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Hydrogen radical attacks and subsequent hydrogen migrations are considered to play an important
role in the atomic-scale mechanisms of diamond chemical vapour deposition growth. We perform a
comprehensive analysis of the reactions involving H-radical and vacancies on H-passivated diamond
surfaces exposed to hydrogen radical-rich atmosphere. By means of first principles calculations—
density functional theory and climbing image nudged elastic band method—transition states related
to these mechanisms are identified and characterised. In addition, accurate reaction rates are com-
puted using variational transition state theory. Together, these methods provide—for a broad range
of temperatures and hydrogen radical concentrations—a picture of the relative likelihood of the
migration or radical attack processes, along with a statistical description of the hydrogen coverage
fraction of the (100) H-passivated surface, refining earlier results via a more thorough analysis of
the processes at stake. Additionally, the migration of H-vacancy is shown to be anisotropic, and
occurring preferentially across the dimer rows of the reconstructed surface. The approach used in
this work can be generalised to other crystallographic orientations of diamond surfaces or other
semiconductors.
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I. INTRODUCTION

For decades, studies have shown that hydrogen plays a
central role during diamond growth by means of chemical
vapour deposition (CVD).[I] Numerous authors posited
that its importance lies in etching away graphitic forms of
carbon, leaving the diamond intact.[2] However, this de-
scription of hydrogen effects on diamond growth remains
incomplete as it disregards its possible importance as a
surface site activator for both fully passivated and bare
surface dimers. This uncertainty, related to the role of
hydrogen radical attack, also originates from the lack of
consensus among early studies showing either a large bar-
rier or no barrier at all for the desorption of hydrogen via
radical attack of H. It was either claimed to be the most
difficult reaction to overcome at CVD conditions, mak-
ing it the limiting reaction of the diamond growth,[3H6]
or suggested to occur spontaneously by other authors.[7]
According to more recent work, [8, [9] neither assumptions
are correct. Indeed, considering a (100)—(2x1):H dia-
mond surface (known to reconstruct along dimer rows
[I0HI2]), these studies showed that energy barriers en-
countered during the carbon insertion into the surface
dimers is substantially larger than that of a hydrogen
reaction activating the surface. In contrast, the work
presented here focuses more on the conditions that trig-
ger the growth rather than on the growth itself. As a
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consequence, our investigations of the migrations are re-
stricted to the movement of vacancies on a surface with
no terrace-like features since movement near terraces is
rather a matter of further growth from a nucleated seed.

Building on the most recent studies [8, O] which in-
vestigate reaction paths in terms of energy barriers, our
work focuses on the calculation of the reaction rates and
includes the ab-initio calculation of the exponential pref-
actors, which allows for an even broader picture of the
atomic-scale mechanisms taking place on diamond sur-
faces. As a matter of fact, this approach is more ap-
propriate to derive statistical properties and to further
investigate the growth by means of macro-scale mod-
elling, for instance by implementing the findings in de-
tailed and semi-detailed chemistry models available for
CVD processes[13] [14].

The CVD growth of diamond relies on complex inter-
actions between diamond surface and gas phase species in
the chamber. In the context of lab-grown diamond, the
gas phase plays a crucial role (concentration and type
of different molecules and radicals). Since the present
study focuses on hydrogen-related reaction on diamond
surface and not on the kinetics governing the gas phase,
we initially assume a representative molar concentration
of 1% of hydrogen radical H and 99% of molecular hy-
drogen Hy.[I5] It allows to accommodate for the presence
of gas phase radical and molecules, whereupon we dis-
cuss how the radical-to-molecule ratio influences macro-
scopic properties such as the hydrogen surface coverage
of the diamond surface. This specific property has al-
ready been investigated elsewhere,[16] but to the best of
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our knowledge, most studies (e.g. [I7, [18]) investigat-
ing the macroscopic effect of hydrogen-related reactions
on diamond (100) surfaces directly or indirectly refers
to early measurement of the reaction rate for hydrogen
ad/desorption.[I9] Given that the sample used in this ex-
periment seems to be an abrasive or cutting disk for me-
chanic purposes, it is difficult to conclude on the reaction
rate coefficient value of a single particular reaction due
to low sample purity and uncertainties about its precise
crystalline structure.

This work aims at providing a broad view of the mech-
anisms involved in these interactions through accurate,
atomic-scale descriptions of the energy and geometri-
cal configurations of the transition states (TS) of the
different chemical reactions driving the early stages of
the diamond growth. Using state-of-the-art numerical
methods—density functional theory (DFT) [20} 2I] along
with the (climbing image) nudged elastic band, (¢)NEB,
[22]—we compute geometries, energies and vibrational
spectrum of the initial, final and transition states of gas-
surface interactions. During these reactions, the dis-
tances between molecules (or radicals) and the surface
vary from about 1 to 5 A. To characterise a given reac-
tion, it is essential to describe the intermediate configura-
tions with high accuracy. Therefore, we also investigate
the role of van der Waals (vdW) interactions on the en-
ergy barriers by considering different long-range energy
correction schemes to the DFT calculations.

Our analysis focuses on hydrogen desorption via hy-
drogen radical attack, hydrogen radical recombination
with surface radical sites and migration of H-vacancies
on (100) H-passivated diamond surfaces. We assume the
surfaces to be exposed to a gas mixture of molecular (Hy)
and radical (H") hydrogen generated by means of a mi-
crowave plasma or a hot filament. The interactions of
methyl radicals and other gas-phase carbonaceous species
is considered to be outside of the scope of the current
work, yet being an interesting subject for future research
through an extension of the present methodology to these
species.

