substrate temperature is high (T, > 700°C), these
chemisorbed species may migrate across the surface
until they meet a step-edge, where they permanently
attach themselves to the diamond lattice and lead to step-
flow growth [11], or be etched back into the gas phase
via a further reaction with gas-phase atomic H.

Although much of the diamond-growth development
work has been performed experimentally by trial-
and-error, a deeper understanding of the multiple inter-
connected processes underlying the CVD process has
also been achieved using computer simulation [12]. Such
simulations can be powerful predictive tools to under-
stand the effect of molecular interactions on the final
film morphology and growth rate. Detailed ab initio
quantum-mechanical calculations are useful to study
specific chemical-reaction mechanisms, such as CH,
addition to the surface and migration [8], but arguably
the most successful approach has been kinetic Monte
Carlo (kMC) simulation [13], which can model the
deposition of dozens of layers of diamond in reasonable
computational time. Such kMC simulations are based
on a model diamond (100) surface and use a chosen set
of relevant processes, such as adsorption, etching/
desorption, migration, with known (or estimated) rates
and energies. At each step of the simulation, a process is
chosen with a probability proportional to its rate. Over
the past 20 years, these kKMC simulations have become
more sophisticated as the gas-phase and gas-surface
interactions have become better understood [14-21].
Indeed, commercial software is now available that mod-
els these gas-phase reactions and species concentrations
within a user-specified reactor geometry [22]. A review
of many previous kMC simulations of diamond growth
by ourselves and other groups is given in Ref. [21], so
for brevity, here, we shall briefly only discuss three mod-
els from other groups, that have been the most successful
in reproducing experimental observations of diamond
growth, as well as our own previous kKMC model to put
the current work into context.

In 1999-2000, Griotic & Lai developed a diamond
growth simulation which combined reactor-scale and
atomic-scale models [18-20]. They used a model for
diamond (111) and (100) surfaces with a database of 12
gas-surface reactions together with the one-dimension
computer codes CHEMKIN/SPIN to produce a kMC
simulation which, despite its relative simplicity, pre-
dicted the temperature dependence of growth rate and
film quality which were reasonably consistent with
experiment. However, the simulation did not include
surface migration, which is believed to be crucial in

determining film growth and morphology. Also, their
1D gas model was unable to simulate accurately the
transport and reactions occurring in a 3D CVD cham-
ber, and as a result, the gas concentrations at the dia-
mond surface (particularly those for atomic H) were
overestimated by perhaps a factor of ~10-100, meaning
fitting parameters were required to scale the growth rates
to match experimental values.

Results from another sophisticated kMC simulation
were reported by Netto and Frenklach [23] who used
methyl radicals as the sole growth species incorporated
into the diamond surface by means of a ring-opening/
closing mechanism. CH, migration mechanisms along
and across the dimer rows were included, as well as the
reforming of dimer-reconstructed bonds from two suit-
able adjacent surface radical sites. Etching was only con-
sidered to occur at isolated incorporated CH, groups
and reconstructed dimers. Overall, their simulations
showed that CH, can adsorb at random positions upon
a diamond surface and then migrate until multiple spe-
cies coalesce. However, their model could not simulate
the variation in surface morphology with deposition
conditions.

The most recent reported kMC simulation is by
Valentin et al. [24] who extended the models from a
number of previous simulations [6,17,21,23] using a
cubic 3D representation of the (100) diamond lattice.
The model considers adsorption and desorption of CH,
radicals, etching of carbon atoms, and migration of
adsorbed radicals, using the adsorption/insertion,
migration and etching reactions and the rates from
previous reports. Their model, however, now assumes
that etching is much less aggressive, and adopts the
premise that insertions only happen at dimers. The
model also assumes that desorption only occurs to
non-inserted species — which prevents dimers from
forming away from step-edges. These assumptions
essentially force step-flow growth such that the dia-
mond lattice is enlarged only by extension of the dimer
rows. Unsurprisingly, this model reproduces the step-
flow growth mechanism seen on diamond (100) sur-
faces, along with step bunching when non-etchable
“defects” are introduced to a dimer row. While it is
encouraging for growth models to replicate behaviour
previously seen in experiment, the energetics and
therefore the plausibility of the above assumptions
should be investigated using modern ab initio methods
before a contribution to theoretical understanding can
be attributed.

Our group have previously reported the development
of a 3D kMC model to simulate diamond (100) CVD
under conditions used to grow single-crystal diamond
(SCD), microcrystalline diamond (MCD), nanocrystal-
line diamond (NCD), and ultrananocrystalline diamond
(UNCD) films [21]. The model included adsorption of
CH, (x=0, 3) species, insertion of CH, (y=0-2) into
surface dimer bonds, etching/desorption of both



transient adsorbed species and lattice sidewalls, lattice
incorporation, and surface migration, but not defect
formation or renucleation processes. SCD and MCD
growths were found to be dominated by migration and
step-edge growth, whereas in NCD and UNCD growth,
migration occurred less frequently, and species tended
to nucleate where they landed. Etching of species from
the lattice sidewalls was modelled as a function of the
number of bonded neighbours, allowing flat-bottomed
and/or sharp-pointed etch pits to be simulated, consis-
tent with those seen in experiment. Other observed
growth phenomena, such as needles and hillocks, were
also simulated using unetchable, immobile species as
surface defects.

Despite the qualitative and quantitative successes
of this model (albeit with fitting parameters), because
it represented diamond as a cubic, rather than a tet-
rahedral structure, detailed insight into specific
defect formation and growth mechanisms was not
possible. Therefore, the entire code has now been
reconfigured using a more realistic model for the
diamond lattice which can be visualized as two inter-
penetrating face-centred cubic lattices, offset along
the body diagonal by one-quarter of its length, such
that each bulk carbon atom is tetrahedrally bonded
to four neighbouring atoms. The “dangling bonds”
at the surface are terminated with hydrogen.
Predictions of growth rates and film roughness as a
function of growth condition, such as CH, concen-
tration, substrate temperature, migration, and many
other growth parameters are largely in agreement
with the previous cubic model, and with experimen-
tal results obtained under a range of different dia-
mond CVD conditions, from single-crystal growth
to UNCD. Therefore, there is no need to restate these
results here. The full details of the implementation
of this new kMC code along with these results can
be found in Ref. [25].

