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ABSTRACT: The behavior of hydrocarbon species at step edges of diamond terraces is investigated by means of combined
molecular dynamics—Metropolis Monte Carlo simulations. The results show that the formation of ballas-like diamond films
(like UNCD) and well-faceted diamond films (like NCD) can be related to the gas phase concentrations of C.H, in a new
manner: Species that have high concentrations above the growing UNCD films suppress the extension of step edges through
defect formation. The species that are present above the growing NCD film, however, enhance the extension of diamond
terraces, which is believed to result in well-faceted diamond films. Furthermore, it is shown that, during UNCD growth, C.H,
species with x > 2 play an important role, in contrast to the currently adopted CVD diamond growth mechanism. Finally, the
probabilities for the extension of the diamond (100) terrace are much higher than those for the diamond (111) terrace, which is in
full agreement with the experimental observation that diamond (100) facets are more favored than diamond (111) facets during

CVD diamond growth.

Introduction

The term chemical vapor deposited (CV D) diamond covers a
broad range of synthetic diamond materials with a great variety
of electrical and mechanical properties.'™* Nanocrystalline
diamond (NCD) refers to CVD diamond with crystallites less
than 500 nm in size, whereas the term u/trananocrystalline
diamond (UNCD) has been devised to describe CVD diamond
with grains smaller than 10 nm.* The differences between
UNCD and NCD stem from the different growth conditions
that are applied during microwave plasma-assisted CVD or
hot filament CVD. NCD is grown by conventional diamond
CVD conditions, i.e., from a hydrogen rich gas phase (typi-
cally 99% H,/1% CHy,).> NCD consists of faceted diamond
grains with diameters that are proportional to the film
thickness, i.e., a small grain size polycrystalline diamond film
that is not the ballas-like type grown with high CHy levels or
under conditions that reduce the atomic hydrogen concentra-
tion in the gas phase.* Instead, as the grain diameters are
proportional to the film thickness, NCD becomes conven-
tional microcrystalline diamond after a certain film thickness.
Due to the hydrogen rich plasma that is applied for NCD
growth, deposited sp> hybridized carbon atoms are etched
back into the gas phase at a high rate.’ such that the sp> content
in the film is rather low (<5%). By reducing the hydrogen
fraction in the plasma, etching of sp> hybridized carbon atoms
is slowed down, which can lead to renucleation: A hydrogen-
poor plasma (containing typically 97% Ar/2% H,/1% CHy,)
results in UNCD film growth® with a grain boundary content
of around 10%.” With decreasing grain size, the morphology
of the films gradually changes from faceted diamond crystal-
lites into ballas-like (ball-like) diamond.®’

Up to the present, the different growth regimes and result-
ing morphologies of UNCD and NCD are mainly related to
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the differences between the gas phase compositions, i.e., the
amount of atomic hydrogen that is present above the surface
of the growing film. Atomic hydrogen is known to etch
graphite phases much faster than diamond phases,'” such
that a hydrogen rich plasma (as applied for NCD growth)
prevents the accumulation of sp® hybridized phases within the
growing film.

In the present paper, it is investigated whether the presence
or absence of another important mechanism for crystal growth
may explain the differences between the ballas-like (UNCD)
and well-faceted (NCD) growth. The growth of well-faceted
NCD films is associated with the so-called “step-flow growth
mechanism” of diamond.!"' This mechanism, which is thought
to explain the growth of smooth diamond surfaces,'>'* can be
summarized as follows:'*~'® First, a hydrocarbon species
from the gas phase sticks to a carbon atom on a diamond
terrace, that is, at a flat diamond surface. After chemisorption
to the diamond surface, the hydrocarbon species can migrate
over the terrace until it meets the boundary of that terrace,
i.e., the so-called step edge. When reaching a step edge, the
hydrocarbon species incorporates into the lattice by forming
a C—C bond to an atom that belongs to a lower-lying terrace;
that is, the diamond terraces grow by extension at their
steps. Although the step-flow growth mechanism is widely
accepted,' 17 the effect of migrating hydrocarbon species at
diamond surfaces is still controversial.'"* Alternatively, growth
via step edges can be explained by “preferential etching”:'’”
Hydrocarbon species at flat diamond surfaces are etched away
faster than when adsorbed next to a step edge, such that
hydrocarbon species will preferentially reside at step edges.
When stuck to a step edge, the hydrocarbon species can
pursue the diamond lattice by extending the terrace.

In a recent publication, May et al. point out that a better
insight into the behavior of species at diamond step edges would
help to predict the onset of the UNCD and NCD morpho-
logies.'* Previously, classical MD,'® first-principles density-
functional theory,'""” and first-principles density-functional
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MD? simulations have been applied for the investigation of
adsorption (i.e., the short-term behavior) of hydrocarbon
species at or close to diamond step edges. However, when
simulating crystal growth, longer time scale processes need
to be considered as well. Until now, the longer time scale
behavior of hydrocarbon species at step edges has not been
investigated. For instance, it is not clear if hydrocarbon
groups migrate off the step edge and, if yes, if they initiate
lattice defects by preferentially forming C—C bonds that
distort the diamond structure or if they migrate down the step
edge without the formation of new C—C bonds between the
step edge and the lower-lying terrace (migration from the
upper-lying to the lower-lying terrace).

Migration of hydrocarbon species at flat diamond 100(2 x 1)
and (111)1 x 1 surfaces has been studied at different levels of
theory,'>'®21723 whereas migration down a step edge has
received less attention. Recently, Richley et al. attempted to
describe the possible routes for a CH, species migrating down
step edges of diamond (100)2 x 1 and (111)1 x 1 terraces.** In
the present paper, for various species, the relation is examined
between their longer time scale behavior at diamond step
edges and the resulting film morphology. That is, we investi-
gate which C,H, species enhance the step-flow mechanism
and which C H,, species suppress that mechanism. If the step-
flow mechanism is enhanced by species with a high concentra-
tion above the growing film, the morphology will be expected
to be faceted (like NCD); if this mechanism is suppressed, a
ballas-like morphology (like UNCD) will be more probable.