This article is structured as follows; in section [[I] the
numerical methods and the system modelling are intro-
duced and the influence of different vdW dispersion cor-
rections on the calculated energy barriers is presented
in Table[l] This is followed by an in-depth investigation
of the hydrogen adsorption and desorption processes in
sections [[TT A}, [[ITB| and [[ITC] with an emphasis on the
geometric description of the T'Ss. Using the reaction rate
coefficients of the gas-surface reactions listed in Table [T}
the surface coverage of activated sites is discussed in sec-
tion[[ITD] The possibility for hydrogen migration and dif-
fusion either between radical sites on a H-passivated sur-
face or between radical sites on a clean surface are then
investigated in sections [[ITF| and [ITG} and an overview
of the reaction rate coefficients (forward and backward
direction) for these surface reactions is provided in Table
[ Finally, accurate reaction rate coefficients for the dif-
ferent mechanisms are calculated, allowing to determine

the equilibrium outcome of the competing phenomena.
Such an assessment is crucial to determine the effective
best conditions to grow CVD diamond upon implemen-
tation of our findings in existing or future kinetic models.

II. MATERIALS MODELLING AND
COMPUTATIONAL METHODS

To model a two-dimensional infinite diamond surface,
we first account for the 2x1 reconstruction along dimer
rows. However, depending on the number of layers of
the slab, dimer rows on both surfaces may be oriented
parallel or perpendicular to one another. We therefore
consider an even repetition of the surface along both z
and y directions and we represent the diamond surface
using a periodic 4x4x11 slab model containing 176 C
atoms and 32 H atoms passivating the surface (Fig. [1).
In the Supplementary Information, we show that eleven
carbon layers and a vacuum distance of 10 A between
periodic repetitions of the slab along the z-direction is
sufficient to achieve convergence of the surface energy.

As this work focuses on the reactions happening on the
diamond surface, only the hydrogenation states of the
surface dimers are investigated: a dimer can be found
in its fully passivated (RHgy), half-passivated (R'H) or
non-passivated state (R).

FIG. 1. Left: An entire (100)-orientated H-passivated slab,
as used in the calculations. Right: Top view of the slab. For
the sake of visualisation, only the top two C-layers and atoms
above are depicted. Black and white atoms are carbon and
hydrogen atoms, respectively. This convention will be used
throughout this work.

To calculate the reaction rate coefficients using the
transition state theory (TST), the first step of our
methodology is to characterise the energy and geometry
of the system evolving along the minimum energy path
(MEP) of each reaction. There exist several methods
(e.g. dimer method or molecular dynamics) that accu-
rately determine the MEP, of which the cNEB—an exten-
sion of the NEB—is used in this work. The NEB method
[23] considers multiple intermediate configurations (list of
atom positions, also known as images) between two sta-
ble states. To prevent the images from relaxing towards



the nearest stable state, they are connected through fic-
tional springs thus forming what can be seen as an elastic
rubber band. The algorithm allows the images to relax ac-
cording to the potential gradient as well as to the effect
of the fictitious springs that connect successive images.
This allows the set of images to move towards the MEP.
cNEB extend the usual NEB method by ensuring that
one of the images moves to the maximum energy point
along the MEP (provided the existence of an energy bar-
rier), i.e. to the saddle point in between initial and fi-
nal states.[22, 24]. Both the NEB and ¢NEB are local,
not global, optimisers. As such, they can only find the
nearest MEP to the initial reaction path that is fed to
the algorithm. Specific details about the initialisation of
these methods is provided later. ¢cNEB forces and ener-
gies are obtained through DFT calculations, carried out
using the Vienna Ab initio Simulation Package (VASP)
[25H28] including the VASP Transition State Tools plugin
[29] to allow for cNEB calculations. Using DFT for the
cNEB calculations comes with limitation on the reactions
that are considered in this work: the spin should not be
allowed to change between reactants and products. As
such, different spin configurations of the reactants lead
to multiple individual paths which products are different
spin configurations of the same system. In this work we
focus on the path leading to the most stable products
(singlet states). However, for the sake of completion, we
also provide the reaction rate coefficient of the reactions
leading to triplet state in the SI.

Since we are dealing with gas-surface interactions—
where radicals or molecules approach the surface to cre-
ate defects and/or break bonds—it is necessary to con-
sider vdW dispersion corrections in our DFT calculations
as the distance between gas and surface falls into the
range of these interaction at different points along the
reaction path. Accordingly, we briefly discuss the impor-
tance of considering a vdW dispersion correction scheme
and show, in section [[ITA] the common features to dif-
ferent implementation available in VASP (DFT-D2 [30],
DFT-D3 [31], Tkatchenko-Scheffler (Tk.-Sc.) [32] and
density-dependent dispersion correction (DDsC)[33],34]).

In the context of reaction rate coefficient calculation,
it is useful to distinguish loose and tight transition states
(noted tTS and 1TS). In the following, TST will be ap-
plied to reactions showing a well-defined saddle point on
their potential energy surface, whereas the variational
form of TST (VTST) will be applied to reactions which
do not. Although the distinction between 1TS and tTS
depends on many features of the given TS, in this spe-
cific investigation of reactions on surfaces, all 1TS relate
to the barrierless reactions and all t TS relate to reactions
showing an energy barrier.

A. Tight transition states (tTS)

Characterisation of a tTS requires first to determine
the MEP using the cNEB method. This provides both

the energy and the geometry of the TS, tightened to the
highest energy point along the reaction path. To compute
the reaction rate coefficient, TST requires the calculation
of the partition functions.[35] Briefly, these reaction rate
coefficients k,, can be computed as

T *T'S
kn =k (T, ELS) —ki QC;, , (1)

where & is a transmission coefficient to account for tun-
nelling effects (in this work we consider the implementa-
tion of Skodje and Truhlar [36]) and QZ is the partition
function of the reactant. The latter is often expressed
as the product of the translational (g;), rotational (g,),
vibrational (g,) and electronic (g;) partition functions:
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Here my and I, are the mass and moment of inertia of
the gas phase reagent, o is the symmetry number (o = 2
for Hy) and v; are the eigenvalues (i.e. vibrational fre-
quencies) of the dynamical matrix. kp is the Boltzmann
constant, h is the planck constant and T is the temper-
ature. Note that the formula for the rotational partition
function ¢, only applies for a diatomic molecule (Hy in
this work). Ezpg is the zero-point energy, while E; and
g1 are the electronic energies and their respective degen-
eracy, respectively.