In this paper, we instead focus on some new aspects
of the simulation that have been added to the kMC
growth model to determine their importance in the
diamond growth process. In particular, these include
a description for the making and breaking of surface
dimers, and what role these processes play in adsorp-
tion of gas-phase species, surface migration, and
etching.
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2. Simulation details
2.1. Representing the (100):H diamond surface

Only a brief discussion of the kMC model will be given
here, as the full details can be found in Ref. [25]. The
diamond surface is represented by a square supercell
perpendicular to the [100] direction. The growth surface
is initialised to be atomically smooth, fully 2 x 1 recon-
structed [26] and with each surface carbon implicitly
terminated by a single hydrogen atom, rendering it
chemically passivated. During the simulation, the dia-
mond lattice is fixed at a substrate temperature (T;),
which is usually known via experimental pyrometry
measurements, and interacts with an infinite bath of hot
gas-species near to the surface at the “near-surface” tem-
perature (T, ,) via gas-surface reactions. In practice, the
assumption that T  ~ T, is found to have no significant
effect upon calculated growth rates or surface roughness.
An example of the initial arrangement of the surface
carbons is shown in Figure 1.

Given the high Debye temperature of diamond
(~1900 K [27]), little to no spontaneous bulk rearrange-
ment or significant vibrational effects are expected at
CVD temperatures (900-1200 K), and can be safely
neglected [27,28]. Dimer reconstruction of the surface
is modelled explicitly and carbons are visually displaced
from their bulk lattice positions. Dimer formation and
breaking are key processes in the growth model which
were difficult to model properly using previous cubic
models of the diamond lattice. Being able to simulate
these processes accurately in a 3D tetrahedral model has
important implications for the growth mechanism, as
discussed in Section 4.

Positions filled by a carbon atom which does not have
4 C-C bonds are considered to be a “surface atom” (C,)
and therefore chemically active, while bulk carbon atoms
which have formed 4 C-C bonds, are not part of the sur-
face and chemically inactive. Empty positions adjacent to
surface atoms are considered to be active during rate set-
ting, as they represent positions which could be filled in
the upcoming kMC iteration. Therefore, unfilled posi-
tions at the surface are called surface sites while filled posi-
tions with bulk and sub-bulk bonding are called atoms
and surface atoms, respectively. Finally, the model employs
periodic boundary conditions along the lateral directions
(x, y) to prevent the possibility of crystal-edge effects.

Figure 1. The 2% 1 reconstructed, mono-hydrogenated initial (100) diamond simulation surface, showing the long parallel dimer

rows. Note that hydrogens are not displayed here.
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2.2. Specifying the growth conditions

Gas-species concentrations are taken from modelling of
microwave (MW) and hot filament (HF) reactors by May
and Mankelevich [29,30]. These models capture both
the interactions between the reactive gas mixture and
the activation source as well as chemical reactions
between the reactive species, along with their interac-
tions with the reactor walls and the growth surface. The
known experimental conditions — power, pressure, gas
mixture and flow, and substrate temperature - for these
reactors growing SCD, MCD, NCD and UNCD films -
were used as inputs in the gas-phase model of the reac-
tors, resulting in a set of concentrations for the stable
and reactive gas-phase species situated ~0.5mm above
the growing diamond surface. More information on
these reactor models can be found in Refs. [30-33].

A complication is that as gas molecules approach
closer than a few 100 pm to the growing diamond surface
they enter a “boundary layer” where there can be huge
gradients of temperature, gas flow and species concen-
tration, thus making the true flux of species to the growth
surface itself rather uncertain [34]. The species concen-
trations at the growth surface were therefore approxi-
mated by treating the gaseous region close to the surface
(z<0.5mm) as a “compressed version” of the gas above
the filament or plasma ball, neglecting any surface-
diffusion effects, and taking the gas concentration at the
surface to be the species concentration above the fila-
ment/plasma ball where the temperature is the same as
the surface [17]. We assume that any carbon growth
species can only significantly contribute to the growth
process if it has near-surface concentrations above 1 x 10°
cm™ [17]. Below this threshold, the calculated rates of
flux with the surface are too low for species to incorpo-
rate at meaningful rates. The extrapolated values of gas-
phase species concentrations are given in Table S1 in the
Supplementary Information (and also in Ref. [17]).

2.3. Growth simulation

The simulations follow a standard kMC algorithm.
Following initialisation of the supercell (Section 2.1),
reaction rates are calculated from the growth conditions
(Section 2.2) defined in the input. A growth simulation
occurs via repeated execution of events (reactions,
migrations, efc.) chosen at random from a set of possible
events. After the execution of an event, the simulation
time is incremented utilising a variable time-step

. Inr
>

where 7 is a random number between 0 and 1, N is the

number of potential event pathways, i, each having a rate
N, . .

v,and Zi v,is the sum of all possible rates in the system.

A single kMC iteration involves the following steps:

At (1)

1. Each surface atom is considered for activation or
deactivation according to the predicted monoradical-
site fraction, F__(Section 2.4).

2. The possible reactions of each surface atom and site
are used to construct a rate list of available reaction
events and their rates (Section 2.5), and also a
weighted rate array (WRA) by multiplying each
event by its rate (Section 2.5).

3. A pseudo-random choice is made from the WRA
to decide which event to execute from the rate list.

4. 'The chosen event is executed, and the system state
evolved accordingly (Section 2.6).

5. 'The calculated simulation time is incremented by
At given by Equation (1).

2.4. Surface activation

Interactions of gaseous H and H, with the surface (such
as abstractions and additions) are not modelled explic-
itly. This implicit approach to monoradical-site creation,
sometimes described as a “super-basin approximation”
[21], is often used in kMC calculations and is valid pro-
vided the rates of all the other processes are not too dis-
similar. Due to the high frequency at which hydrogen
interacts with the diamond surface, between each kMC
time-step the entire surface will have been subject to a
large number of H and H, reactions, such that equilib-
rium is very rapidly attained. Explicit inclusion of such
rapid reactions in the model would dominate the list of
executed reaction events, and substantially increase by
orders of magnitude the number of KMC events which
must be executed.