The different gas-phase chemistry and concentration pro-
files of various C.H, species for both UNCD and NCD
growth conditions have been studied in detail.>* Calculations
of gas phase concentrations® and molecular dynamics (MD)
investigations of the reaction behavior of various hydrocar-
bon species at diamond surfaces®® demonstrate that C, C,H,,
Cs, and C4H, are the most important growth species for
UNCD growth within their C,H, series (x = 1—4).>% For
NCD, the more hydrogen rich species CH3, C,H,, C3H,, and
C4H, appear to be the most important growth species.

Classical MD simulations are a very powerful tool for the
simulation of crystal growth, since the dynamics of the system
(including chemisorption and desorption of atoms) are taken
into account.”’ Nevertheless, at maximum, the range of MD
simulations reaches the time scale of nanoseconds. Hence,
relaxation processes and diffusive events, which take place at
the microsecond time scale,”® cannot be simulated by means of
MD. Therefore, we coupled our MD model to the Metropolis
Monte Carlo (MMC) algorithm, such that combined MD-
MMC simulations can be carried out.*** The MD part of the
code answers for the simulation of particle impacts, whereas
the MMC part simulates the further evolution of adatoms at
the growing surface. The MMC algorithm was developed in
its original form in the 1950s.?" Its most important feature is
that no transition mechanisms need to be known or assumed
in order to simulate the longer time scale behavior of a system.
Indeed, for other Monte Carlo methods that were developed
for the simulation of crystal growth, e.g. the kinetic Monte
Carlo method, a catalogue of transition mechanisms has to be
composed.’>* Unfortunately, the completeness of this cata-
logue, and therefore the reliability of the simulations, depends
on the intuition of the scientist designing the catalogue. We
showed that when coupling the MMC method to an MD
code, the integral evolution of impacting species during thin
film growth can be followed.?>* This was also found by
others.>* In ref 29, we have shown that the calculation time of
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the MMC simulations was typically 1 order of magnitude
shorter than the calculation time of the longer time scale MD
simulations that were carried out for the verification of the
MMC simulations.* In a previous study, we examined the
behavior of hydrocarbon species at mono- and biradical sites
when stuck at flat diamond (100) and (111) surfaces.*® It was
concluded that, in contrast to the general assumption, C.H,,
species with x = 2 might play an important role during
the nucleation of new diamond layers.”® In a recent paper,
May et al. also suggest that other hydrocarbons than the C,H,,
species might affect the growth rate of (UYNCD.'* For that
very reason, more insight is requested into the role of various
hydrocarbon species, including C,H, species with x > 1. In
this paper, we present the results of a combined MD-MMC
study that intends unraveling the routes for hydrocarbon
species stuck to step edges.

Models and Methods

Construction of Step Edges. Different types of step edges for both
the diamond (100) and (111) terraces are possible. It needs to be
decided (i) which step height is simulated (e.g., single-layer or bilayer
step edges) and (ii) which geometry the vertical edges are composed of,
i.e., which crystal planes are juxtaposed between the upper- and
lower-lying terraces.

The current understanding of the step-flow growth mechanism
implies that diamond terraces are monatomic layers that are
pursued by the formation of bonds between a hydrocarbon species
at the step edge and the lower-lying diamond terrace.>> Never-
theless, besides single-layer step edges, bilayer gand higher) step
edges have also been observed experimentally.*® This might be
explained by the fact that, depending on the geometry of the step
edges, two terraces proceeding in the same direction do not grow at
the same rates.'>*> As a certain terrace catches up with its lower-
lying terrace, a bilayer step edge might be formed. As the proceeding
of diamond terraces is assumed to occur initially at the monatomic
height steps,'?37-3%38 only single-layer step edges are simulated in
the present investigation.

For both diamond (100) and (111) terraces, there are two
different single-layer step edges that can delimit the terraces; see
Figures 1 and 2. For diamond (100), the dimerization direction on
the upper terrace is either perpendicular or parallel to the step edge
(see Figure la and b, employing Chadi’s convention, indicated by
“Sa” and “Sg”, respectively’®). By means of scanning tunneling
microscopy experiments, Kawarada et al. have shown that growth
occurs preferentially at the Sp steps.’” Therefore, we chose to
simulate diamond (100) terraces that have boundaries of type Sg.

For diamond (111), the vertical plane can either be the (100) plane
or the (111) Iplane (see Figure 2a and b, “type A” and “type B”,
respectively'"). Larsson has shown that the adsorption of hydro-
carbon species at biradical sites (see below) is energetically more
favorable for type B;'! therefore, this geometry will be simulated.

The probability of two surface sites chosen at random both bein%
radicals; that is, they form a biradical site, is as low as 0.01.%
Nevertheless, as in previous investigations by others,'®?32* it is
assumed here that radicals stuck to a step edge with an adjacent
radical site might affect the growth of diamond to a great extent.
This assumption is supported by Monte Carlo calculations that
draw attention to the importance of biradical sites for the growth of
CVD diamond.'**!

Due to sterical effects at the step edges of diamond (111) terraces,
the adsorption of hydrocarbon species on the vertical edge is en-
ergetically more favorable than that at the lower terrace.!! Therefore,
at the biradical site, the chosen adsorption site for the investigated
hydrocarbon species is the vertical edge (see Figure 2c). Due to lack of
data of the adsorption energy for different sites at the diamond (100)
Sg step edge, we assume that the same sterical effects as for the case of
diamond (111) will favor adsorption at the vertical step edge; see
Figure Ic.

The structures that will be impacted by the species relevant for
UNCD and NCD growth have temperatures of 800 and 1100 K,
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Figure 1. Diamond (100) step edges. Hydrogenated “Sx” step edge (a) and “Sp” step edge (b).* In the present simulations, adsorbed hydro-
carbon species, e.g. CH,, at Sg step edges are investigated as indicated in part c; at the lower terrace, a surface radical (“dangling bond”) is
available (see text). For reasons of clarity, in part ¢, the middle atoms and bonds are colored black and the others gray, which is also done for the

graphics in the Results section.

