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A simple 1-dimensional Monte Carlo (MC) model has been developed to simulate the chemical vapour
deposition (CVD) of a diamond (100) surface. The model considers adsorption, etching/desorption, lattice
incorporation, and surface migration along and across the dimer rows. The reaction probabilities are taken
from experimental or theoretical literature values for standard CVD diamond conditions. Renucleation events
believed to be due to reactive adsorbates, such as C atoms or CN groups, were modelled by creating random
surface defects which form a critical nucleus upon which to nucleate a new layer. By assuming that migrating
C species that encounter these surface defects add to the growing surface by templating either from the
underlying layer or from the surface defect, and with suitable colour coding, the evolution of different grains
has been modelled. On increasing the probability of creating surface defects, the number of grains increases
while their mean size decreases. This simulates the film morphology changing from that of single crystal
diamond to microcrystalline, nanocrystalline and finally ultrananocrystalline diamond. With the formation of
such defects which can act as renucleation points turned off, but using random seed crystals, the films
develop a columnar structure similar to that observed for heteroepitaxial microcrystalline diamond.
l rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Chemical vapour deposition (CVD) of diamond is a maturing
technology that is beginning to find commercial applications in
electronics, cutting tools, medical coatings and optics [1], and shows
great potential for quantum computing [2], biosensing [3], field
emission devices and thermionic solar cells [4]. The CVD process
involves the gas phase decomposition of a gas mixture containing a
small quantity of a hydrocarbon in excess hydrogen [5]. A typical gas
mixture uses 1% CH4 in H2, and this produces polycrystalline films with
grain sizes in the micron or tens of micron range, depending upon
growth conditions, substrate properties and growth time. By increasing
the ratio ofmethane in the standardCH4/H2 gasmixture from1% to∼5%,
thegrain sizeof thefilmsdecreases, andeventually becomesof theorder
of hundreds down to tens of nm. Such nanocrystalline diamond (NCD)
films (often termed ‘cauliflower’ or ‘ballas’ diamond) are smoother than
the microcrystalline ones, but have larger numbers of grain boundaries
that contain substantial graphitic impurities. With further addition of
CH4 the films become graphitic. Diamond films with even smaller grain
sizes (∼2–5 nm) are often called ‘ultrananocrystalline’ diamond
(UNCD) films [6,7], and most reports of the deposition of UNCD films
describe using amicrowave (MW) plasma CVD reactor and gasmixture
of 1%CH4 in Ar, usually with addition of 1–5% H2 [8]. At the other end of
the size scale, single crystal diamonds (SCD) up to several carats
(1 carat=0.2 g) in weight have recently been successfully grown in
high power MW CVD reactors using 1%–12%CH4/H2 mixtures, some-
times with small additions of N2 or O2 [9–12].

However, to obtain a diamond film with the desired morphology
combined with controlled electronic and mechanical properties
requires a detailed understanding of the many parameters affecting
growth, such as the substrate temperature, gas mixture, process
pressure, etc. The difficultywith this is that, even 20 years after diamond
CVD was first developed, the exact details of the growth mechanism
remain controversial. The so-called ‘standard growth mechanism’ [13]
developed in the early 1990s is a robust description of the general CVD
diamond process. In this model, atomic H, created by thermal or
electron-impact dissociation of H2, is the driving force behind all the
chemistry. It is widely accepted [14,15] that themain growth species in
standard diamond CVD is the CH3 radical, which adds to the diamond
surface following hydrogen abstraction by H atoms. An elevated
substrate temperature (typically N700 °C) allows migration of the
adsorbed C species until they meet a step-edge and add to the diamond
lattice. Another role for the atomic H is to etch back into the gas phase
any adsorbed carbon groups that have deposited as non-diamond
phases. It is believed that hydrocarbons CxHy with 2 or more carbons
(x≥2) are prevented from contributing to the growthby the ‘β-scission’
reaction which is a rapid, low energy, efficient process that stops the
build up of polymer chains on the growing surface. Diamond growth is
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therefore seen as competition between etching and deposition, with
carbons being added to the diamond on an atom-by-atom basis.