Making this approximation, a fraction of surface
atoms, F_, are activated (i.e., considered to have been
converted into monoradical sites) at random at the start
of each iteration, based upon the relative rates of H and
H, surface reactions under the chosen conditions. From
previous work [7]

E_ :{1—0.3exp[34;01<}+0.1 [[HI—IZ]] exp(_M;ZOKH ()

where T, is the substrate temperature and [H] and [H,]
are the near-surface gas-phase concentrations of H and
H,, respectively.

S S

2.5. Rate list construction

Following random activation of a fraction of the avail-
able surface sites at the beginning of a kMC iteration,
each surface atom or site is considered for potential sur-
face reaction events, taking into account its state and
local environment. Each possible event is stored within
the rate list, a 1-dimensional array of all possible reac-
tions, before a weighted rate array (WRA) is constructed.
The WRA is a 1-dimensional array of equal length to
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the rate list. It represents a cumulative list of rates, pro-
viding a means of weighting the probability of a rate
being chosen at random by a given event’s reaction rate.
For example, a reaction which occurs at a speed twice
that of another reaction on the surface would have a
probability of being chosen that is twice that of the
slower rate, due to the reaction occupying a region twice
the size in the WRA.

2.6. Event execution

Once the randomly chosen reaction event has been iden-
tified, that reaction event is executed, followed by any
required post-execution tasks. Examples of post-
execution tasks include addition or removal of dimer
reconstructions, updating the labels for atoms which are
now or no longer on the surface, and ensuring that cor-
rect hydrogen termination of any affected atoms is main-
tained. Finally, the simulation time is incremented by
the time-step, At, completing the iteration.

2.7. Specific surface reactions

2.7.1. Hydrogen-surface interactions - surface
activation and deactivation

Detailed calculations for the migration rates of H across
a diamond surface have been recently reported by
Guillaume et al. [35], but as mentioned earlier, due to
the computational expense and difficulty of implement-
ing such rapid processes within a kMC scheme, we chose
not to model such interactions explicitly. Instead, we
employ a “super-basin approximation” in which a frac-
tion of surface atoms F,, (Equation (2)) are activated at
random at the start of each iteration, forming surface
monoradicals. If an atom is activated, one terminating
hydrogen is removed; otherwise, a hydrogen is added,
deactivating the carbon.

Possible levels of activation for a given atom are
dependent on its bonding to other C atoms and its cur-
rent activation level, which corresponds to the number
of hydrogen atoms implicitly terminating the atom. A
CH, surface species with 2 C-C bonds can be activated
up to 2 times to create a C; radical before it can no
longer be activated. A bulk carbon forming 4 C-C bonds
is unavailable for activation or deactivation reactions.
Currently, no distinction is made between singly and
doubly activated carbons, and so they both behave as a
surface monoradical.

2.7.2. Instantaneous dimer creation

The formation of surface dimers on the {100} surface
involves the formation of a C-C, bond between 2 sur-
face carbons, accompanied by a movement of the bond-
ing atoms towards each other. Rather than treating the
formation of this bond as an explicit surface reaction,
the rapidity of this reaction (k=1x10'2 s7') [23,36]

FUNCTIONAL DIAMOND . 5

Figure 2. When the formation of a dimer between 2 activated
adjacent C, atoms (blue) is considered, the red (bridging) C,
must be absent, and only one of the two orange C, atoms on
either side can be present.

allows us instead to treat dimer formation as instanta-
neous. During the dimer-creation process, the atoms
move towards each other and a bond forms between
them. For a dimer to be formed between two adjacent
surface carbons, both atoms must be activated and nei-
ther can be already part of another dimer reconstruction,
there is no carbon bridging both carbons, and collec-
tively they form less than 6 C.—~C, bonds prior to recon-
struction (Figure 2).

The requirement that only one C, of the pair can have
3 C,~C, bonds prior to reconstruction (the orange car-
bons in Figure 2 represent this 3rd C~C_bond) is two-
fold. First, when both participating carbons are bonding
to their respective neighbours, the dimer-bond forma-
tion requires either the dimer bond or the existing C.-C
bonds (the blue-orange bonds in Figure 2) to be
stretched, reducing the enthalpy gain from the recon-
struction [8]. Second, if such a reconstruction were to
occur, the result would be a “saturated dimer,” where
both carbons have bulk-like coordination and thus can-
not take part in further chemical reactions. Allowing the
unlikely formation of these dimers would require the
addition of additional dimer-breaking kinetics or growth
mechanisms.

2.7.3. Dimer breaking

The low energy barrier to the formation of isolated
dimers from a surface biradical not only results in very
rapid rates of dimer formation, but also of dimer break-
ing, with the rates of both being ~1 x 10'! s™!. However,
the local environment of the reconstructing carbons
must be taken into account. When the formed dimer is
adjacent to an incorporated CH, (Figure 3), although
similarly low-energy barriers allow fast reaction rates,
in contrast to isolated reconstructions, the formation of
these dimers is significantly more reversible. This can
be seen by the respective values of their equilibrium con-
stants (K, = k¢/k,) being K, = 6.3 vs K,, =4 x 10° (Table 2,
reactions 15 and 17 in Ref. [36]). This difference in K
suggests dimers with adjacent incorporations will exist
in equilibrium between dimer bonding and adjacent
carbon monoradical structures. From the rates of form-
ing a dimer from two adjacent monoradicals (v;) and of
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Figure 3. The formation and breaking of a dimer reconstruction on the surface from a biradical site when adjacent to a bridging CH,

incorporation.

breaking the dimer back to its constituent monoradicals
(1), at any point in time, the fraction of dimers with
adjacent incorporations which exist as two adjacent
monoradicals is approximately given by:

1%

° 3)

broken v+,
In order to facilitate dimer breaking during the
surface-activation process, the implementation of sur-
face activation is updated. In our previous kMC models,
activation of the surface and the formation of any pos-
sible dimers was carried out in a single step, with acti-
vation and assessment of dimer formation occurring in
a single consideration of all surface carbons. With dimer
breaking turned on, activation of the surface and the
formation of dimers are instead decoupled into separate
consideration events for the surface atoms, with breaking
of dimers with adjacent incorporations included in a 3rd
consideration event, if present. As a result, activation of
the surface now occurs in the following stages:

1. Activation or deactivation of surface carbons
according to the value of F, .

2. Formation of surface dimers between adjacent
monoradicals.

3. Breaking of a random number of dimers according
to the value of F, ...

Results of switching on dimer-breaking are presented
in Section 4.3.