Figure 2. Diamond (111) step edges. Hydrogenated “type A” step edge (a) and “type B” step edge (b).'" In the present simulations, adsorbed
hydrocarbon species, e.g. CHo, at type B step edges are investigated as indicated in part c; at the lower terrace, a dangling bond is available (see
text). For reasons of clarity, in part ¢, the middle atoms and bonds are colored black and the others gray, which is also done for the graphics in

the Results section.

respectively. Indeed, UNCD can be grown at substrate tempera-
tures as low as 800 K, whereas NCD is grown at 1100 K.* Therefore,
the simulation conditions for the UNCD and NCD species at the
step edges differ by the system temperature. The UNCD species (see
below) are investigated at a substrate temperature of 800 K, and the
NCD species (see below) at a substrate temperature of 1100 K. For
each of the two temperatures, two step edges have been constructed:
The step edge of a diamond (100)2 x 1 terrace (see Figure 1¢) and the
step edge of a diamond (111)1 x 1 terrace (see Figure 2¢). In this
way, four different input configurations for the MD simulations can
be distinguished. Before the impacts, the partially hydrogenated
diamond substrates contain 468 (diamond (100)2 x 1 terrace) and
448 (diamond (111)1 x 1 terrace) carbon atoms. The structures hold
additionally 50 and 70 H atoms, respectively. To prevent translation
of the cell due to momentum transfer of impacting species, the lower
two atomic layers (100 and 128 carbon atoms for diamond (100) and
(111), respectively) are kept fixed. In the +x- and +y-direction
(parallel to the terraces), periodic boundary conditions are applied.

Selection of the C H, Species. For the selection of hydrocarbon
species that will be investigated, the absolute number of sticking
events during the growth of UNCD and NCD is predicted. As an
approximation for the sticking coefficients of the C,H, species at
diamond step edges, we use values for flat diamond (100) and (111)
surfaces.?® Furthermore, May et al. presented the concentrations of
those species in ref 5. For UNCD, the product of concentration and
sticking coefficient is the highest for C,H, and Cs (~10'* cm ™),
followed by C3H,, C4H, (~10'3 em ™), C,H, and C (~ 102 cm ™).
For NCD, the product of concentration and sticking coefficient is
the highest for C;H, (~ 10" cm™), followed by CH; and C;H,
(~10"? cm™?). These species are investigated in the present study. In
addition, as CH, (through hydrogen abstraction of CH3) is thought
to play an important role during diamond growth,* CH, completes
the list of hydrocarbon species of interest. However, CH, is the only
investigated species originating from hydrocarbon abstraction of
another species, in order to keep the list of investigated hydrocarbon
species reasonable.

Simulation Model. In this section, the MD-MMC simulation
model is explained very briefly. All details of the MD-MMC model
can be found in refs 29 and 30. The term MD-MMC simulation

refers to simulations in which MD and MMC methods are
alternated. During one MD-MMC cycle, a hydrocarbon species
impacts a diamond structure, which is described by means of MD;
the further evolution at the surface is simulated by the MMC
method. In Monte Carlo simulations, the system evolves stochasti-
cally (i.e., based on random numbers), whereas MD simulations are
deterministic. In MD simulations, the atoms of the considered
system move based on Newtonian dynamics. During the simulation,
the positions and velocities of the atoms are calculated for each
discrete time step by integrating the equations of motion. In the MD
model, the interaction between the atoms is described by a potential
function.** Here, we apply the well-known Brenner potential, an
empirical potential function for hydrocarbon structures.** In con-
trast to other potential functions, this function describes well the
structure of diamond surfaces and the energetics of the reconstruc-
tion, in agreement with quantum mechanical calculations.*’

In MMC simulations, the system evolves entirely based on its
thermodynamic properties; that is, no activation barriers are taken
into account. One MMC simulation consists of a number of MMC
cycles. Ineach MMC cycle, one trial move is carried out: An atom or
a cluster of atoms is translated or rotated (the latter only applies to
clusters). Depending on the energy difference caused by the random
move, the trial move is accepted or rejected. If the potential energy
remains constant or decreases, the move is accepted. Otherwise,
the probability that the move will be accepted is derived from
Boltzmann’s occupation probabilities for the states of a canonical
ensemble;’! see below.

The validation of the MD-MMC model was accomplished by
comparing resulting configurations from the combined MD-MMC
simulations with longer time scale MD simulations®’ as well as by
the investigation of the insertion mechanism of CH, species into a
dimer at the diamond (100)2 x 1 surface.*

MD Part of the Model. First, the impacts of the hydrocarbon
species on diamond step edges are simulated by means of MD. All
simulations are carried out for the two step edges, i.e., the step edge
atdiamond (100)2 x 1 as well as the step edge at diamond (111)1 x 1.
Note that besides the different gas phase mixtures that are applied
for the deposition of UNCD and NCD (see above), different
substrate temperatures are applicable. Before the simulation of
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impacts, the substrate was thermalized by the Berendsen heat bath
at 800 and 1100 K, respectively (a very detailed description of the
thermalization can be found in ref 26). However, during the MD
part of the MD-MMC simulation, no further heat bath is applied;
that is, the system evolves freely.

In order to maximize the sticking probability, all simulated
impacts are normal to the terraces* and close to the dangling bond
at the vertical plane of the edge; that is, the initial position of the
impacting species in the {x,y}-surface is randomly chosen within 1 A2
of the dangling bond. The impacting species are initially placed at
a distance greater than the outer cutoff radius, thus at a z-value
for which the interaction energy between the surface and the species
can be neglected. As an estimation of the species’ translational,
rotational, and vibrational energies, we assume a gas temperature of
2120 K (as calculated for UNCD deposition®). All impacts are fol-
lowed for 2.0 ps. Once the MD integration time of 2.0 ps is reached, the
output configuration is subject to the starting MMC simulation.

MMUC Part of the Model. As soon as the MD simulation is
finished, the MMC part of the simulation is started. For each
species at each of the two step edges, 50 MMC simulations were
carried out to have some statistically justified outcome.