The QT term in eq. is the quasi-partition func-
tion of the TS: the vibrational partition function of the
TS is computed as shown in eq. considering all v;
except the decomposition frequency of the TS into the
products (i.e., the only imaginary eigenvalue of the dy-
namical matrix). Due to the periodic boundary condi-
tions applied to the slabs, it prevents them from rotating,
therefore their rotational partition functions equal one.

Finally, reaction rate coefficients k,, can be expressed
as:
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where A,, refers to the exponential prefactor or colli-
sion frequency factor, that encompasses all terms but the

ky =1 (T, EL®)




exponential. Depending on the reaction and its direc-
tion, A, (and consequently k) can have different units.
Reaction rate coefficients k,, (and prefactor A,) whose
reactants include a gas phase radical or molecule are ex-
pressed in units of cm3-mol~!-s™!, whereas those which
do not involve any gas phase reactants are expressed in
s7L.

To remedy the complication of comparing values ex-
pressed in different units, we multiply the reaction rate
coefficients with the density of the associated gas-phase
reactant to provide the reader with an effective reaction
rate coefficient r,, considering usual CVD conditions.[I5]
31

B. Loose transition states (ITS)

To compute the reaction rate coefficient of a ITS, we
consider the TST in its variational form (VTST). Prac-
tically, VI'ST demands a sampling of the systems along
the MEP to compute the flux along this path consider-
ing eqgs. . In practice, eq. is computed assuming
that each point § along the reaction path is the TS (~ de-
notes a 3N-dimensional vector where IV is the total num-
ber of atoms in the slab and gas phase). VTST posits
that the lowest of these fluxes k (T, 3) is associated to the
actual TS, at the temperature considered in eq. (4). In
other words, the TS is loose and VIT'ST determines, for
each temperature, where the kinetic bottleneck—which is
the limiting step of the reaction—lies along the reaction
path.

k(T)= min {k(T,3)}

seMEP

seMEP {Ao (T, 5) x exp <l€i§T>} (4)

= min

It is important to ensure that the sampling is dense
enough to locate the points along the MEP that minimise
the reaction rate coefficient for a specific range of temper-
ature. The NEB method proves useful, either through an
increase of the total number of images or via subsequent
NEB runs between images along the MEP to obtain de-
cent sampling of the relevant sampling area.

C. Numerical settings

In addition to the vdW dispersion correction to the
PBE functional, our calculations are spin-polarised to
accommodate the radical nature of the atoms and
molecules. A 4x4x1 I'-centred sampling of the Brillouin
zone (BZ)—resulting in 10 k-points in the irreducible
BZ—is initially considered for the first hydrogen radical
attack. As demonstrated in the following, results show
that a I'-only sampling of the BZ provides the best trade-
off between accuracy and computational efficiency. The
cut-off energy for the plane-wave basis is set to 650 eV.
The self-consistent field criterion for convergence is fixed
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to 107 eV and the geometric optimisation criterion on
forces is 0.02 eV /A. The bottom 16 H atoms and the low-
est 16 C atoms (i.e. the bottom layer of carbon and their
passivating hydrogen, see Fig. are kept frozen during
the cNEB calculations to avoid the whole slab to move
inside the cell. Furthermore, this allows us to account for
a bulk-like structure in the depth of the surface.

Vibrational spectrum calculations are carried out using
finite difference method as implemented in VASP, using
a displacement of 0.02 A and a I'-only sampling of the
BZ. The dynamical matrix is then diagonalised using the
HIVES software[38]. All degrees of freedom are consid-
ered during these calculations (no atoms are kept frozen)
and electronic convergence criteria is also 1076 eV.

For the calculation of the unimolecular dissociation re-
action rate coefficients (i.e. reactions 1 and 3 in Table
, the atom to be dissociated is pulled away from the
surface with increments of 0.05 A. For each position, a
relaxation of the whole system (except the height of the
atom being pulled and the bottom layers of carbon and
hydrogen of the slab) is performed prior to the vibra-
tional spectrum calculation. As highlighted in the Sup-
plementary Information, the relevant sampling area for
these reactions is located between 1.75 and 2.5 A away
from the surface for temperatures around 1200 K. This
procedure not only provides the reaction rate coefficient
of the unimolecular dissociation, but also of its reverse
reaction, i.e. the bimolecular recombination.

The reaction path for the (¢)NEB calculations is
initialised—in case of a radical attack (i.e. reactions 2
and 4)—as follows:

1. For both initial and final states, incom-
ing/returning radicals or molecules are kept
frozen at a distance of about 5 A above the surface
to avoid interaction between the surface and the
molecule prior to the reaction, while the atoms of
the slab are able to relax.

2. To ensure the barrier is physically relevant, the ini-
tial guess set of images must show that a radical
comes close to the surface, then moves away as a
different radical or molecule. To do so, an interme-
diate state is chosen, presumed to be close to the
actual TS and for which the radical is very close to
the surface.

3. Two interpolations are performed: a) between ini-
tial and intermediate states and b) between inter-
mediate and final states.

This initial guess constitutes somewhat an educated
guess of the actual reaction path. For the sake of dis-
cussion, we only take interest in the values at 7' = 1200
K in the main text. However, to capture the complex-
ity of the temperature dependence, we provide a simple
description of the reaction rate coefficients through a fit
of the reaction rate coefficients to a modified Arrhenius



equation:

kn(T) = an TP exp ( k;;) . (5)

The three parameters a, b, ¢ of each reaction are pro-
vided, along with details about the quality of the fit, in
the Supplementary Information to allow for possible use
in kinetic modelling covering a broad range of tempera-
tures.