2.7.4. Growth species flux

The model employs CH, as the only growth species, at
present, because other reactive carbon species (CH,, CH,
C and C,H) are usually not present in sufficient concen-
trations at the surface to have a significant effect on
growth, contributing less than 1% of total incorporation
events [21]. The flux of each growth species at the sur-
face is calculated for each surface site using:

E =25 [x], (4)

where Fy is the per-site flux of a species X, Py is the
species adsorption probability, [X], is the species

concentration at the surface, p is the density of carbon
atoms on the (100) diamond surface, and ¢ is the mean
speed of the species according to the Maxwell-Boltzmann
distribution.

The adsorption probability, Py, (also known as the
sticking coefficient) is an empirical scaling factor for
successful collisions of species X with the surface, and
is a combination of the steric effects of the geometric
size and shape of an incident species, spin-state avail-
ability, and the accessibility of sites for adsorption.
Despite molecular-dynamics attempts to model Py, [37]
for X=CH,, there is little corroborating experimental
evidence for the values calculated. This is a serious prob-
lem, because Py, is directly proportional to the calcu-
lated growth rate. In future work, all P factors other than
spin-state availability should be implemented on a per-
site basis, but for now we have used the same default
value as previous models, Pgyy; = 0.25.

2.7.5. CH, incorporation at radical dimer sites
Diamond growth begins through the initial adsorption
of a CH, (probably CH,) species onto a monoradical
surface site. The incorporation process of this pendant
CH, is then believed to proceed via a ring-opening
mechanism first postulated by Garrison et al. [38], either
at a radical dimer site or trough site [39], as shown in
Figure 4.

Because adsorption of a CH, species onto a surface
radical (Figure 4(a)) has recently been confirmed the-
oretically to be barrierless [8], the subsequent incor-
poration is sufficiently fast under CVD conditions that
the rate of incorporation into a radical site can be
approximated as the frequency of successful CH,
adsorptions, F.y;, calculated using Equation (4).
Therefore, the base rate of incorporation of CHj,
neglecting any local geometrical or electronic effects,
is controlled by surface temperature, the adsorption
probability and the concentration of CH, at the sur-
face. Base, per-site rates of CH, incorporation are
shown in Table 1.

2.7.6. CH; incorporation at trough sites

While the rate of incorporation into both radical dimer
surface and trough sites is considered to be rate limited
by CH, flux, ab initio calculations of CH, incorporation
reactions into diamond {100} surfaces [8] indicated that
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Figure 4. The likely CH, incorporation mechanisms via ring-opening following adsorption at (a) radical dimer sites and (b) radical

trough sites. (Redrawn based on diagrams in Ref. [8]).

Table 1. Rates of CH, incorporation into surface radical sites as
a function of growth condition.

Growth UNCD
condition SCD (MW)  MCD NCD  UNCD (HF) (MW)

Fop/s™ 179 117 391 127 45

incorporation into trough sites (Figure 4(b)) is more
limited due to steric hindrance than originally postu-
lated by Harris & Goodwin [39].

Three distinct trough-site geometries with adsorbed
pendant CH, groups are shown in Figure 5: (a) where
neither of the adjacent sites are occupied and therefore
dimer reconstructions surround the trough site, or
where (b) one and (c) two CH, groups, respectively,
have incorporated into the adjacent dimer reconstruc-
tions. Ab initio calculations [8] indicate that the forma-
tion of elongated and weak C-~C, bonds when
incorporation occurs into trough sites with no adjacent
atoms (Figure 5(a)) prevents the enthalpy of incorpo-
ration from effectively offsetting the loss of entropy due
to CH, adsorption, making incorporation unfeasible.
However, if both adjacent sites are occupied by CH,
species (Figure 5(c)), repulsion by terminating hydro-
gens is increased and strongly hinders adsorption.
Therefore, only after both H atoms have been removed
(forming a biradical trough site) can incorporation
occur. Finally, when only a single adjacent site is occu-
pied (Figure 5(b)), incorporation is possible at monorad-
ical sites, like dimer radical incorporation.

This approach can be interpreted as kinetic control of
trough incorporation, in agreement with assertions by
Harris & Goodwin [39] that trough sites are less favourable
than dimer radical sites for incorporation. If CH, absorp-
tion into “hindered” trough sites (Figure 5(c)) requires two
adjacent monoradicals, i.e., a biradical site, where the frac-
tion of biradical sites is:

Fbr = (Fmr )2 (5)

the number of possible trough incorporations is
reduced relative to dimer incorporations by local
geometry, rather than by increased reaction activation
energies. It should be noted that ab initio work [8] has
so far investigated only the incorporation of CH, spe-
cies into these sites. It is possible that carbon atoms,
which are also thought to be present at the growth sur-
face in non-negligible concentrations under some CVD
conditions, and which are significantly smaller than
CH, radicals, could incorporate more easily into these
sterically hindered sites. This needs to be investigated
in future studies.

2.7.7. Migration

Due to the strength of the C-C bond, carbons with more
than 2 C-C bonds, including those which form part of
a dimer, are not considered for migration. Three modes
of migration are considered: Dimer migration, Gap
migration, and Migration down step edges.

Figure 5. Potential trough environments with (a) 2, (b) 1 and (c) zero adjacent dimer reconstructions. (c) The effect of a CH, incorpo-
ration on the H atom position; it now sits further into the trough site. Modified from Ref. [40].
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2.7.7.1. Dimer migration. The scheme for migration of
a surface CH, species across the surface between dimer
reconstructions in both the chain and row directions
(Figure 6) is based on semiempirical calculations [41].
Crucially, migration requires the formation of a
biradical trough site between the migrating species and
the final migration site. The probability of a biradical
site forming, F,, (Equation (5)) is the product of two
monoradicals forming, and so typically only ~1% of the
surface will exist as a biradical at each iteration. The
dimer-migration reaction in both chain and row
directions exists as a single-step reaction, with the
initial breaking of the C,—~C, bond treated as the rate-
limiting-step [41]. A predicted energy barrier of E, =
128Kk] mol ™ suggests rapid reaction rates relative to
expected per-site rates of CH, incorporation and
hydrogen addition at CVD growth temperatures.
Per-site reaction rates for dimer migration at surface
temperatures of 800, 1000 and 1200 K are calculated

using the Arrhenius equation (with A=6.13x10" s7!
[23] and E, = 128.4k] mol™ [41]) to be 2.5x 10°, 1.2 x 107
and 1.6 x 108 s71, respectively.