The MMC simulation starts with listing the atoms that will be
allowed to undergo trial moves in the MMC simulation. The
number of atoms that are explicitly considered in the simulation
of relaxation processes is restricted to the atoms that do not belong
to the crystalline phase,” i.e., the adatoms. For this investigation,
the atoms that have impacted the input structures during the MD
simulation, i.e., the atoms that are part of the investigated species,
are classified as adatoms. In order not to push the system into
a crystalline configuration, the list of adatoms is not modified
during one MMC simulation. However, the list of the adatoms is
only the first part of the list of movers. In analogy to other MC
approaches,*** the local environment of the adatoms is taken into
account: The neighbors of the adatoms are also allowed to be
displaced. Furthermore, in the list of movers, the adatoms are
stored both individually and as clusters (defined as adatoms con-
nected by chemical bonds). The clusters are stored twice in the list of
movers, accounting for both translation and rotation of the cluster.
In order to take the changes due to the trial moves into account, the
neighbors and clusters of adatoms are re-evaluated after every
accepted move.

During each MMC cycle, one member of the movers list is chosen
randomly. If the mover is an atom, a randomly chosen (x,y,z)-
displacement will be determined. For each dimension i, the transla-
tion is calculated as follows:?%3! Omax.((2rand; — 1.0), where Opmax.;
represents the maximum displacement in the considered direction
and rand;is a random number € [0,1]. The values of Omax v and Omax,y
are equal to 2.8 A for both the diamond (100) and (111) surfaces,
whereas the value of 0y, - equals 0.6 A and 0.8 A for diamond (100)
and (111), respectively.”’

When a cluster is chosen from the movers list, it has to be decided
whether the chosen cluster will be rotated or translated (with each a
probability of 50%). A trial translation of the cluster is carried out
as explained above; that is, all adatoms that are part of the cluster
are displaced by the same random translation. However, if the trial
move is a rotation, the cluster is rotated by a random rotation angle
about an arbitrary axis. This axis is constructed through the crystal-
line atom to which the cluster is bound, i.e., a crystalline atom.*

When the trial configuration is determined, the potential energy
difference AE,,,—.,, between the original configuration 2 and the trial
configuration n is calculated: AE,—, = E, — E,,. The trial config-
uration is accepted, if the energy decreases due to the trial move or
remains constant. If the energy increases, the transition probability
has to be calculated. This probability is derived from the Boltzmann
distribution function for the occupation probability P; for a state
i of a canonical ensemble at temperature 7,*

1 : . . .
P = ~ e Li/ksT yith the partition function
Z =3 enHmT (M
J

E, represents the energy of state i, kg represents the Boltzmann
constant, and j runs over all states of the canonical ensemble. The
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probability of the transition from state m to a higher energy state
n, P,—,, is now calculated by the ratio of the occupation proba-
bilities P,, and P,:*!

Py = ¢~ AEy —,[ksT 2)

It is now decided by a random number rand; € [0,1] whether the
transition to the higher energy state is accepted or not: For rand; >
P,,—,, the trial move is rejected. Otherwise, it is accepted.

After 10°—~10° MMC cycles, the number of adjacent rejected
moves equals half the number of all trial moves that have been
carried out, and the simulation is forced to stop,29

Results and Discussion

After the MD simulation of the impacting hydrocarbon
species, all stuck hydrocarbons have one bond with the sur-
face (as shown in Figures 1c and 2c). At flat diamond surfaces,
this is the most probable configuration for substrate tempera-
tures between 800 and 1100 K.>® However, Perry et al. find
by means of classical M D simulations that, for impacting C,H,
species on diamond (111) type B step edges at a system
temperature of 1250 K, the probability is quite high that a
second C—C bond is formed to the dangling bond at the lower-
lying terrace.'® The lower temperatures that are applied in our
simulations might explain why we do not observe the forma-
tion of a second C—C bond within the M D integration time, but
only when applying the MMC simulations, as shown below.

In Tables 1—4, the resulting configurations together with the
corresponding probabilities from the MMC simulations are
presented. Here, it needs to be noted that the formation of new
carbon 6-rings pursues the diamond structure, thereby extend-
ing the upper terrace. At the diamond (100) step edge, the bond
formation between the dangling bond at the lower-lying
terrace and the first carbon adatom bonded to the step edge
results in a carbon 6-ring. At the diamond (111) step edge,
however, two carbon adatoms have to bridge the step edge and
the dangling bond at the lower lying diamond terrace, in order
to pursue the diamond structure. The formation of other C—C
bonds that bridge the upper- and lower-lying terrace results in
nondiamond bonds, i.e., defects at the step edges.

In the following, the resulting configurations from the
MMC simulations are discussed first for the species important
for UNCD growth, followed by the discussion of the results
for the species important for NCD growth. Furthermore, we
expound the implications for the growth of UNCD and NCD.

C.H, Species Important for UNCD Growth. In Tables 1
and 2, the resulting structures for the species important for
UNCD growth are presented for the diamond (100) and
(111) terraces, respectively, accompanied by the correspond-
ing probabilities.

From Table 1, it can be seen that all investigated species
important for UNCD growth are capable of pursuing the
upper terrace at the diamond (100) step edge (i.e., the
probability of 6-ring formation is greater than 0.00 for all
cases). The species that are the most probable of extending
the diamond (100) terrace (with a probability higher than
0.7) are C and C,H. The other species form new carbon
6-rings with a probability between 0.2 and 0.4, except for
C;3H, (which has a probability of only 0.02 to pursue the
diamond lattice). As the probability of 6-ring formation
decreases (down the table), the probability that other C—C
bonds are formed (i.e., defect formation) increases: As is
clear from the third column of Table 1, C3H, has the highest
probability of defect formation (0.96). The configurations
presented in the third column contain bridging C—C bonds
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Table 1. Reaction Mechanisms of C.H,, Species Important for UNCD Growth Occurring at Step Edges Delimiting Diamond (100) Terraces”