This standard growth model predicts some of the general features
of the observed morphology, plus growth rates to within an order of
magnitude. However, the model has problems predicting the
crystallite size and whether the resulting film will be UNCD, NCD or
even SCD. Furthermore, a mechanism for renucleation of a new layer
is not covered by the standardmodel. Impurities, such as N2, in the gas
phase have been suggested as catalysts for nucleation [16], as have
larger hydrocarbons, such as C2Hy or C3Hy, and defect formation at
biradical sites [17].

Our group recently developed a modified version of the standard
growth model which considers the effects of all the C1 hydrocarbon
radicals (CH3, CH2, CH and C atoms) on both monoradical and
biradical sites on a (100) diamond surface [18]. In this model, for most
standard deposition conditions (i.e. with high atomic H concentra-
tions at the growth surface) diamond growth is still dominated by CH3

adding to monoradical surface sites, leading to large crystals. Addition
of CH3 to the biradical sites also leads to large crystals, since the
unused surface dangling bond is rapidly hydrogenated during the
process of converting the CH3 adduct into a CH2 surface group [19].
However, the increased relative contribution of the biradical mech-
anism enhances the probability that other reactive hydrocarbon
species (C2, C2H, etc.) from the gas can add to these biradical sites.
Such reactive species then have the opportunity to cross-link on the
surface, creating a strongly-bonded (maybe even non-etchable)
defect. This surface defect could act as either a renucleation point
for a new epitaxial layer, or, if it is misaligned with the existing lattice,
a new crystallite growing in a different direction to that of the main
bulk. This last possibility is often termed ‘renucleation’, and leads to a
decrease in the average crystal size. If renucleation occurs frequently,
the crystallite size can drop frommm to μm, and eventually to nm, and
the films are termed SCD, MCD and (U)NCD, accordingly.

As well as CH3, addition of the other less abundant but highly
reactive C1 species, particularly atomic C, to either type of radical site
at high H atom concentration, can also be a route to growth, since the
dangling bonds on the adduct would be rapidly hydrogenated
converting the adduct into CH3. However, at low H atom concentra-
tion, the dangling bonds on the adduct can cross-link to lattice sites,
again leading to renucleation and subsequent smaller crystal sizes.
Additionally, evidence from very recent quantum-mechanical
ab initio modelling [20] shows that some C1 species, in particular
C atoms, can directly insert into the C–H surface bonds of diamond
with a low or even zero energy barrier. This may be yet another
mechanism for the creation of surface defects.

Our growth model [18] also relies upon surface migration of CH2

groups along and across the reconstructed dimer rows in order to
predict growth rates to within a factor of two of experimental
observations. Using the model we derived expressions for the fraction
of monoradical sites, R, and biradical sites, R2, based upon the substrate
temperature, Ts, and the concentrations of H and H2 above the surface.
Under typical CVD diamond conditions with Ts∼900 °C and 1%CH4/H2,
R∼0.1. This means that ∼10% of the surface carbon atoms support
monoradical sites, while 1% of the surface consists of biradical sites
(a radical site on two adjacent C atoms). The model also generated an
expression for the average crystallite size bdN which depends upon Ts
and crucially upon the square of the ratio of all the C1 hydrocarbon
concentrations to that of atomic H, i.e. ([CHy]/[H])2. The expression for
bdN predicted values that agreed well with experiments that ranged
from a few nm corresponding to UNCD [21] to mm for single crystal
diamond [22].

Despite these successes, evidence for surfacemigration, nucleation
processes, the effects of gas impurities and gas-surface reactions are
sparse and mostly circumstantial. To investigate these ideas we
developed a simplified one-dimensional Monte Carlo (MC) model of
the growth of diamond films [23]. Although the model was only 1D,
the interplay between adsorption, etching/desorption and addition to
the lattice were modelled successfully using known or estimated
values for the rates of each process. For typical CVD diamond
conditions, the model predicted growth rates of ∼1 μm h−1,
consistent with experiment. Various other growth processes were
also predicted, such as step-edge growth, a large positive value for the
Ehrlich–Schwoebel potential for migrating species attempting to
migrate off the top of step-edges leading to atomic-scale ‘wedding
cake’ structures, and it also showed that β-scission is not as important
for determining the surface morphology as previously envisaged. A
major assumption of the MC model is that surface defects can be
modelled assigning values for the probability of their appearance
following certain surface processes, such as migration and adsorption.
Such immobile, unetchable surfacedefects act as critical nuclei, allowing
the nucleation of new layers, and thus a greatly increased growth rate
when the rate-determining step for growth is new layer nucleation. The
rationale for this is that one possible fate for amigrating C species, if the
multiple bond-breaking and bond-reforming processes that occur
during each migration step [24] were to go awry, is to trigger the
formation of an immobile surface defect. This could occur, for example,
as a result of H abstraction converting the benign migrating CH2 group
into a more reactive CH or atomic C moiety. Most of these isolated
surface defects would simply be etched back into the gas phase, leaving
behind a pristine diamond surface. But some may survive long enough
to act as a nucleating point for a new layer, whichmay ormay not follow
the orientation of the underlying lattice.