III. RESULTS AND DISCUSSIONS

A. Hydrogen radical attacks : first H-desorption

In terms of CPU time and accuracy, DFT-D3 is, to
the best of our knowledge, the most efficient and robust
vdW dispersion correction scheme for large systems as
those investigated in this work [39]. As shown in Fig.
calculations without vdW dispersion corrections (solid
blue line) leads to a noticeable discrepancy with respect
to DFT-D3 calculation (solid red line). To ensure that it
is not a DFT-D3 specific shortcoming, and to investigate
the influence of different vdW dispersion implementation,
we compare the results to three other correction schemes:
DFT-D2, Tkatchenko-Scheffler (Tk.-Sc.) and Density-
Dependent energy Correction (DDsC). These additional
energy profiles are also reported in Fig.

ETS and AFE values are defined as the differences be-
tween the energies of the TS and the final state with
respect to the energy of the initial state (Fig. , respec-
tively.

TABLE I. Summary of the TS energies and energy differ-
ences of the hydrogen radical attack on a H-passivated dimer
process according to the set of parameters of each calculation.
Energies are expressed in eV. Perdew-Burke-Ernzerhof (PBE)
[40] is the semilocal exchange-correlation functional (XC) con-
sidered for this work. The long-range interaction corrections
considered are the DFT-D2 [30], DFT-D3 [31]), Tk.-Sc. [32]
and DDsC [33] 34] methods.

| Hydrogen desorption |

correction scheme T" only 4x4x1

None AE -0.006 -0.002
ETS 0.154 0.159

AE 0.052 0.056

DFT-D3 ETS 0.091 0.095
AE - 0.101

DFT-D2 ETS - 0.111
AE - 0.082

Tk.-Sc. BT ] 0.093
AE - 0.084

DDsC ETS - 0.062

The energy profiles along the reaction coordinate re-
veal, for all vdW dispersion-corrected calculations, one
maximum (the energy barrier corresponding to the TS),

0.20

= No correction
L-R corrected

= DFT-D3
DFT-D2

= Tk.-Sc.

0.15

Energy (eV)

-0.01 I I I I I I 1 1 1
00 01 02 03 04 05 06 07 08 09 10
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FIG. 2. Hydrogen radical attack on a H-passivated dimer (re-
action 2 in Table . Top: Geometry of the TS considering
a 4x4x1 k-point sampling and DFT-D3 with B.-J. damp-
ing. dcy and dyp are the distances between the passivating
hydrogen and surface carbon atom or the incoming radical
hydrogen, respectively. 6 and ¢ are the spherical coordinates
centred on each atom. The three atoms involved in the dimer
breaking/forming are located in the same yOz plane as the
dimer and CH bonds of the passivated dimer. These three
atoms form an almost linear configuration with a small devi-
ation, probably due to the surface hydrogen atoms belonging
to adjacent dimers in the Oy plane, which are not depicted
here. Bottom: Energy of the images for different vdW disper-
sion correction schemes. The grey zone highlights the energy
range obtained with different vdW dispersion corrections. x-
axis shows the reaction coordinate, that describes the progress
of the reaction between reactants (0) and products (1).

a positive AFE and two minima. We suspect the positive
AFE arise from the interaction of the radical site with a
hydrogen atom bound to a neighbouring dimer whereas
the minima arise from the consideration of vdW interac-
tions: the total energy of the system decreases and gets
more stable as the H is approaching the surface, reaching
a minimum when the H atom is about 2.5 A above the
surface hydrogen to be etched. The same observation ap-
plies to the exit minimum, which is reached when the Ho
is about 2.9 A above the non-passivated carbon atom; as



such the two minima represent vdW bonded configura-
tions, sometimes referred to as vdW complexes. These
complexes do not stabilise well, especially at tempera-
ture usually considered in CVD experiments. As such
we chose the reactants and products as start and end
points of the reactions.

Considering a full slab and accounting for vdW dis-
persion interactions through different methods leads to
noticeably lower energy barriers than those found in the
literature. Cheesman et al. [8], Yiming et al. [4I] and
Oberg et al. [9] reported energy barriers of 0.27, 0.12
and 0.19 eV respectively, higher than the 0.095 eV value
we report in the present work for DFT-D3 and 4x4x1 k-
point sampling of the BZ (¢f. Table[l). This discrepancy
arises from the fact that, on the one hand, in ref. [§], only
a fraction of the slab was computed at the DFT level.
This combination of B3LYP with molecular mechanics
seems to lead to some artificial intermediate steps in the
growth, as discussed in ref. [9]. On the other hand,
Yiming and Oberg (and respective co-workers) did not
account for vdW dispersion interactions [9), 4I] and con-
sidered a 3x2x1 and 1x1x1 sampling of the BZ respec-
tively. The importance of vdW dispersion correction has
been discussed earlier and explain the discrepancy, but
k-point sampling of the BZ is found to have little im-
pact on the energy (cf. Table . Based on this evidence
and considering the prohibitive computational cost of vi-
brational calculation of a 4x4x1 sampling of the BZ, all
calculations are performed using a 1x1x1 sampling.

Calculation of the vibrational spectra of the initial, fi-
nal and transition states results in forward and backward
effective reaction rate coefficients r of 6.143 x 10° s~! and
4.252 x 105 s~1, respectively (specific details about the
reaction rate coeflicients can be found in Table .

B. Hydrogen radical attacks : second H-desorption

The half-passivated dimer resulting from the first rad-
ical attack can also be subject to an additional radical
attack. Given the methods employed in this work, spin-
configuration must be initialised to ensure that we only
focus on the production of double-bonded dimers (sin-
glet state). The reaction leading to a double-bonded,
non-passivated dimer occurs through a 1TS, as suggested
by the energy profile shown in Fig. Forward and
backward reaction rate coefficients are computed follow-
ing section [[I B| which results in values of 3.364 x 106 s~
and 2.836 x 102 s~!, respectively. For the sake of com-
pletion, we also investigate the reaction rate coefficient
of the production of non-passivated single-bonded dimers
in the SI.