“In the left column, the input configuration is shown. In the other columns, the resulting configurations calculated from 50 MMC simulations are
shown: In the second column, the configuration of the carbon 6-ring, which is the essential step in the diamond growth, is shown, together with its relative
occurrence (Probability) and energy decrease (AE) due to the configuration change. The energy decrease is calculated as the average energy decrease for the
resulting configurations with the same C—C bonding structure, with respect to the energy configurations that do not exhibit bond changes after the MMC
simulation. For completeness, the numbers within the parentheses correspond to the values that apply to the displayed structures (with its specific C—H
bonding structure). In the third column, the most probable of the other resulting configurations with changed C—C bonds is displayed, together with the
probability of C—C bond changes different from the formation of carbon 6-rings. In the fourth column, the configuration after migration onto the lower-
lying terrace is shown (if observed), together with its formation probability and energy difference. The probability that no new bonds are broken or formed
is given in the rightmost column. The species are sorted from top to bottom of the table by decreasing probability of carbon 6-ring formation.

between the upper- and lower-lying terrace, all resulting in dangling bond at the lower-lying terrace). CoH is thus the
carbon 7-rings, except for C (which forms a bond with a only species that does not contribute to defect formation at
neighboring carbon atom at the step edge) and C,H, (which the step edge.

abandons one H atom to the dangling bond; that is, the In the fourth column of the table, the probability of

resulting structure consists of C,H and the passivated migration to the lower terrace is presented. Note that the
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Table 2. Reaction Mechanisms of C.H,, Species Important for UNCD Growth Occurring at Step Edges Delimiting Diamond (111) Terraces”

“In the left column, the input configuration is shown. In the other columns, the resulting configurations calculated from 50 MMC simulations are
shown: In the second column, the configuration of the carbon 6-ring, which is the essential step in the diamond growth, is shown, together with its relative
occurrence (Probability) and energy decrease (AE) due to the configuration change. The energy decrease is calculated as the average energy decrease for
the resulting configurations with the same C—C bonding structure, with respect to the energy configurations that do not exhibit bond changes after the
MMC simulation. For completeness, the numbers within the brackets correspond to the values that apply to the displayed structures (with its specific
C—H bonding structure). In the third column, the most probable of the other resulting configurations with changed C—C bonds is displayed, together
with the probability of C—C bond changes different from the formation of carbon 6-rings. In the fourth column, the configuration after migration onto
the lower-lying terrace is shown (if observed), together with its formation probability and energy difference. The probability that no new bonds are
broken or formed is given in the rightmost column. The species are sorted from top to bottom of the table by decreasing probability of carbon 6-ring
formation.



Article

Crystal Growth & Design, Vol. 10, No. 9, 2010 4129

Table 3. Reaction Mechanisms of C.H,, Species Important for NCD Growth Occurring at Step Edges Delimiting Diamond (100) Terraces”

“In the left column, the input configuration is shown. In the other columns, the resulting configurations calculated from 50 MMC simulations are
shown: In the second column, the configuration of the carbon 6-ring, which is the essential step in the diamond growth, is shown, together with its relative
occurrence (Probability) and energy decrease (AE) due to the configuration change. The energy decrease is calculated as the average energy decrease for the
resulting configurations with the same C—C bonding structure, with respect to the energy configurations that do not exhibit bond changes after the MMC
simulation. For completeness, the numbers within the brackets correspond to the values that apply to the displayed structures (with its specific C—H
bonding structure). In the third column, the most probable of the other resulting configurations with changed C—C bonds is displayed, together with the
probability of C—C bond changes different from the formation of carbon 6-rings. In the fourth column, the configuration after migration onto the lower-
lying terrace is shown (if observed), together with its formation probability and energy difference. The probability that no new bonds are broken or formed
is given in the rightmost column. The species are sorted from top to bottom of the table by decreasing probability of carbon 6-ring formation.

term migration refers only to configurations that include a
bond of the species under study to the lower lying terrace,
and no longer a bond to the upper lying terrace. Other
configurations, including bridging configurations that exhi-
bit bonding of the species to the lower lying terrace as well as
to the upper lying terrace, are held within the other columns.
The migration mechanism is observed only for C;H and
C,H, with a low probability (0.02 and 0.16, respectively;
see Table 1).

At the diamond (100) step edge, the probability is very low
that the bonding connectivity does not change under the
influence of the MMC simulation (<0.04; see the rightmost
column of Table 1). This implies that the investigated species
all have a high probability to undergo relaxation events.

As was discussed in ref 30, we see here that as the proba-
bility of 6-ring formation decreases (downward the tables),
no clear trend regarding the energetics can be observed: The
energetics of the formation of carbon 6-rings and other
structures do not imply which resulting structure is favored.
This implies that it is not the minimum energy configuration
that determines the resulting structure but the configuration

space during the MMC simulation. We therefore encourage
calculations at a higher level of theory that are not confined
to thermodynamical data of adsorbed C.H, species but
include kinetic information as well.

In Table 2, the results for the species important for UNCD
growth at the diamond (111) step edges are presented. We can
see that the species do not pursue the diamond lattice at the
diamond (111) step edge to the same extent as at the diamond
(100) step edge: The species that are the most capable of
extending the diamond (111) terrace are C;H and C3H,, witha
probability of 6-ring formation of only 0.34 and 0.30, respec-
tively. The other species contribute to the extension of the
(111) terrace with a probability of less than 0.2. Furthermore,
when comparing to the (100) step edge, it is much more
probable that no bonds are broken or new bonds are formed,
as appears from the last column (see Table 2): for example,
C,H; has a probability of 0.76 to stay in the configuration that
was obtained by the MD simulation. The difference of the
reactivity at the diamond (100) and (111) terraces provides an
atomic scale explanation for the different growth rates of the
terraces (as will be discussed below).



4130 Crystal Growth & Design, Vol. 10, No. 9, 2010

Eckert et al.

Table 4. Reaction Mechanisms of C.H,, Species Important for NCD Growth Occurring at Step Edges Delimiting Diamond (111) Terraces”

“In the left column, the input configuration is shown. In the other columns, the resulting configurations calculated from 50 MMC simulations are
shown: In the second column, the configuration of the carbon 6-ring, which is the essential step in the diamond growth, is shown, together with its relative
occurrence (Probability) and energy decrease (AE) due to the configuration change. The energy decrease is calculated as the average energy decrease for the
resulting configurations with the same C—C bonding structure, with respect to the energy configurations that do not exhibit bond changes after the MMC
simulation. For completeness, the numbers within the brackets correspond to the values that apply to the displayed structures (with its specific C—H
bonding structure). In the third column, the most probable of the other resulting configurations with changed C—C bonds is displayed, together with the
probability of C—C bond changes different from the formation of carbon 6-rings. In the fourth column, the configuration after migration onto the lower-
lying terrace is shown (if observed), together with its formation probability and energy difference. The probability that no new bonds are broken or formed
is given in the rightmost column. The species are sorted from top to bottom of the table by decreasing probability of carbon 6-ring formation.