Similar static surface defects could also be formed when CH3 adds to
the less abundant (∼1% of the surface) biradical sites, since the resulting
adductwillfind itselfwith a reactive dangling bond immediately adjacent
to it. Themost likely fates for this dangling bond are either (i) ring closure,
(ii) rapid hydrogen termination by reactionwith the abundant gas-phase
atomicH, or (iii) for CH3 to attach to it. Pathways (i) and (iii)mayproduce
surface structures inconsistentwith the underlying lattice, and somay act
as the defect to trigger renucleation, while process (ii) simply turns the
biradical site into a monoradical site. However, an alternative fourth
pathway is for a reactive gas phase species suchasC2, C2H, C, etc., to add to
this dangling bond and then reconstruct into a surface defect. Although
thismay be aminority process due to the low abundance of these species,
every time it occurs it can create a renucleation point, leading to a
decrease in the average crystallite size [18].

Another defect-forming process involves adsorbing unsaturated
atomic C or CH species, since their ‘dangling bonds’ permit unusual
surface bonding. For standard diamond CVD conditions, the concen-
trations of C and CH striking the surface are usually negligible
compared to that for CH3. But under H-poor conditions, such as those
used for UNCD growth, they can become significant contributors to
the growth [25]. A further possibility for initiating a new layer from a
static surface defect is from impurities in the gas phase, such as N2

[16], since this reacts to form CN species in the gas phase [26] which
can then add to the surface to form the critical nucleus.

By whichever mechanism they are created, such static surface
defects could act as the critical nucleus needed to help start a new layer,
or instigate the (re)nucleation of a new crystallite, ultimately leading to
a polycrystalline film. In this paper we shall present the results of
extending the existingMCprogram to simulate polycrystalline diamond
growth, and show that experimental observations such as columnar
growth, renucleation, and the homogeneous arrangement of crystallites
in NCD and UNCD films can be modelled using this simple approach.

2. Experimental

The full model for theMC program is given in detail in Ref. [23] and
therefore we shall give only a brief description here. One requirement
for our model was that wewished to be able to view the growth of the
diamond surface in ‘real time’ using a desktop PC. The program was
written using Microsoft QuickBasic, which although not optimised for



Table 1
The probabilities per time-step for each of the processes in the model normalised to the
fastest process [23].

Process Probability
symbol

Normalised
probability

Surface migration along and across (100) dimer rows. Pmig 1
CH3 impact on radical site. Pnew 5×10−6

Desorption/etching. Pdesorb 0.05
Surface defect creation following direct impact. Pdir-def 0.0005
Surface defect creation following migration. Pjump-def 0.0005
Combined surface defect creation (renucleation). Prenucl 0.0005
β-scission (taken to be the same as that of migration,
i.e. it happens at every time-step).

Pbeta 1

Addition of a migrating C group to a step-edge. Padd-step 1
Templating on the underlying block compared to the
side-edge block.

Pbelow 0.5
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modern PCs, was easy to program and had the required graphical
capability built in.

In many respects our model resembles the standard 1D kinetic MC
models that have been used to model crystal growth and thin film
molecular beam epitaxy (MBE) for a decade or more [27]. However,
our version contains a number of parameters specific to diamond
growth, as well as several unique subroutines written specially to test
diamond-growth-specific mechanisms, such as β-scission.

In our 1D MC model, the diamond lattice is represented in only 2
dimensions, as a cross-section, with the top (growing) surface
positioned towards the top of the screen. Each C atom is represented
by a square block within the lattice, with different coloured blocks
representing different ‘types’ of carbon bonding. Carbons that are fully
bonded into the diamond lattice are coloured dark-blue whereas
carbons that are temporarily adsorbed on the surface are green.