Making a clear distinction between first and second hy-
drogen desorption provides an improved picture in com-
parison with the existing literature.[42] As a result, the
surface coverage fractions of the different types of dimers
are expected to differ from previously published results,
as discussed later in section

C. Unimolecular dissociation and bimolecular
recombinations

There exist other ways to adsorb or desorb hydrogen
atoms. In this section, we focus on the unimolecular
dissociation and its reverse mechanism, the bimolecular
recombination (reactions 1 and 3). The latter is usu-
ally more interesting as its reaction rate coefficient is ex-
pected to be orders of magnitude larger than the one of
the former, due to the energy difference favouring the
recombined form.

The unimolecular dissociation of an hydrogen atom
on a fully-passivated dimer (RHy = R'H + H', reac-
tion 1) gives rise to a 1TS, leading to effective reaction
rate coefficients of 4.992 x 1073 s~! for the dissociation
and 1.468 x 107 s~! for the recombination. The subse-
quent unimolecular dissociation of the remaining hydro-
gen atom on a half-passivated dimer (R'H = R + H',
reaction 3) also gives rise to a ITS, which corresponding
effective reaction rate coefficient are 1.790 x 10 s~! and
6.468 x 105 s~ for the dissociation and recombination re-
spectively. The geometry of the ITS at T=1200 K along
with the energy profile along the reaction path is shown
in Fig. [

As expected, for each reaction, we find values that are
orders of magnitude different for the forward and back-
ward directions, i.e. the dissociation and recombination
processes, respectively. All data can be found in Table

[T

D. Hydrogen surface coverage

Based on the reaction rate coefficients reported in table
[T it is possible to compute the surface coverage fraction
of the different types of dimers. In addition to the val-
ues of the prefactor A, and the energy of each TS, we
also provide in table [[T] the effective reaction rate coeffi-
cient r,, that encompasses the influence of the gas con-
centration on the prevalence of each reaction and allows
for comparison between gas-surface and surface-surface
mechanisms at specific conditions of pressure, tempera-
ture and volume. Gas concentrations are calculated using
ideal gas law, assuming a pressure of P=25 kPa, a tem-
perature of T = 1200 K, and a volume of the chamber
of V=0.33 m?3, which are typical settings of experimental
CVD diamond growth [37].

The very low values of the reaction rate coefficients
for unimolecular dissociations—k¥'=4.992x 1073 s~! and
k£'=1.790 x 10! s7! respectively the rates for forward di-
rection of reactions n=1 and 3 in Table [Ido not influ-
ence the steady-state concentrations and are ignored in
the following. Therefore, we consider the only mean for
the creation of non-passivated dimer to be reaction 4 in
Table [l

To calculate the steady-state concentration of RHs,
R'H and R, one must express the variations of their con-
centration:
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FIG. 3. Hydrogen radical attack on a half-passivated dimer FIG. 4. Unimolecular dissociation of hydrogen on a half-

(reaction 5 in Table: R H+H = R+H,. Top: Geometry of
the 1TS resulting in a double-bonded dimer. Since the position
(along the reaction path) of the 1TS changes over tempera-
ture (highlighted in yellow in the inset), only the geometry at
T=1200 K is shown. Bottom: Energy of the images along the
MEP. More information about the temperature dependence
of the position of the TS can be found in the Supplementary
Information.

passivated dimer (reaction 3 in Table: R'H= R+H. Top:
Geometry of the 1TS resulting in a double-bonded dimer. The
position of the 1TS changes over temperature: only the geom-
etry corresponding to the ITS at T=1200 K is shown. Bottom:
Energy of the images of the system during unimolecular disso-
ciation of the remaining hydrogen on the dimer. Yellow dots
highlight the positions of the ITS among the sampling point
(red dots) from T=500 K to T=2500 K.

TABLE II. Summary of the TST parameters of the hydrogen ad/desorption processes at T' = 1200 K, P=25 kPa, V=0.33 m®.
ETS and AE, are expressed in eV, A, and k, in units of s™* (1) or ecm®mol™-s™' ({) depending on the absence or presence
of a gas reactant respectively, and 7, in s~!. Numbers in square brackets denote power of 10. All quantities are shown for the
forward (Fwd) and backward (Bwd) directions of each reaction.

[ Hydrogen ad/desorption reactions ]

n Reaction TS Direction AE, (¢V) FEZIS (eV) A, kn units Tn
. . Fwd 1587 1465  2.810[+16] 4.992[—03]  f  4.992[—03]
! R = RHAH Loose  pog -4.584 -0.120  1.844[+14] 5.860[+14] §  1.468[+07]
. . Fwd 0.052 0.091  5.908(+13] 2452[+13] f  6.143[+05]
2 RH+H = RHAH Tght gy -0.052 0.039  2.465(+11] 1.697[+11]  §  4.252[+05]
— . Fwd 3.658 3476 7.108(+15] 1.790[+01]  f  1.790[+01]
3 RH = R+H Loose By -3.658 20182 4.442[+13] 2.581[+14]  f  6.468[+06]
. . Fwd -0.876 0.034  4.491[+13] 1.343[+14] §  3.364[+06]
4 REH+H = R4H  Loose gy 0.876 0.842  1.801[+11] 1.132[+08] 2.836[+02]




— k' [R'H] [H] — k3 [R'H] [Ha] — &y [RH] [H],

% =k{’ [R'H] [H'] + k3’ [R'H] [Ha] — k3 [RH] [H],
% =k; [RHo] [H'] + k3 [R] [H'] + k7 [R] [Ho]
% =kF [RH|[H] - k2 [R] [H] — k2 [R] [Hy] .