Perry et al. have simulated impacts of hydrocarbon
species, including C,H, on the diamond (111) type B step
edge by means of classical MD.'® For a system temperature
of 1250 K and a MD integration time of less than 1.0 ps, they
find that only 3% of the adsorbed species form a carbon
6-ring by bridging the step edge and dangling bond at the
lower-lying terrace.'® Since we calculate that the probability
of 6-ring formation is 0.34, we can conclude that the exten-
sion of a diamond (111) terrace by C,H is a relaxation
process that cannot be observed within less than 1.0 ps (as
simulated by Perry et al.'®) or, as in our case, within 2.0 ps,
using an MD simulation code. This demonstrates that the
inclusion of longer time scale events is necessary when
simulating the growth of crystalline structures.

At the diamond (111) step edges, defect formation occurs by
the formation of carbon 5-rings (see third column), i.e., by one

bridging adatom between the upper- and lower-lying terraces.
No carbon 7-rings are observed, as in the case of the diamond
(100) step edges.

The results for the species important for UNCD growth
(Tables 1 and 2) show that the behavior of the C,.H, species is
highly dependent on the structure of the step edge: In
contrast to the diamond (100) step edge, where C is the most
probable species to form carbon 6-rings, this species has the
highest probability to form carbon 5-rings (i.e., defects) at
the diamond (111) step edge. Furthermore, C;H, contributes
to the extension of the diamond structure in the case of
the diamond (111) step edge, as distinct from the diamond
(100) step edge, where C3H, forms defects with a very high
probability.

Migration of hydrocarbon species down the step edge
delimiting the diamond (111) terrace is, as in the case of
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diamond (100) step edges, not very probable: This mecha-
nism is observed for C,H, C;, and C with a probability of
0.26, 0.06, and 0.04, respectively. Migration of species down
a step edge is thus a minor process during UNCD growth.

C.H, Species Important for NCD Growth. The results for
the species important during NCD growth when stuck to
step edges of the diamond (100) and (111) terraces can be
found in Tables 3 and 4, respectively. For the step edge at the
diamond (100) terrace (see Table 3), CH, has the highest
probability (0.86) to pursue the diamond crystal structure.
Note that it is again a C;H, species that has the highest
probability to contribute to the extension of the diamond
(100) terrace, as in the case of UNCD growth. Besides CH,,
C,H, is the only species that is able to form new carbon
6-rings at the diamond (100) step edge (with a probability
of 0.46). At the diamond (111) terrace, however, it is C3;H,
that has the highest probability to pursue the diamond
structure (see Table 4). Similar to the species important for
UNCD growth, the probabilities for the formation of carbon
6-rings are significantly smaller for the diamond (111) step
edges (see Table 4) than those at the diamond (100) terrace
(see Table 3): CsH, and CH,, the species that are the most
probable to extend the diamond (111) and (100) terrace,
respectively, have 6-ring formation probabilities of 0.34 and
0.86, respectively. In addition, C,H,, which is able to pursue
both the diamond (100) and (111) terrace, is less important
for the extension of the diamond (111) terrace than for
the diamond (100) terrace; the probabilities to form carbon
6-rings at the step edges have values of 0.14 and 0.46, respec-
tively. As already mentioned above, Perry et al. have simu-
lated impacts of C H,, species on diamond (111) type B step
edges.'® Of 1000 simulated MD collisions, they found that
38 impacts of C,H, resulted in chemisorption; 28 of these
38 (74%) chemisorbed C,H, subsequently desorbed, and
10 remain stuck within the simulation time.'® Of those stuck
C,H, clusters, 9 C,H, molecules (i.c., 24% of the 38 initial
chemisorptions) bridge the step edge, resulting in a new
carbon 6-ring. Only one (2% of the 38 initial chemisorptions)
of the stuck C,H, clusters remains bonded by only one C—C
bond to the step edge. Note that all mechanisms described by
Perry et al. (formation of a carbon 6-ring, desorption off the
step edge, and remaining stuck by one C—C bond to the step
edge) are reproduced by our simulations, as shown in Table 4.
The probabilities of the resulting configurations we calcu-
lated, however, differ from those that were calculated by
Perry et al.'® This might be due to the fact that the simulation
conditions differ; that is, we apply lower system temperature
(800 and 1100 K vs 1250 K).

The formation of a carbon 6-ring by C,H, at the diamond
(111) step edge is also predicted by Larsson by means of
DFT calculations:'" indeed, the confi guration containing the
carbon 6-ring is the configuration with the greatest energy
decrease with respect to the starting configuration (—5.15¢eV;
see Tables 2 and 4).

The formation of defects by the species important for
NCD growth is only seen for C3H, (when adsorbed to a
diamond (100) step edge; see Table 3) and for CH, (when
adsorbed to a diamond (111) step edge; see Table 4). The
probability of defect formation in the case of C3H, at the
diamond (100) step edge at a temperature of 1100 K (0.96; see
Table 3) is comparable to the probability at 800 K (0.98; see
Table 1). The probability of defect formation by a C,H,
species at the diamond (111) step edge is however much lower
for the hydrogen richer species important for NCD growth;
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that is, compare the 5-ring formation probabilities of CH,
(0.02; see Table 4) and C, which is important for the growth
of UNCD (0.94; see Table 2). Indeed, as more hydrogen
atoms are bonded to a carbon atom, the free electrons of that
carbon adatom are more shielded from the dangling bond at
the surface, which lowers the reactivity.”®

For CH, at the diamond (111) step edge, Perry et al. do not
report the formation of a carbon 5-ring,'® whereas Larsson
predicts the formation of that second C—C bond by means of
DFT calculations.'" Indeed, according to the results pre-
sented in Table 4, the second C—C bond formation (defect
formation) results in the configuration with the lowest
energy. Therefore, it must be an infrequent event that is
not seen when applying MD but only when considering the
longer time scale evolution of the system.