The grid has a maximum size of 600×400, but for speed of
computation 2×2 blocks were used for most simulations, making the
effective grid size 300×200. At the start of the program, a flat
horizontal surface of dark-blue blocks is defined at the bottom of the
screen to represent a single crystal diamond substrate. A random
number, R1 (0≤R1b1), is then generated and compared to the
probability of a new incoming block, Pnew, which is calculated based
on the known flux of CH3 radicals towards the surface under typical
CVD conditions (see later). If R1bPnew a new incoming green-coloured
block is chosen at a random horizontal position at the top of the
screen, and then allowed to drop vertically until it meets the surface,
whereupon it temporarily adsorbs at this position. This block
represents a generic C1 adsorbing unit, which is most probably CH3

but could be species such as C, CH, CH2 or even CN. The adsorbed
green block then has a number of possible pathways, depending upon
the local morphology where it landed, and each possible fate is tested
sequentially at every time-step of the program.

A green block landing in a position with no blocks immediately
either to its left or right has the possibility to simply desorb (or be
etched) back into the gas phase. Another random number, R2, is
generated and compared with the probability of desorption/etching,
Pdesorb (see later). If R2bPdesorb the block desorbs and is removed. If
the block remains on the surface, a subsequent possible fate for it is to
stick permanently to form a static, unetchable defect. A third random
number R3 is generated and compared with the probability for direct-
defect formation, Pdir-def. If R3bPdir-def the block is given a random
colour (chosen from 10 possibilities) and attaches permanently to the
lattice. (The value of 10 comes from the limitations of using 8-bit
QBASIC as a programming language which allows only 16 colours, 6 of
which are already defined in the program to represent the diamond
lattice, migrating blocks, defects, the background, etc. Ideally, at least
100 colours should be available to avoid duplication, and this
improvement may be included in a more advanced version of the
program in the future.) If the block does not add to the lattice, desorb
or permanently stick as a defect, then a final possibility is that it
migrates. A fourth random number, R4, is generated and compared to
the probability of migration, Pmig. If R4bPmig the block will jump left
or right one space, with equal chance. If the block still finds itself with
no immediate neighbours in its new position, it might either form a
static defect (with probability Pjump-def), in which case it is given
another random colour (chosen as before), or it may remain
temporarily adsorbed ready to migrate again at the next time-step.
Pjump-def can be different from Pdir-def since the mechanisms forming
the static surface defect might be different in each case.

Apart from defect formation, ‘normal’ additions to the lattice occur
when an adsorbing or migrating block encounters a step-edge, i.e. a
neighbouring block of any colour. In this case the moving block will
permanently bond to it, change colour (following the rules given
below) and remain there for the duration of the program. In this
model, the diamond lattice itself is considered unetchable, so once a
moving block has added to the lattice, it cannot subsequently be
removed (except in the special case of a β-scission reaction, see
below). The colour for the newly-added block is chosen based on the
assumption that it would template itself to either the underlying
block or the side block, with a probability Pbelow determining the
branching ratio between these two possibilities. If the colour of the
block below and the block to the side of the newly-added block are the
same, then the new block simply becomes this new colour. However,
if the colours are different, a new random number R5 is generated and
compared to Pbelow. If R5bPbelow the block becomes the colour of the
block below; otherwise it becomes the colour of the block to the side.
With no theoretical data upon which to base an estimate for Pbelow, a
value of 0.5 has been chosen as default, giving equal probability to
each possibility. But this value has also been varied to see its effect
upon crystallite size and shape.

Three other features of the model need to be mentioned. First, this
1D model assumes that the ‘normal critical nucleus’ for diamond
growth is twoadjacent blocks. This is defined as the smallest immobile,
unetchable surface feature that provides step-edges suitable for
propagating layer growth. Under standard growth conditions a normal
2-block critical nucleus can be formed by (i) an Eley-Rideal-type
process, where an incoming green block adsorbs directly next to a
previously adsorbed block causing both of them to bond together, or
(ii) a Langmuir–Hinshelwood-type processwhere two adsorbed green
blocks migrate next to one another and fuse together. These two
processes form the basis for new layer nucleation in the absence of
defects (i.e. when Pjump-def=Pjump-def=0). Note, surface defects form
the special case of a critical nucleus of size 1 block.