2.7.7.2. Gap migration. The gap-migration or
migration-into-gap mechanism has been investigated
by Skokov et al. [36] using a semi-empirical PM3 cluster
model, predicting, similarly to the dimer-migration
mechanism, rapid reaction rates under CVD conditions.
The proposed family of 4 gap-migration mechanisms
(labelled A-D in Figure 7) acts to remove empty trough
sites (called “voids” by Netto & Frenklach [23]) through
the movement of bridging CH, species into these sites,
leaving a new trough site behind. This mechanism for
migration was especially important in Netto &
Frenklach’s kMC model because only incorporation of
CH, into dimer radical sites was considered, and so
removal of these voids was essential to enable
continuous film growth.

Figure 6. Single-step reaction mechanism for the dimer migration of a CH, (x=0—2) surface species into an adjacent dimer recon-
struction in the dimer row (top) and dimer chain (bottom) directions. C, indicates a bulk carbon that is part of the diamond lattice.

The full mechanism can be found in Ref. [23].

Figure 7. The family of gap-migration reactions proposed by Netto & Frenklach [23].
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Figure 8. Two-step mechanism for type-A gap migration, which is the simplest initial local environment consisting of 2 isolated
bridging CH, species separated by a biradical trough. C; indicates a bulk carbon that is part of the diamond lattice.

For simplicity, in our kMC model, each reaction A-D is
represented by a single-step reaction rate. To do so, two
approximations are made: first, that the steady-state approx-
imation is valid such that each migration pathway can be
expressed in terms of the initial structures of A-D only (i.e.,
those on the left-hand side of Figure 7), and second, that
each migration pathway can be generalised by some com-
bination of the type-A sub-reactions, shown in Figure 8.

The application of these approximations produces
rate equations shown in (6) to (9), with the rate of each
migration type (B-D) expressed in terms of type-A
shown in Figure 8.

— klszf (6)
§ ka + er
— szer (7)
B
sz +k2f
klfkl
:—r 8
¢ klr +k1r ( )
— klrer (9)
D
k2f +k1r

Once the rate for each sub-reaction has been calcu-
lated (Table S2 in the Supplementary Information), the
single-step reaction rate for each migration type can be
determined. As seen in Table 2, these migration reac-
tions are highly temperature dependent. At lower CVD
growth temperatures, migrations occur at comparable
rates to those for incorporation (Table 1), but at higher
temperatures migrations become significantly faster
than incorporation events. Due to the specific local
geometries required, there is no direct competition
between the reactions, with the exception of reactions
A and D, which represent opposite movements ofa CH,,
species.

2.7.7.3. Migration down an atomic step. Calculations
by Richley et al. [42] suggested that under CVD
conditions, the migration of CH, species down atomic
{111} steps on {100} surfaces could be considered as
facile as lateral migrations. The rate of migration down
an atomic step, therefore, is calculated using the same
Arrhenius reaction rate as for dimer migration. Similar

to the other migration implementations, our down-
migration implementation requires (a) an atomic step,
(b) specific terminating hydrogen atoms to be removed,
and (c) the geometry of the final atomic site to be
suitable for supporting the migrating carbon.

The implemented preliminary 1-step reaction for this
migration is shown in Figure 9, where the activation and
geometrical conditions can be seen. With respect to
monoradicals, the terminating hydrogen between the
migrating CH, species (shown by the blue arrow) and
the final site must be absent (red arrow) as well as one
of the carbons supporting the migration species at its
final site, allowing an initial C.-C, bond to be formed.
Finally, both atoms supporting the final position of the
migrating carbon must be present, consistent with the
current implementation of CH, incorporation. The pres-
ence of a dimer bond between the supporting carbons
is not checked, as in either case, once a C.-C, bond has
formed between the supporting and migrating carbons
the resulting incorporation is approximated as an incor-
poration into a trough or dimer site.

The inclusion of this down-migration mechanism is
likely to have two effects: reduction in the likelihood of
etching for CH, species isolated on higher atomic layers
because they now can escape to lower levels where they
are less exposed, and smoothing of the growth surface
as migrating CH, species extend lower-level terraces and
fill voids in the surface. However, similar to other migra-
tion pathways, the dependence on monoradical distri-
bution can limit execution of these reactions.

It is worth noting that the model currently treats step-
edge atoms as geometrically ideal and chemically equiv-
alent to flat terrace atoms, following the work in Ref.
[42]. In reality, however, step-edge atoms can exhibit
lower coordination, local strain, or altered hydrogen
termination, which can significantly affect chemical pro-
cesses occurring there, in particular, CH, insertion, H
abstraction, or dimer formation. Before such modified
processes can be incorporated into a kMC simulation
such as this, the behaviour and geometries of step-edge

Table 2. Reaction rates, v (in s7"), for overall gap-migration
rates (A-D) at surface temperatures of 800, 1000 and 1200 K,
calculated using Egs. (6)—(9) and values from Table S2.

Reaction Vso0k V1000K V1200K

A 7.4%103 7.1%x10° 1.5x107
B 74x10% 3.9x 100 5.5x107
C 1.2%x10' 3.7x103 1.7x10°
D 49x%10% 8.1x10% 2.4x10°
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Figure 9. Single-step mechanism for the migration of a CH, species (blue) down an atomic step. The migrating species must be a

bridging group, forming only 2 C~C, bonds.

Figure 10. Mechanism for etching of a CH, species previously incorporated into a dimer radical site, operating as a direct reverse of

the incorporation process.

Figure 11. Etchable (green) and non-etchable (red) atoms according to the Battaile et al. preferential-etching model [28]. (a) A C;
atom isolated along the SA direction is rapidly etched, while (b) C; atoms that form part of an SA step-edge are considered

non-etchable.

atoms need to be better understood. We would encour-
age enthusiastic readers to attempt high-level DFT-type
calculations of step-edge atoms to expedite this process.