Migration of C,H, species from the upper- to the lower-
lying terrace is seen for only one case: CH, at the diamond
(100) step edge. Richley et al. have described this migration
of CH, by means of hybrid quantum mechanical/molecular
mechanics calculations.®® They have calculated the energy of
the configuration containing the carbon 6-ring (which is
considered to be the intermediate of the migration from the
upper- to lower-lying terrace) and the energy of the resulting
configuration, i.e., CH, at the lower-lying terrace. The
relative order of the energetics corresponds remarkably well
to our calculations: With respect to the initial configuration,
i.e., CH, adsorbed at the step edge, the energy decrease due
to the carbon 6-ring formation is calculated to be —3.76 eV>*
and —2.49 eV (present investigation; see Table 3); the energy
decrease when fully migrated to the lower-lying terrace is
calculated to equal —1.03 eV**and —0.43 eV (present investi-
gation; see Table 3). As pointed out by other authors,'" the
quantitative predictions made using the Brenner potential
must be interpreted with caution; nevertheless, qualitative
agreement between the energetic order of configurations
predicted by DFT and the Brenner potential was reported
as well."!

Similar to the species important for UNCD growth, the
probability for migration of CH, is rather low (0.06; see
Table 3), which allows us to state that migration down a step
edge is in general a minor process during CVD diamond
growth.

Implications for the Growth Regimes of UNCD and NCD.
In Tables 5 and 6, the species that affect the growth of
terraces the most distinctly through either extension or defect
formation at step edges are summarized. Besides their prob-
abilities of 6-ring and defect formation, the concentrations of
the species close to the surface are presented, i.e., their
concentrations at 1 mm from the surface as found in ref 5.
Since the temperature gradient is high close to the surface,
the concentrations reported in ref 5 and the concentrations at
the surface can be expected to differ from each other. In ref
50, the concentrations at 0.5 mm are presented, which should
approach the concentrations at the surface to a better extent.
However, as the concentrations of C3H,, and C3H, species
are only reported at 1 mm distance, and in order to maximize
the comparability of the CH, species, the values from ref 5
are presented in Tables 5 and 6. Note, however, that the
order of magnitude of the concentrations is constant for the
two distances from the surface for all C;H, and C,H,, species,
except for C,H, in the case of the NCD growth condition:
C,H, has a concentration 0f2.96 x 10'®cm > at 0.5 mm, i.e.,
a concentration that is 100 times higher than that at a
distance of 1 mm.
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Table 5. Summarizing Table with the Species Important for UNCD
Growth That Have the Highest Probabilities of 6-Ring Formation (Pg_ring)
and Defect Formation (Pgegect)”

UNCD Species That Contribute to the Step-Flow Mechanism

terrace species Pé.ring conc (cm73)
(100) C 0.96 2.12% 102
C,H 0.74 9.15% 102
(111) C,H 0.34 9.15x 102
CsH, 0.30 3.63 % 10"
UNCD Species That Form Defects
terrace species Pctect conc (cm_3)
(100) C;H, 0.96 3.63x 1013
Cs 0.70 1.80 x 10
(111) C 0.94 2.12 % 102
Cs 0.88 1.80 x 10"

“Their concentrations in the gas phase near the growing diamond
surface, as calculated in ref 5, are given as well.

Table 6. Summarizing Table with the Species Important for NCD Growth
That Have the Highest Probabilities of 6-Ring Formation (Pg_,ing) and
Defect Formation (Pgefect)”

NCD Species That Contribute to the Step-Flow Mechanism

terrace species Péting conc (cm73)
(100) CH, 0.86 1.34 x 10'* (CH5)
C-H, 0.46 2.26 x 10
(111) C;H, 0.34 2.32x 102
C,H, 0.14 2.62 x 101
NCD Species That Form Defects
terrace species Petect conc (cm73)
(100) C;H, 0.98 2.32 % 10"
(111) CH, 0.02 1.34 x 10"3 (CH;)

“Their concentrations in the gas phase near the growing diamond
surface, as calculated in ref 5, are given as well.

The C.H, species which are important for UNCD growth
and very probable to cause a defect at a diamond step edge
(i.e., C3H; and Cj; see Table 5) have high concentrations: C;
has a probability of >0.70 to form a defect at the step edges of
both diamond (100) and (111), and it has a concentration of
1.80 x 10" cm ™3 close to the surface of the growing UNCD
film.®> The same is true for C3H, at the diamond (100) step
edge; the probability of defect formation equals 0.96, and its
concentration is rather high (3.63 x 10"* cm ™). On the other
hand, C and C,H, which contribute to the step-flow mecha-
nism at a growing diamond (100) terrace through the for-
mation of 6-rings with a probability of >0.7, however, have
lower concentrations close to the growing film (~10'% cm™3;
see Table 5). For diamond (111) terraces, only one of the
species that contribute the most to the extension at the step
edges, C3H,, has a moderate concentration (3.63 x 103
cm ). Nevertheless, its probability of 6-ring formation is
low (0.30; see Table 5).

When examining the resulting structures of the species
important for NCD growth (Tables 3 and 4), it can be seen
that there is only one case for which defect formation is
observed with a high probability: C3H, at the diamond (100)
step edge (see Table 6). Note that the concentration of C3H,
is rather low (2.32 x 10'? cm™*) compared to those of C,H,
(2.62 x 10" cm > at 1 mm above the surface, or even 2.96 x
10" cm ™2 at 0.5 mm above the surface)™>® and CH; (1.34 x
103 em™?),> which both contribute to the extension of the
diamond structure when adsorbed to the diamond (100) step
edges (see Table 6).
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Furthermore, for C,H,, which is the C,H,, species with the
highest concentration above the growing UNCD film, car-
bon 6-rings are not the dominant resulting structure when
adsorbed to the step edges: C,H, has a concentration of
1.68 x 10" cm™* but forms carbon 6-rings at the diamond
(100) and (111) step edges with probabilities of only 0.32 and
0.14, respectively (see Tables 1 and 2). During the growth of
NCD, the species with the highest concentration above the
surface is also CoH5 (2.62 x 10" cm™ at 1 mm above the sur-
face, or even 2.96 x 10'® ¢cm™> at 0.5 mm above the sur-
face); > the contribution of C,Hj to the step-flow mechan-
ism at the (100) step edge increases to 0.46 (see Tables 3
and 6). However, the probability of 6-ring formation re-
mains constant (0.14) for the diamond (111) step edge (see
Tables 4 and 6).