Second, β-scission is modelled by scanning the surface blocks after
every time-step and identifying and deleting any 2-block pillars
that may have arisen as a result of blocks landing or migrating.
The probability that β-scission occurs is chosen to be 1, meaning that
β-scission happens every time it is possible at each time-step. Second,
there is the issue of blocks migrating off the top of step-edges. From
arguments outlined in Ref. [23] we have adopted the ‘cowards’
scenario as the default process, which means that migrating blocks
cannot jump off the top of step-edges, consistent with a positive
Ehrlich–Schwoebel barrier for this process.

The program was cycled until it was stopped manually or until a
preset number of layers (typically 150 to provide statistical invariance)
had grown, at which point the data were saved. Depending upon the
choice of probabilities for the various events, the program took only a
fewminutes to grow150 layers (on a Pentium4PC). Thus, the evolution
of the surface morphology could be directly followed on the computer
screen, giving insight intowhich parameters control different aspects of
growth.

In a MCmodel of this type, the time-step is chosen to be equal to or
faster than the fastest process occurring. This fastest process (which for
these process conditions turns out to be surface migration) is normal-
ised to give a probability of 1 (or less if required) to occur at each time-



Fig. 1. Simulation of columnar polycrystalline diamond growth using 10 randomly
spaced diamond seed crystals on a (100) non-diamond substrate, with 2×2 blocks and
the probability values given in Table 1.

Fig. 2. Scanning electron micrograph of a cross-section through a microcrystalline CVD
diamond film grown on (100) Si showing the columnar structure.
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step, and the other processes are assigned probabilities based on their
relative rates with respect to this fastest one. In order to simplify
matters, we shall assume that the growth conditions are fixed for
standard polycrystalline CVD grown at a substrate temperature of
∼900 °C using 1%CH4/H2 at a process pressure of∼20 Torr [18].We also
assume that CH3 is the only species important for growth of diamond,
although other species such as atomic C, CH, C2, etc., will be important
for renucleation processes. The values chosen for the probabilities for
the various processes, based upon the known or estimated relative rates
for each process, are discussed in detail in Ref. [23], and are given in
Fig. 3. 3D tomographic electron backscattered detection images of the cross-section through
Eisenforschung). The orientations of different grains have been colour-coded based upon the
the authors from Ref. [28], copyright 2009, Wiley.
Table 1. The maximum growth rate will occur when there is 100%
utilisation of all the incoming C species and no loss mechanisms (no
desorption/etching or β-scission). At an impact rate of 8 s−1 per radical
site and a C–C bond length of 1.5 Å we obtain a maximum growth
rate for typical diamond deposition conditions of ∼4.3 μm h−1. This
agrees quite well with experimental growth rates which have values
∼1 μmh−1 for these conditions— smaller than the calculatedmaximum
due to the active loss mechanisms.

For this paper, two different growth scenarios are investigated. In
the first, renucleation is ‘turned off’ (Pdir-def=Pjump-def=0), but the
non-diamond surface is ‘seeded’ with a chosen number of randomly
positioned diamond nuclei. This scenario simulates the growth of
heteroepitaxial CVD diamond films which nucleate upon scratches or
seed crystals resulting from manual or ultrasonic abrasion prior to
growth. One difference between the simulation and real deposition is
that in the simulation the seed crystals are considered to lie on top of
the (100) substrate surface with their b100N direction parallel to this
substrate, whereas in reality they would be lying at random
orientations. The second scenario uses diamond (100) as the substrate
(i.e. homoepitaxial growth), but instead of seed crystals, renucleation
is ‘turned on’ by making both Pdir-def and Pjump-defN0.

3. Results

Using the values given in Table 1 the program achieved its goals of
simulating the growth of 150 layers of diamond in a fewminutes, with
the morphology continuously evolving on the screen. The type of
growth seen, the growth rate and the film morphology are a
complicated function of the probabilities used, and these have been
discussed in our previous paper for single crystal diamond growth
[23]. Here we concentrate on the effects of renucleation and defect
formation upon film growth characteristics.