2.7.8. Etching

Results from quantum-mechanical modelling of small
{100} surface clusters [28,43] suggested that not only was
incorporation into monoradical dimer reconstructions
(Sections 2.7.5 and 2.7.6) reversible with a small change
in Gibbs energy, but that such reactions would be rela-
tively fast under CVD growth conditions. The proposed
mechanism, which involves the reformation of the dimer
reconstruction, is shown in Figure 10, following the
abstraction of a terminating hydrogen.

The reversible nature of the reaction originates from
the reformation of the dimer during the etching pro-
cess. Therefore, etching is only rapid when the local
environment of a target carbon allows such a recon-
struction to occur, such as when the carbon has no
adjacent carbons along the chain direction and is there-
fore “isolated” As described in Section 2.7.3, a carbon
with 3 C~C, bonds can still reconstruct to form a

dimer, as included in other models [23]. However,
when this occurs, the elongation of the existing C~C,
bond reduces the enthalpy gained through dimer for-
mation, with quantum-mechanical modelling suggest-
ing that the Gibbs energy of the overall etching reaction
becomes endothermic when the carbon is not “iso-
lated” [28,43]. The transition from an exothermic to
endothermic etching mechanism limits the etching of
carbons by this mechanism to those considered “iso-
lated,” described below.

Whether a carbon can be considered “isolated” or not
is determined by considering the neighbouring atoms
bonded to the carbon in question, although this can be
generalised to identifying step-edge environments.
Using the nomenclature of Battaile et al. [28], a carbon
forming a type-A step-edge (SB) or isolated along the
SB direction (Figure 11(a)) and not part of a {100} chain,
is considered etchable. Figure 11(b) shows how the
incorporation of a single adjacent atom to an initially
isolated surface atom prevents preferential etching of the
central surface, reducing the ability of the resulting
structure to reconstruct.



Table 3. Rates of preferential etching and the ratio of
etching-to-incorporation rates for four of the growth conditions
described in section 2.2.

Growth

condition T./K [H]/cm™ Vet /S™ Veteh * Vincorp:
SCD 973 3.4x10' 6.9x10° 3834
MCD 1173 1.85%10™ 7.5%10 63
NCD 1173 1.52x10™ 6.2x10° 16
UNCD (HF) 1173 3.0x10" 1.2x103 9.4

Etching rates were calculated using v = k[H] = Aexp(— E,/RT,)[H].

Calculations were also carried out for carbons with
one or two adjacent incorporations (Figure 11(b)), find-
ing that the etching of “non-isolated” carbons was endo-
thermic and therefore not likely to occur at significant
rates. Therefore, only surface carbons which have no
incorporations into adjacent trough sites are considered
to be etchable [28].

Depending on the growth conditions, while only a
small proportion of the surface carbons are considered for
etching during each iteration, a rapid rate of etching
ensures that the probability of these reactions being chosen
is much greater than those for individual CH, incorpora-
tion reactions. Using an energy barrier of E,,, = 32.7k]
mol ™! and Arrhenius pre-exponential factor of 7 x 10 s™!
[28], the rates of etching are shown in Table 3. Rates of
etching are very rapid relative to incorporation, except
under conditions with low atomic-hydrogen concentra-
tions or low surface temperatures. When rates of etching
relative to incorporation are high, extreme smoothing of
the surface is expected due to limited incorporation away
from step-edges, while at lower rates of etching, rougher
morphologies might occur due to incorporation at increas-
ingly random locations. As etching is fast for C atoms con-
sidered “isolated” but otherwise zero, this is referred to as
a preferential-etching model [28].

However, this energy barrier to isolated etching (E,,,)
is based on calculations carried out over 20 years ago
[8,28,43] using quantum-mechanical PM3 methods
which have the tendency to underestimate C-C bond
strengths [8]. Therefore, this energy barrier is likely to
be an underestimate, but nevertheless provides a useful
starting point.

Another possible carbon-loss mechanism involves the
removal of pendant hydrocarbon chains from the surface
through B-scission reactions, named after the breaking
of the p-bond between the first and second carbons from
the dehydrogenated carbon. This leads to rapid loss of
ethene (C,H,) or methyl back into the gas phase pre-
venting longer hydrocarbon chains from forming, which
might otherwise cross-link on the surface and create
surface defects [9]. Because previous kMC models found
that the effects of B-scission processes on growth rates
and surface morphologies were generally limited [21],
in the current model, these reactions were not modelled
explicitly. Instead, the reaction rate of (-scission is
implicitly treated to be infinitely fast, preventing the
formation of any C ,H, chains.
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2.8. Growth simulations

A growth simulation represents a sequence of surface
reactions from a pristine, {100}:H, 2 x 1 reconstructed
diamond surface (Section 2.1) until a chosen end-point
is reached. A simulation is often identified by the growth
conditions which represent the majority of the simula-
tion growth parameters, such as MCD, SCD or UNCD,
as outlined in Section 2.2. The point at which a simula-
tion terminates is controlled by either simulation time,
average growth-height or total kMC iterations, depend-
ing on the end-point that is reached first. The choice of
termination method can affect the final simulation
geometries. Some surface features, such as pits, step-
edges, hillocks, defect formation, etc., take time to
develop in the simulation, and so terminating the growth
process too early may prevent these features being seen.
Conversely, running the simulation for too long may
allow some of these features to be overgrown and buried
beneath the encroaching flat surface. So, when compar-
ing different growth parameters, the same termination
method (time, growth height, or iterations) was used to
ensure comparing like with like.

3. Simulation visualisation

An important part of the computational implementation
is the ability to visualise the growing surface at the
atomic level over the course of the simulation. The sur-
face state can be output periodically in extended-xyz
format, allowing the current surface state (carbon posi-
tions, activation, reconstruction) following a reaction
event to be visualised in a suitable viewer, such as OVITO
[44] (Figure 12).

4, Model predictions
4.1. Growth-rate and roughness predictions

‘We now compare our model predictions with theoretical
predictions and experiment. Growth-rate and final
roughness predictions for different types of diamond
growth are shown in Table 4.

With the exception of SCD growth conditions, our
model is in reasonable agreement with both experimental
predictions and previous cubic kMC simulations. Roughness
values, while higher than those from the previous cubic
model, follow the same hierarchical trend expected exper-
imentally: i.e., that SCD, MCD, NCD and UNCD growth
conditions produce increasingly rougher surfaces.