Note that there are only two independent equations in
this system, the second equation being a linear combi-
nation of the other two. At steady-state, these deriva-
tives are zero. Furthermore, the H concentration can
be expressed as a fraction f of the Hs concentration,
which allows us to simplify the [H'] quantity that ap-
pear in all terms (experimentally, [Ho]= f [H'] ~ 100 [H']
around T=1200 K [I5]). If we also substitute [RH,] with
1—[R'H] — [R], we can write the two remaining indepen-
dent equations as:

0=ky — [RH] (k7 + [k + k) — k3 [R],

0=ki [RH] - [R] (kF + f&F). @)

At T=1200 K, such a linear system yields a steady-
state surface coverage of 93.94% of passivated dimers
(RHz), 3.82% of half-passivated dimers (R"H) and 2.24%
of clean dimers (R). These values agree well with the
common experimental conception that the surface is al-
most entirely passivated, with a small fraction of H va-
cancies allowing for CH3 adsorption. For comparison,
using gas phase reaction rate coefficients that were ap-
plied to model a diamond surface, the early work of Fren-
klach [I3] reported a value between 19 and 6.4% for the
half-passivated dimers, and between 11 and 1.5% for the
non-passivated dimers. A more recent work from May et
al. [I6] provides a value of about 10%, but accounting for
the presence of CHs while doing so, which can partially
explain the discrepancy with our results.

E. Dependence of H" over gas radical mole fraction
and temperature

This section aims at providing an insight into the de-
pendence of the hydrogen surface coverage on the ratio
f =[Ha] /[H']. Varying this ratio between f = 10~! and
f = 107 reveals two asymptotic trends highlighted by the
green and red areas in Fig. [5]

From an experimental point of view, closing the sup-
ply of H radicals—resulting in a Hs-only atmosphere—
would drastically increase the f ratio, prevent further H-
desorption, thus ensuring passivation of the whole sur-
face. As expected, our model driven by the system of
linear equations leads to a surface with fully passi-
vated dimers once the H-radicals are no longer present in
the gas phase.

107 ¢

107 ¢

Dimer fractions

107 &
f [——RH
f |——RH

10°

10

Ratio f

FIG. 5. Evolution of the RH2, R'H and R concentrations
with varying f = [Hz]/[H'] ratio. Green area shows the
asymptotic behaviour when there is a strong abundance of
H", whereas the red area highlight the behaviour when H" are
scarce.

Assuming a constant concentration ratio f, an increase
in temperature only lead to a slight increase of the half-
passivated and clean dimers as depicted in Fig. [6]

10 I I I I T

——RH
—RH
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Dimer fractions
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T (X
FIG. 6. Evolution of the RHz, R'H and R concentrations
between 860 K and 2500 K. As an approximation, the f-ratio

is considered equal to 100 and constant over the whole range
of temperature.



As f is strongly related to the temperature of the
chamber during CVD growth, an explicit temperature
dependence of f could extend this analysis to a broader
range of temperatures. A description of this temperature
dependent ratio f could be achieved using a reliable gas-
phase kinetic model, which is outside the scope of the
current work. Detailed models of the gas phase inside
a CVD reactor [43], can pave the way for more refined
calculations of the surface coverage of the surface.

F. Migration of a hydrogen atom on a clean (100)
surface

Regardless of the theoretical or experimental approach,
it is common to assume that the diamond surface is pas-
sivated by hydrogen. However, some extreme conditions
(very low pressure and/or high temperature) may lead
to the uncommon complete removal of hydrogen (these
conditions cannot be modelled by the set of equations
@ as the assumption that unimolecular dissociation are
negligible compared to gas-related interaction does not
hold true at ultra-high vacuum pressures).
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FIG. 7. Mobility of a hydrogen adatom on a reconstructed,
clean (100) diamond surface (reactions 5-7 in Table [[II). Top:
Hydrogen atom moves from A to D via sites B and C. Green
arrows indicate the movement of the hydrogen atom, and red
dashed circle point the location of sites A, B, C and D. Bot-
tom: Energy of all the images along the migration of the
H-adatom from A to D.

Therefore, we now investigate the migration of a lone
hydrogen atom on a diamond (100) surface. The clean,
non-H-passivated, (100) diamond surface shows a 2x1
reconstruction similar to the passivated one. However,
the dimers on the surface possess a different electronic
configuration, which we earlier determined to be almost
exclusively double bonded dimers (R).

The detailed energy barriers for the migration of H on
the surface (Fig. E[) are reported in Table Migration
from A to B (reaction 5) is a migration along dimer row,
B to C' (reaction 6) is a migration from one dimer row to
another, and C to D (reaction 7) is a migration from one
side of a dimer to the other. All intermediate steps along
this path (A, B, C' and D) have the same total energy
as they are equivalent by symmetry.

The large energy barriers for migration (greater than
2 eV) should not come as a surprise, as the distance be-
tween sites is about 2.5 A. Unsurprisingly, using TST,
we report significantly low reaction rate coefficients for
these migrations compared to gas-surface interactions
discussed in Table [[Il

G. Migration of hydrogen vacancies on a
H-passivated (100) surface

In previous studies [42, [44], it was suggested that hy-
drogen vacancies (H-vacancies), both single and double,
might migrate along dimer rows and columns on a passi-
vated surface. To validate this assumption, the TST (see
section is applied to determine the likelihood of each
migration. Results are shown in Table [[T]] In the single
vacancy migration study (cf. Fig. E[), the H-vacancy is
moved along dimer row (A to B, reaction 8), between
two rows (B to C, reaction 9) and between two sides of
the same dimer (C to D, reaction 10).

Among these single-vacancy migration reactions, the
movement of a vacancy between two sides of a dimer (C
to D, reaction 10, 719 = 8.686 - 10* s7!) is the fastest
one: its reaction rate coefficient is comparable with the
ad/desorption mechanisms reported in Table How-
ever, it has little importance on the overall movement of
vacancies on a passivated surface as it remains on a given
dimer. Indeed, to move on the surface, the vacancy must
migrate along (rg = 1.023 x 102 s7!) or between dimer
rows (rg = 5.999 x 103 s71). The latter reaction rate
coefficient turns out to be about 58 times faster, which
suggests a net surface migration anisotropy. Along with
the even higher reaction rate coefficient of the movement
between two sides of a dimer, this anisotropy favours va-
cancy migration across dimer rows rather than along a
specific row.