(a) Columnar growth of microcrystalline diamond
Fig. 1 shows the results of the simulationwith renucleation turned off

(Pdir-def=Pjump-def=0) and 10 randomly positioned seed crystals on a
non-diamond surface.With renucleation turned off the growth fromeach
seed was single domain, and each crystallite grew until it met its
neighbours, at which point the crystallite islands coalesced into a
continuous film. Subsequent growth resulted in a columnar appearance
to the crystallites, with the apparent crystal size increasing with growth
time. Some crystallites have been overgrown by the others, so that the
number of crystallites surviving after 150 layers of growthwas only 5 out
of the original 10. The probability of a crystallite surviving depended
inversely upon the distance between its originating seed crystal and any
nearest neighbouring seed crystals. Due to the step-edge growth
mechanism, growth from a seed crystal spreads laterally until it meets
the growth from another crystal. Thus, crystallites with neighbouring
seeds in close proximity become thin andnarrow,whilst thosewithmore
a CVD diamond film grown with 1%CH4/H2 at 900 °C (from the Max-Planck-Institut für
ir alignment with the axis parallel to the growth direction. Reprinted with permission of



Fig. 4. Simulation of columnar polycrystalline diamond growth using 17 randomly spaced
diamond seed crystals on a non-diamond (100) substrate, with 1×1 blocks and the
probability values given in Table 1, except with renucleation turned on with Prenucl=
0.00001. The columnar structure still dominates, however new crystallites have formed
throughout the film thickness as a result of renucleation.

Fig. 6. Simulation of nanocrystalline diamond growth on a single crystal diamond (100)
surface (coloured dark-blue) using 1×1 blocks and the probability values given in Table 1,
except with Prenucl=0.001.
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distant neighbours can develop a wide base before growing upward
producing a thicker column. From the law of probabilities, the thicker
columns stand agreater chanceof survival than thinner ones. Comparison
between Fig. 1 and the electron micrograph cross-section of a CVD
diamond film grown under similar CVD conditions (1%CH4/H2 in a hot
filament reactor following manual abrasion with 1–3 μm diamond grit)
shown in Fig. 2, shows that many of the growth features have been
simulated remarkably accurately. Despite the different length scales (the
simulation is for 150 atomic layerswhereas the SEM is for a 100 μm-thick
film), features such as the columnarnature of the growth, the overgrowth
of slower-growing crystallites, and the increasing size of crystallites with
film thickness have all been reproduced in the simulation. The simulation
predicts that the crystallites arenot straight-edged - as is oftendepicted in
schematic diagrams of columnar growth – but have grain boundaries that
are, instead, more diffuse and poorly-defined. We should add a note of
caution here. The experimental data are taken from a cross-section of a
fully 3D film. Thus, some columnar crystallites will protrude out of the
plane of the cross-section, whilst others will protrude into this plane.
However, the cross-sectionwould show these as crystallites appearing to
start or end part-way up the film. Thus, at present our simulation cannot
distinguish between new crystallites that start as a result of renucleation
events, and those that are a direct result of 3D geometry. This matter will
be addressed when we convert our 1D model into a fully 2D model in
future work.

The grain-boundaries are difficult to pick out in SEM images such
as Fig. 2, but Fig. 3 shows a cross-sectional image of a similar diamond
Fig. 5. Total number of grains and number of surface grains plotted as a function of the
number of seed crystals.
film that has been obtained using electron backscattered detection
tomography, with each crystallite colour-coded [28,29]. In this figure,
all the grain boundaries can be distinguished, and the shape,
orientation, and appearance of the crystallites closely resemble the
irregular shapes predicted by Fig. 1. One notable difference is that in
Fig. 3 some new grains are formed high up in the cross-section as a
result of renucleation processes discussed in section (b) below, which
are not included in this simulation. By adding renucleation with a
suitable value for Prenucl, formation of these new grains can be
simulated and an even closer resemblance between simulation and
experiment can be obtained, see Fig. 4.

Fig. 5 shows a plot of the total number of grains as a function of the
number of initial seed crystals, and the result is a near-straight line, as
might be expected. Also shown is the number of grains that survive to
reach the surface 150 layers above the seeds. This value rises to ∼5
and then plateaus at this value as many of the grains are overgrown.
The value of 5 is simply a function of the grid size, the resolution
(2×2) and the height of the film, and would be different if any of
these parameters were varied.