However, under SCD growth conditions, a large dis-
parity in growth-rate predictions exists between our
model and previous work [21] being significantly
slower than the experimental growth rate of several pm
h~L. This discrepancy could be due to the role of other
hydrocarbons, particularly atomic carbon, being
underestimated in SCD MW plasmas and these species
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Figure 12. Available atomic-level visualisation, increasing in magnification from (a) to (c), and (d) showing a slightly rotated view of
(c). Extended xyz frames are visualised using the software tool OVITO [44]. To aid visualisation, the surface is replicated along its
periodic boundaries; the original surface dimensions are indicated by a white outline, with false-colouring used to help distinguish
the vertical height of atoms and surface features.

Table 4. Experimental (exp.) and kMC simulated (kMC) growth rates (G) and final r.m.s. roughness values (R) for MCD, NCD, SCD,

UNCD growth conditions in hot-filament (HF) or microwave plasma (MW) reactors.

Growth condition (reactor type) MCD (HF) NCD (HF) SCD (MW) UNCD (HF)  UNCD (MW) Ref.
G (exp.)/(nm h™) 350 1000 3000-4000 60 100 [30]
G (kMC)/(nm h~T) 390 2300 533 68 - [21]
G (kMQ)/(nm h™) 437+13 1261+31 85+3 93+2 49+1 [This work]
R (kMC)/nm 0.077 0.086 0.057 0.12 - [21]
R (kMC)/nm 0.60 0.51 0.04 0.38 0.053 [This work]

3D cubic simulations [21] used species concentrations at 0.5 mm above the surface with no extrapolation, while this work utilises extrapolation of concentration
to the surface (Section 2.2). Growth rates and roughness values from this work represent averages of 10 simulation sets, which were each grown to 120 A.

play as-yet unmodelled key roles under these growth
conditions. This would be an important focus of future
investigations, both theoretically and experimentally.

Predictions of growth rates and film roughness as a
function of growth conditions, such as CH, concentra-
tion, substrate temperature, migration, and many other
growth parameters were found to be largely in agreement
with those of the previous cubic model [21]. Therefore,
there is no need to repeat these results again here; the
reader is pointed towards Ref. [25] if they wish to see
these results in detail. Instead, we shall focus upon the
predictions of the new additions to the growth model,
especially migration pathways, and dimer making/
breaking reactions.

4.2. Effect of migration

The three distinct modes of migration, dimer migra-
tion, gap migration and migration down atomic steps,
described in Section 2.7.7, can be included in the
growth model independently. For each combination of
migration pathway included in the growth model, sets
of 20 simulations were created using SCD and MCD
growth conditions until an average height of 120 A was
reached.

First, considering MCD conditions (Figure 13), the
effects on growth-rate and roughness values are largely
migration-scheme dependent, although migration down
atomic steps showed the most significant effect. We find
that when all three migration pathways are included,
they operate synchronously, allowing surface species to
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Figure 13. Effect on growth rate (G), r.m.s. roughness (R), and incorporation efficiency (percentage incorporation events — percent-
age etching events) when migration is introduced into the growth model. Each bar and the corresponding error represent sample
averages and standard deviations for a set of 20 simulations, grown to 120 A under MCD growth conditions for 6 migration-scheme
combinations: No migration (None), dimer only (D), gap only (G), down only (Do), D+G and D+ G+ Do (all).

Figure 14. Effect on growth rate (G), r.m.s. roughness (R), and incorporation efficiency (percentage incorporation events — percent-
age etching events) when migration is introduced into the growth model. Each bar and the corresponding error represent sample
averages and standard deviations for a set of 20 simulations, grown to 60 A under SCD growth conditions for 6 migration-scheme
combinations: No migration (None), dimer only (D), gap only (G), down only (Do), D+ G and D+ G+ Do (all).

be stabilised against etching, either through the forma-
tion of a stable growth nucleus in the same atomic layer,
or, due to migration down a step-edge, to be stabilised
in the layer below. Thus, growth rate is significantly
increased although roughness is barely changed.

The inclusion of gap-migration increases roughness,
suggesting that while gap migration operates over
shorter length-scales relative to dimer migration, it can
also affect morphology over a larger scale. The gap-
migration mechanism primarily acts to consolidate sur-
face terraces, effectively moving hindered trough sites
(which require creation of a biradical to incorporate
CH,) across the surface. By encouraging formation of
more complete surface terraces, gap-migration reactions

increase support for incorporation of species into the
layer above, nucleating new growth layers. The nucle-
ation of new layers at the expense of layer-by-layer
growth, similar to island growth, increases roughness.
Considering incorporation efficiency, increases to
roughness values when down-migration is included can
be directly linked to the increase in net incorporation.
Bridging carbon species can migrate rapidly to a stable
site in the layer below before they can be etched away.
Conversely, for SCD conditions (Figure 14), the effect
of migration is much less pronounced. Growth rate is
largely unchanged by the introduction of migration reac-
tions. Down-migration, similar to MCD growth condi-
tions, increases incorporation efficiency slightly by
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allowing isolated species to migrate to stable sites in the
atomic layer below. However, this increase in incorpo-
ration is limited by the availability of these type of migra-
tions, representing just 0.20% of all events, due to lower
concentrations of monoradical sites and a lower migra-
tion reaction rate. Overall migration is also reduced
relative to MCD conditions, with just 3.5% of events
representing migrations compared to 25% of events
under MCD growth conditions.

4.3. Effect of dimer breaking

As outlined in Section 2.7.3, the relative rates of dimer
formation and breaking suggest that for dimers which
have a bridging CH, species adjacent (Figure 3), at a
given moment a fraction of these dimers will instead
exist on the surface as two adjacent carbon monoradi-
cals. The percentage of dimers which exist in a “broken,”
biradical state at any instant, along with the reaction
rates for dimer formation and breaking for MCD and
NCD growth conditions, are shown in Table 5.