We also investigate the influence of a pre-existing va-
cancy defect on the migration of a second vacancy to as-
sess whether migrations of vacancies towards each other
are likely phenomena. A similar migration pattern as
before is used. One H-vacancy is kept frozen at a given
position (« in Fig. while the other vacancy moves
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TABLE III. Summary of the TST parameters of the migrations of a hydrogen adatom on a clean surface, and that of a single
or double H-vacancy on a passivated surface. Values have been computed at T' = 1200 K. EXS and AE,, are expressed in eV,
and A, and k, in s'. Numbers in square brackets denote power of 10 and curly brackets indicate the range of energy barriers
for different sets of calculation parameters from ref. [45]. Reactions 5-10 are symmetrical (Sym.), whereas reactions 11-15 are
asymmetrical: accordingly, AE,, EXS, A, and k, are provided for the forward (Fwd) and backward (Bwd) directions.

Migration of a hydrogen atom on a clean (100) surface (Fig. [7)

n Reaction Direction AE, A, E,? S kn
R4H+Rp = Ra+RzpH This work Sym. 0.000 3.902[+14] 2.955 1.517[4+02]
RzH+Rec =R +RcH This work Sym. 0.000 6.123[+14] 3.052 9.334[4-01]

7 RcH = RpH This work Sym. 0.000 1.105[+14] 2.277 3.013[404]

Migration of a single H-vacancy on a H-passivated (100) surface (Fig. @)

n Reaction Direction AE, A, Ez s kn
) o . This work 0.000  4.854[+14]  3.018  1.023[+02]

8 RyH+ RpHz = RaHs + RpH Ref. 5] Y™ 0.00 - {2.90;3.82} -
. = . This work 0.000  T7.904[+14]  2.648  5.999[-+03]

9 RpH +RoHz = RpHz + RcH Ref. g5 Y™ 0.00 - 2.88 -
o This work 0.000  2.070[+14]  2.233  8.686[-+04]

10 RcH = RpH Ref. @5 Y™ 0.00 - {2.11;3.06} -

Migration of a double H-vacancy on a H-passivated (100) surface (Fig.

n Reaction Direction AE, A, EE; s kn

Fwd -0.025 4.903[+14 3.151 2.851[+01

11 R,H+RyH+RpHs =R, H+ RaH>+ RgH This work

] ]
Bwd 0.025  4.790[+14] 3177  2.180[+01]
. . o . . Fwd 0.012  5.600[+14] 2719  2.130[+03]
12° RoH + RpH + ReHz = RoH + RpHs + RoH - This work 50 20.012  5.701[+14] 2707 2.428[+03]
‘ e . ‘ Fwd 20.017  1.051[+15]  2.563  1.813[+03]
13 RoH +RoH = RoH + RpH This work g 0.017  1.028[+14] 2580  1.512[+03]
This wor T 0.924  2.954[+14]  2.321  5.274[+04]
. o Bwd 0.924  T.a17[+14]  3.245  1.669[+01]
14 RaHl +RpH = Ra.p + RpH: Ref. gy Evd {0.01005) - {2.96:4.80} -
: Bwd - - - -
This workc | Fd 0.923  1.015[415] 3437  3.725[+00]
o . Bwd 20.923  4211[+14] 2514 1.161[+04]
15 Ra,p + Rl = RoH + RpH Fwd 0.05 - 2.89 -

Ref. [45] Bwd

Energy (eV)

(110)

(110)

FIG. 8. Mobility of a H-vacancy around a fixed H-vacancy « on a passivated (100) diamond surface (reactions 11-15 in Table
. Left: Hydrogen atom 1 moves from B to A thus moving the vacancy from A to B, while the vacancy at « stands still
(reaction 11). Vacancy is moved the same way from B to C' (reaction 12), from C to D (reaction 13), from D to E (reaction
14), and from E to F (reaction 15). Green arrows: movement of the hydrogen atoms. Red arrows: movement of the vacancy.
Right: Energy of the images along the migration of the H-vacancy from A to F'.
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FIG. 9. Mobility of a H-vacancy on a passivated (100) dia-
mond surface (reactions 8-10 in Table [III)). Top: Hydrogen
atom 1 initially at B moves to A thus moving the vacancy
from A to B. The same process is employed to move the va-
cancy further from B to C and from C to D. Green arrows
indicate the movement of the hydrogen atoms and red arrows
indicate the movement of the vacancy. Bottom: Energy of all
images along the migration of the H-vacancy from A to D.

along another dimer row (A to B, reaction 11), then to
the row hosting the fixed vacancy (B to C, reaction 12).
Once both vacancies are on the same dimer row, the mov-
ing vacancy travels towards the frozen vacancy via sites
D (reaction 13) and E (reaction 14), after which it is
moved away from « towards site F' (reaction 15). Just
as previously, this results in large energy barriers for the
vacancy migration, as shown on Fig.

Table [[TI] shows that a frozen vacancy does not influ-
ence much the TS energies of the migration of a distant
H-vacancy (see the difference between reactions 8 and
11, 9 and 12, and 10 and 13). However, vacancies on
adjacent R'H dimers are more likely to join and create
a clean dimer than to drift away from each other, as
demonstrated by the higher reaction rate coefficient co-
efficient k,, for the forward reaction 14 (r14 = 5.274 x 10*
s71) and the backward reaction 15 (r5 = 1.161 x 10*
s71), i.e. for the formation of a double-bonded dimer by
means of migration.