(b) Nanocrystalline diamond
Using a simulated diamond (100) surface (dark-blue blocks)

without seed crystals, and with renucleation turned on (i.e. Pdir-def
and Pjump-defN0) results in a decrease in the grain size. For these
simulations Pdir-def and Pjump-def had the same value, and we call this
combined defect probability Prenucl. Fig. 6 shows a simulation of a film
grown using Prenucl=0.001. The film is now composed of a
homogeneous matrix of small, randomly-shaped grains. All signs of
the columnar growth seen previously in Fig. 1 have disappeared,
although some dark-blue blocks representing crystallites that have
Fig. 7. Scanning electron micrograph of a nanocrystalline diamond film grown in a hot
filament CVD reactor using 4%CH4/H2 gas on a Si (100) substrate. (a) Cross-section,
(b) inset, top view at the same scale.



Fig. 8. Simulations of grain formation in CVD diamond films using the conditions given in Table 1 but with Prenucl having values: (a) 0, (b) 0.000001, (c) 0.00001, (d) 0.0001, (e) 0.001,
(f) 0.01, and (g) 0.1.

Fig. 9. Histogram of the grain size distribution obtained from Fig. 8(g).

394 P.W. May et al. / Diamond & Related Materials 19 (2010) 389–396
epitaxially grown from the substrate have permeated up to 50 layers
into the matrix before being overgrown by neighbouring grains.
Again, we may compare this simulation with an electron micrograph
cross-section from a nanocrystalline diamond film grown using high
CH4 content in the gas mix, shown in Fig. 7. Although the length scales
are different, the clear similarities in structure, homogeneity and lack
Fig. 10. Plot of the number of 2×2 grains in the 600×400 grid (blue circles) and the mea
of columnar growth are recognisable in the real nanocrystalline film
and the simulation.

The number of crystallites and their average size obviously
depends upon the renucleation probability, Prenucl. This trend can be
seen in Fig. 8 where the film morphology changes from single crystal
diamond (SCD) for Prenucl=0, to SCD containing large domains of
other defects when Prenucl≤0.00001, then to a homogeneous film
with roughly equal-sized grains spread uniformly throughout the film
for PrenuclN0.00001. These homogeneous films resemble the cauli-
flower diamond morphology seen in experiment. For Prenucl∼0.1 the
grain volume is now smaller than ∼10 blocks, consistent with that for
UNCD, assuming that a block represents a C atom in the grain.

The grain sizes in these simulated UNCD films all have a
distribution of grain volumes similar to the one shown in Fig. 9.
This histogram is centred at a grain volume of 2 blocks with a full-
width half-maximum value of ∼3 blocks, but with a tail extending out
beyond 30–40 blocks. The distribution does not fit a Gaussian
or Lorentzian function, but the curve for block volumesN2 can
be fitted with some success to an exponential decay curve of the form
A exp(−Bx) with B∼0.1 and A constant. Fig. 10 shows that the
number of grains increases rapidly as Prenucl increases, whilst the
mean grain volume (number of blocks per grain) decreases. Fig. 11
shows that both the growth rate and the RMS roughness of the surface
increase rapidly as a function of Prenucl until it reaches a value of
∼0.01, and thereafter increase more slowly. The growth rate
eventually reaches the theoretical maximum value of 4.3 μm h-1 at
n grain volume (red squares) as a function of Prenucl with all conditions as in Table 1.



Fig. 11. RMS roughness in blocks (orange circles) and growth rate (green triangles) plotted as a function of Prenucl.

Fig. 12. Simulated film cross-sections using the standard values in Table 1 except with
different values for Pbelow: (a) 0.1, (b) 0.5, and (c) 0.9.
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Prenucl=1 when all carbons are utilised without loss, although by this
point the RMS roughness is so high that the film has a random spiky
morphology more associated with amorphous graphitic films than
crystalline diamond layers. For Prenuclb0.001 the film surface is
smooth (RMS roughnessb1.5 blocks) but the growth rate is
unrealistically small. This shows that under these conditions, the
rate-limiting step for growth is the nucleation of a new layer. A small
amount of renucleation is required in order to increase the growth
rates to reasonable levels; however, too much causes roughening and
degradation of the filmmorphology. An interesting observation is that
the average grain diameter bdN shows a linear dependence with 1/
√Prenucl. The reason for this linear relationship is not clear, but it
highlights that as the probability of forming surface defects increases,
the average grain size decreases.