Dimer creation is inherent to the kMC model, but
dimer breaking is optional and can be switched on or
off to investigate its effects upon the simulation. When
dimer breaking was introduced into the model using the
values in Table 5 under MCD and NCD growth condi-
tions, the growth rate increased by 25%. However, no
significant change in growth rate or roughness was seen
under SCD conditions due to the small proportion of
dimers broken each iteration. The roughness was
strongly reduced by dimer breaking, as shown in Figure
15(a,b), the formation of pits prevents a significant
reduction in roughness on the length-scale of the sur-
face. However, as shown by the large, smooth terraces
present in Figure 15(b), the randomised breaking of
dimers has a remarkable smoothing effect upon the
median surface-roughness of films grown under MCD
growth conditions. The presence of increased numbers
of biradicals from broken dimers reduces the formation
frequency of the pits shown in Figure 15(a) which are
largely absent in Figure 15(b).

These changes to growth rates and surface morphol-
ogies under MCD and NCD growth conditions are
driven by gap-migration events, primarily type-C gap
migrations (recall Figure 7). When dimer breaking is

Table 5. Reaction rates for the formation (v;) and breaking (v,)
of dimers with adjacent CH, incorporations at different sub-
strate temperatures, T, under MCD and SCD growth conditions

Condition MCD (HF) SCD (MW)
T/K 1167 973
Vs 7.4%x10" 7.0%10"
Vs 1.0x 10" 30107
Foroken 12.3% 41%

Reaction rates are calculated from an Arrhenius expression using activation
energies and pre-exponential factors for dimer formation (2.9kJ mol’,
10" s7") and breaking (59.8kJ mol~', 4.79%x 10" s7), respectively, given
by Netto & Frenklach [23]. The proportion of dimers which exist in a bro-
ken, biradical state (F,q.,) is calculated from Equation (3).

Figure 15. Median surfaces by surface roughness after 120 A
growth under MCD growth conditions with (a) dimer breaking
inactive, and (b) dimer breaking active.

activated, calculations show that type-C gap-migration
events increase from 0.6% of total events to 2.4%, and
from 0.5 to 3.2%, for MCD and NCD growth condi-
tions, respectively. Dimer breaking strongly affects the
possibility of gap migration due to its reliance on adja-
cent monoradicals, which are otherwise blocked by the
presence of a dimer. If the rapidity of dimer-breaking
reactions allows them to occur during the gap-
migration process, such that a dimer is treated as two
adjacent monoradicals, gap-migration reactions dom-
inate the simulations. Our recommendation, therefore,
is to keep dimer-breaking switched on in all subsequent
simulations.

5. Conclusions

In this paper we have described the implementation of
an updated kMC code to simulate CVD diamond growth
using a full 3D tetrahedral structure for diamond. The
implemented growth model can simulate minutes of
growth for systems of more than 10,000 carbons, and is
parametrised by growth-condition inputs taken from
detailed modelling and experiment. Predictions of
growth rates and film roughness over a wide range of
growth conditions were largely in agreement with exper-
imental literature and previous simulations. The model
suggests that surface migration plays an important role
for MCD and NCD growth conditions, increasing
growth rates significantly although not substantially
affecting roughness. Under SCD conditions, migration



events are relatively less common and so play a much
smaller role in growth. Nevertheless, we recommend
that the three migration events added to the model,
dimer migration, gap migration and migration down
atomic steps, are key processes occurring on the dia-
mond surface during growth and should be included in
any future simulations.

Using a realistic tetrahedral structure in our new
model enables growth mechanisms to be simulated and
tested for viability that were not previously possible in
less sophisticated models. Two such mechanisms eval-
uated were dimer creation and dimer breaking. The
inclusion of either one of these mechanisms individually
had little effect upon growth rates or roughness.
However, the inclusion of both mechanisms simultane-
ously significantly increased growth rates by a factor of
almost 2, and decreased roughness by ~10% for NCD
and MCD conditions. These changes to growth rates and
surface morphologies are driven by increased type-C
gap-migration events. We conclude that if accurate val-
ues for the growth rate and roughness are required, it is
necessary to include both these dimer-making and
breaking events in any kMC subsequent models of the
growing diamond surface.

Other mechanisms involving dimer reconstruction
have yet to be included in the model, and may make the
growth simulation even more accurate. These include
etching of isolated dimers, and preferential dimer align-
ment into rows. Underlying processes producing aligned
dimer structures fall into two categories: passive and
active alignment. Passive alignment processes encom-
pass situations where the energetics of aligned and mis-
aligned geometries encourage alignment of dimers when
possible. Active alignment processes require chemical
reactions, preferentially breaking misaligned dimers or
certain migration and incorporation pathways which
encourage dimer alignment. The addition of these pro-
cesses to the model and their effects upon diamond
growth would make valuable future additions to
the model.

Still missing from the model are the roles of potential
growth species other than CHj, in particular C atoms,
C, and C,H, which can have non-negligible concentra-
tion under certain growth conditions, e.g., those for SCD
or UNCD. Addition of mechanisms for these species to
add to or insert into the diamond lattice might prove to
be a powerful route to simulate the formation of defects,
such as dislocations, or the renucleation processes
responsible for the formation of polycrystalline films. A
realistic 3D tetrahedral model of the diamond surface
now makes these more complex simulations possible,
and will be an obvious extension of this work. However,
choice of suitable values for the adsorption probability,
Py, for each of these species is not trivial. Furthermore,
the current model treats the adsorption of all CH,
(x=0-3) species independently. But under high carbon
flux or hydrogen-deficient conditions, co-adsorption
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effects, such as transient clustering, site blocking, or
cooperative adsorption, may influence incorporation
rates and surface migration, and so may need to be
added to the model for improved accuracy.

Another important factor is that only sp-carbon-
forming surface reactions are considered at present. For
true simulation of defect formation, a model for sp*-
carbon growth and etching is also required.

Another mechanism still to be added explicitly to the
model is B-scission, with the -scission reaction rate cur-
rently being implicitly treated as infinitely fast. Previous
kMC models found that the effects of B-scission on
growth rates and surface morphologies were generally
limited [21]. Nevertheless, now with a realistic structural
model, inclusion of a proper model for -scission might
provide some further insight into growth behaviour.

Overall, we believe this simulation platform and
implemented growth model offers powerful atomic-scale
analysis and enables investigation of a range of potential
mechanisms that affect dlamond CVD. As well as defect
formation, future studies will include growth enhance-
ment facilitated by the introduction of N-containing
species, doping by B and P, and even the formation of
NV centres.
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