The configuration resulting from reaction 14 exhibits
a vacancy on each side of a dimer, that is on sites «
and F, leaving a clean double-bonded dimer. As previ-
ously discussed, the energy of this spin configuration is
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about 1 eV lower than that of the single-bonded dimer
configuration, due to the formation of a double-bond.
The migration leading to this clean double-bonded dimer
can be seen as an alternative reaction mechanism to
the radical attack (Figs. to produce double-bonded,
non-passivated dimers. This alternative reaction mecha-
nism can alter the fractions of the different dimers shown
in Figs. [f and [6} the adjacent dimers accounting for
about 3.82%x3.82%=0.15% of the surface dimers—and
assuming that the other migration processes occurs on a
much longer time-scale than the gas-surface processes—it
would change the fraction of non-passivated dimer from
2.24% to 2.39%. Note that this is only a rough approxi-
mation of the change that could be brought to the surface
fractions: depending on the temperature and pressure,
these migrations have an even smaller minor impact on
the conclusions resulting from our model since the ef-
fective reaction rate coefficient values of the migrations
creating clean dimers are significantly lower than the re-
action rate coefficients of the gas-surface interactions. A
more detailed calculation of the influence of the migra-
tions on the surface coverage fraction wouldrequire a dif-
ferent approach than the one discussed in [[ITD}

IV. CONCLUSION

This work reflects on the important role played by hy-
drogen radicals to create reactive surface sites during di-
amond growth. In the context of CVD growth, these
active sites determine the ability for methyl radicals to
bond to the surface that eventually leads to the deposi-
tion of additional layer of diamond. Therefore, their con-
centration is a crucial parameter during diamond growth.

We present a comprehensive description of hydrogen
radicals and molecules exchange between the surface sites
and between the surface and the atmosphere. The im-
portance of the inclusion of vdW corrections to the DFT
calculations are emphasised in Fig. 2 where we show
that all vdW correction schemes leads to significantly
lower energy barriers than non-vdW calculations. For
the loose TS of reaction 3, the distance between the hy-
drogen and the surface is in the range where one expects
the influence of vdW corrections to be significant, which
in turn affects the vibrational frequencies used to com-
pute the reaction rate coefficients. The absence of previ-
ous ab-initio calculations of reaction rates (including the
Arrhenius prefactor) prevent us from making any defini-
tive conclusion on the influence vdW corrections have on
the results presented in this work. The methods we use
in this work—DFT, cNEB and VTST—allow to compare
likelihood of different reactions: the first hydrogen des-
orption (reaction 2 in Table constitutes a compelling
illustration of the respective importance of the different
factors influencing the effective reaction rate coefficient
rn: (1) the exponential prefactor, (2) the energy barrier
and (3) the concentration of the radical/molecule species
involved in the reaction:



1. As shown in section [[TA] the exponential prefactor
A,, depends on the partition function of the TS but
also on the partition function of the initial or final
state (for the forward or backward reactions respec-
tively). For this representative reaction, the expo-
nential prefactors suggest the forward (5.908 - 10*3
cm?-mol~1.s71) is more likely than the backward

(2.465 - 10! cm3-mol~1.s71).

2. The calculated energy barriers AE using the cNEB
method differs for the forward (0.091 eV) and back-
ward (0.039 eV) reactions, favoring the latter over
the former.

3. Under the assumption of a H molar concentration
of 1% and a Hy molar concentration of 99%,[15] the
backward reaction involving Hs is favoured over the
forward involving H'.

This emphasises the importance of a complete descrip-
tion of the reaction: taken separately, the three points
highlighted above can lead to diverging conclusion. We
report lower values for the energy of the tTS associated
with the first hydrogen desorption and make a clear dis-
tinction between the latter reaction and the second des-
orption, i.e. the removal of the remaining hydrogen on a
half-passivated dimer. As a matter of fact, the two suc-
cessive reactions that form the clean dimers turns out to
be intrinsically different as one occurs through a tTS at
the second through a 1TS, each leading to a specific reac-
tion rate coefficient, hence the need for a robust approach
as the one presented herein that is able to compute reac-
tion rate coefficients whether their energy profile shows
a barrier or not. The importance of atomic-scale calcu-
lations lies in the detailed description of the geometry of
the TS, of the energy profile of the reaction and of its re-
action rate coefficients and reaction rate coefficients. To
the best of our knowledge, no previous theoretical study
computed reaction rates coefficients of hydrogen-related
reactions on hydrogen passivated (100) diamond surfaces
at the GGA level of the density functional theory, includ-
ing spin-polarisation effect and considering long-range in-
teractions corrections (vdW dispersion).

This comprehensive study is the key to build a stochas-
tic or mechanical [46] model that estimates the sur-
face coverage of the different types of dimers (fully/half-
passivated and clean dimers) as a function of temperature
and gas radical concentrations. Our simple model pro-
vides the surface coverage during the exposure to the H'-
rich atmosphere, which—to the best of our knowledge—
cannot be measured experimentally.

Additionally, we quantify a net surface vacancy mi-
gration anisotropy, that favours migrations across dimer
rows. Furthermore, we report that most migration re-
actions do not compete with gas-surface interactions at
usual CVD diamond growth conditions. However, the
latter does not hold true for adjacent half-passivated
dimers: the only two reactions that almost compete
with gas-surface interactions favours the production of
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the non-reactive, clean dimers over the reactive half-
passivated dimers. To some extent, these reactions tem-
per the surface coverage of the different dimers provided
by our simple model, which in its present state does not
account for this particular effect. The amplitude of this
effect has yet to be exactly determined, but a first ap-
proximation indicates that it is small: non-passivated
dimer fraction would increase from 2.24% to 2.39% at
usual CVD conditions.

We are confident that the methods presented here are
relevant for studying other mechanisms such as the nu-
cleation on a (100) diamond surface as well as other crys-
tallographic orientations or even other semi-conductors.

PRIME NOVELTY STATEMENT

The radical attack of hydrogen on the (100) H-
passivated surface is investigated by means of first prin-
ciples calculations. A comprehensive set of reaction rate
coefficients (including energy barriers and profiles of each
reaction) is calculated based on quantum mechanical cal-
culations of the energies and vibrational spectrum. The
role of electron spin is elucidated, and H surface coverage
of fully passivated, half-passivated and clean dimers is
estimated. The importance of hydrogen migrations reac-
tions is also assessed: only two mechanisms can compete
with gas-surface interactions and temper the relative dis-
tribution of each species.
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