In summary, the different morphologies of UNCD and
NCD films can be related to the ability of their growth
species to contribute to the step-flow growth mechanism.
Indeed, near the growing diamond surface, the concentra-
tions of the UNCD growth species that could extend dia-
mond terraces through the step-flow growth mechanism are
relatively low. Additionally, a number of UNCD growth
species that cause defect formation with a high probability
have a relatively high concentration above the growing
UNCD film. The species that are present above the growing
UNCD film will thus confine diamond growth through the
extension of step edges. In that manner, it can be expected
that the step-flow growth mechanism is of no great impor-
tance for UNCD growth; in the limit, it will be absent during
UNCD growth. Note, however, that the absence of the step-
flow mechanism during UNCD growth would not imply that
no diamond growth occurs at all; as was shown in ref 30, the
applied plasma for UNCD growth contains hydrocarbon
species that enable the propagation of the diamond structure
at flat diamond surfaces. The contribution of the step-flow
mechanism could be quantified by implementing it into more
macroscopic growth models, e.g. the kinetic MC model by
May and Mankelevich.'* For the growth species of NCD,
the opposite is true: The species that enhance the extension of
diamond terraces, i.e., that contribute to the step-flow
mechanism, have high concentrations. Moreover, the species
that form defects with a high probability at the step edges
(i.e., C3H,) have a relatively low concentration above the
surface of the growing film. In that manner, the species
present in the plasma that is applied for NCD growth
promote the formation of well-faceted diamond crystals.

As can be concluded from Tables 5 and 6, the C,H, species
are not the only species that contribute to film growth.
Although the configuration of species stuck to step edges
during UNCD growth turned out to be doubtable, for
UNCD, C3H, and C; may be of great importance through
defect formation at step edge resembling surface shapes. For
NCD, C,H,, which has a high concentration above the
growing surface, is quite probable to play an important role
in the step-flow mechanism, together with CH,. Taking the
recent doubts about the importance of the 5-scission reaction
during (U)NCD growth into account,'# it can be stated that
the growth model of UNCD and NCD should not be
restricted to C;H, species. Therefore, we encourage the
investigation of reaction pathways of C,.H,, with x = 2 when
stuck to diamond step edges at a higher level of theory.

As discussed above, the growth of diamond through the
extension of terraces is more probable for diamond (100) terraces
than for diamond (111) terraces. Whereas the probability of
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6-ring formation at the diamond (100) step edge is > 0.8 for
the most reactive species, all 6-ring formation probabilities at
the diamond (111) step edge are <0.4. This theoretical
observation covers the experimentally known fact that the
thicker a growing CVD diamond film becomes, the greater is
the relative amount of diamond (100) facets.”' At maximum,
the film surface is completely covered with (100) facets.>!

Conclusions

In the present paper, we investigated the behavior of
hydrocarbon species at step edges of diamond terraces by
means of a combined MD-MMC approach. The MD part of
the model accounts for the simulation of impacting hydro-
carbon species onto the diamond structure, and the MMC
part simulates the slower relaxation events.

Two types of step edges were considered: The “Sg” step edge
delimiting a diamond (100) terrace, and the “type B” step edge
at the diamond (111) terrace. Only biradical sites at the step
edges were considered; that is, the behavior of the hydrocarbon
species when stuck to the vertical plane of the step edge with
one dangling bond present at the lower-lying terrace. The
investigated species are selected based on their concentra-
tions close to the surface in combination with their sticking
coefficients.

For the species important for UNCD growth, it is shown
that all species are capable of pursuing the upper-lying terrace
(except for C at the diamond (111) step edge). For the
diamond (100) terrace, C and C,H are the species that are
the most probable (probability > 0.7) to extend the diamond
structure. At the diamond (111) step edge, CoH and C;H,
have the highest probability to pursue the terrace (0.34 and
0.30, respectively). Of the species that are the most important
for NCD growth, CH, and C,H, are capable of contributing
to the extension of the diamond (100) terrace. For the
diamond (111) terrace, those species are C3H, and C,H,. As
for the UNCD growth conditions, the probabilities for the
extension of the diamond (100) terrace are much higher than
those for the diamond (111) terrace. This theoretical predic-
tion is in full agreement with the experimental observation
that diamond (100) facets are more favored than diamond
(111) facets during the growth of CVD diamond.

The main conclusion of this investigation is that the differ-
ent growth regimes of UNCD and NCD can be related to the
gas phase concentrations of CH,, species in a new fashion: we
attempt to explain the formation of ballas-like diamond films
(UNCD) by the suppression of the step-flow growth mecha-
nism. During CVD diamond growth, this mechanism is
believed to cause the growth of well-faceted CVD diamond
films such as NCD. The species that are important for the
growth of UNCD have high probabilities to form defects at
the step edges. During UNCD growth, those species are
present in high concentrations above the growing film. The
gas phase species above the growing UNCD film will thus
restrict the extension of diamond terraces at the step edges;
that is, the step-flow growth mechanism will not play a major
role in the growth of UNCD or will even not be valid for the
growth of UNCD. For NCD, the opposite is true: The species
that enhance the extension of diamond terraces have high
concentrations, whereas the species that preferentially form
defects are present in lower concentrations above the growing
film; the step-flow growth mechanism will thus play an
important role during NCD growth, resulting in the typical
well-faceted diamond crystals.
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Of the species important for UNCD growth, the C;H,,
species are shown to be very reactive. For NCD, C,H,, besides
CHo,, is predicted to be important for the extension of dia-
mond terraces. Therefore, the growth model of UNCD and
NCD should be extended by CH, species with x > 2, on
condition that the behavior or these species is investigated at a
higher level of theory.
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