One final point that is worth investigating is the value of Pbelow, the
probability that upon encountering a step-edge the migrating carbon
species copy the underlying template of the lattice rather than that of
the step-edge. The default value is 0.5, with equal probability for both.
But Fig. 12 shows the effect of changing Pbelow to 0.1 and then to 0.9.
For Pbelow=0.1 the simulated film is composed of a layered structure
of flat, horizontal grains. Conversely, for Pbelow=0.9 the grains are
now vertically aligned. Horizontal layered grains have never been
reported in diamond CVD, whereas vertical grains are very similar to
the columnar growth seen forMCD, andwhich can sometimes be seen
on a nanoscale in NCD film cross-sections, for example in Fig. 7. We
would therefore conclude that the true value for Pbelow should be
somewhere between 0.5 and 0.9, although detailed ab initiomodelling
is required to ascertain this more accurately.

4. Conclusions

We have shown that, given reasonable values for the input
parameters, a remarkably simple 1D MC model can reproduce many
of the experimentally observed features of CVD diamond growth.
Extension of this model to include multiple grain formation leads to
realistic qualitative simulations for both columnar MCD growth as
well as for homogeneous NCD and UNCD growth. The parameter
controlling the crystallite size distribution is simply the probability
that a moving C species creates an immobile, unetchable surface
defect which then acts as a critical nucleus, either for the growth of the
new layer or for the creation of a new defective crystallite misoriented
with respect to the underlying layer. For high probabilities of
renucleation that produce large numbers of small grains, the grain
morphology was complex. Although they appeared to be on average
spherical, the grains were, in fact, complicated 2D shapes forming an
interconnected network throughout the entire structure. In a real film,
these grains would form 3D networks. This has implications for the
electronic properties of these films, as conductivity of NCD films is
known to depend upon current transport both through the grains as
well as around the grains via conducting grain boundaries [30]. Such
interconnected grain boundaries provide percolation pathways for
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current to flow through the film, and this may have implications for
devices based on conducting NCD which rely on separated contacts,
such as field emission devices.

A useful feature of a simple MC model such as this is that it can
reveal gaps in our knowledge, as well as suggest areas where more
work needs to be done. In particular, we highlight the following two
points in order to stimulate more detailed theoretical studies.

(a) The two probabilities used to model surface defects, Pdir-def and
Pjump-def, are poorly understood. The value of Pdir-def would depend
upon the identity of the reactive adsorbate, for example atomic C,
CH, or CN, and upon which type of site it was adsorbed
(monoradical or biradical). We have made no attempt to
distinguish between different reactive adsorbates or sites, and
allocated the same probability to each. But a more detailed model
would need to consider each possible defect-causing species in
turn, alongwith their relative concentrations near the surface. The
value of Pjump-def is more critical, since this is tested at every time-
step, yet its value, too, is little more than an educated guess.
Detailed ab initio calculations need to be made to ascertain what
defects (if any!) arepossiblewhenamigratingCH2bridging-group
bonds ‘crookedly’, and of the energies associated with these
defects.

(b) The parameter Pbelow was used to determine whether C species
landing next to a step-edge (which may be a surface defect)
templated on the underlying lattice or on the step-edge. This
parameter, too, is unknown, and a value of 0.5 was chosen as
default. However, this value critically determines the crystallite
morphology, with Pbelowb0.5 giving horizontally layered grains,
Pbelow=0.5 giving roughly spherical grains, and PbelowN0.5 giving
vertically aligned columnar grains. The latter most closely
resemble the types of grains resulting from growth conditions
between those forNCDandMCD, andwe therefore concluded that
amore realistic value for Pbelow is between 0.5 and 0.9. Theoretical
studies, using, say, ab initiomethods may be able to obtain amore
accurate estimate for Pbelow, as well as to put thismodel on amore
sound theoretical footing.

There are some obvious extensions to this work which we are in the
process of implementing. At present, the probabilities for the various
reactions and processes have independent values. In a future publication
these probabilities will be related to experimental parameters, such as
substrate temperature or H atom concentration. The MC model should
then be able to make predictions about the effect of different growth
conditions upon the growth rate, morphology and growthmechanism in
real systems.

We also intend to extend the program to include aspects of the gas-
surface processes consistentwith ourmodel of diamond growth thatwas
discussed in the Introduction and detailed in Refs. [18,21,22]. This would
involve adding routineswhich differentiate between adsorption onto and
desorption/etching frommonoradical andbiradical sites, and for different
adsorbing species. Someof theseprocesseswould be dependent upon the
concentrations of gas phase H and CH3 aswell as the local gas and surface
temperatures.
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