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Effect of Coadsorbed Dopants on Diamond Initial Growth Processes: CH3 Adsorption
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An investigation based on an ultrasoft pseudopotential density functional theory (DFT) method, using the
generalized gradient approximation (GGA) under periodic boundary conditions, has been performed in order
to investigate how the presence of a neighboring dopant is affecting the CH; adsorption reaction (regarded
to be an initial growth process). For this study, both the (100) and (111) diamond surface orientations have
been considered, and various dopants in two different hydrogenated forms AHy (A =N, B, S, P, or C; X =
OorlforS,X=1or2forN, B, and P, and X = 2 or 3 for C) were especially scrutinized. For most of the
cases studied, the presence of a coadsorbed dopant was found to disfavor CH3 adsorption with an efficiency
that depends on the surface orientation as well as dopant type and position. The NH,, PH,, and SH species
have the strongest effect in counteracting the CHj; adsorption to the diamond (111) surface. This is also the
situation with the dopants adsorbed on either of two specific surface sites (out of three positions studied) on
the diamond (100)-2 x 1 surface. The main reasons for these observations are induced steric hindrances
between the two coadsorbates. The BH, species, adsorbed to the third type of surface site on diamond (100),
has been found to affect the adsorption reaction by formation of a Cg,+—B bond prior to CH3 adsorption. The
dopants in their radical forms are generally shown to always strongly disfavor the CH; adsorption reaction
by formation of a C,s—X bond prior to adsorption. However, the NH radical will only form this new bond

with the radical surface C site when it is adsorbed to position 3 on the surface.

I. Introduction

The surface chemistry involved in diamond growth using
chemical vapor deposition (CVD) is very complex and implies
competing gas-phase and surface reactions under the presence
of various carbonaceous species. In an ordinary CVD setup, a
small percentage (about 1—5%) of methane in a large excess
of hydrogen (about 95—99%) is activated by specific methods
(hot filament, plasma, laser, etc.). This gas-phase activation leads
to a distribution of reactive carbonaceous species with a resulting
concentration profile totally dependent on the activation type
and different experimental variables (such as pressure, surface
and gas temperature, gas flow, etc.).! For appropriate conditions,
a certain sequence of surface reactions favoring diamond growth
takes place. This sequence of reactions is generally divided into
different reaction steps as adsorption, H abstraction, surface
migration, etc.>? The role played by the different gas-phase
species and their importance for the growth mechanism are,
however, still under debate.

It is a well-known fact that atomic hydrogen is sustaining
the sp3 hybridization of the surface carbon atoms in the diamond
structure. Furthermore, gaseous hydrogen is known to take part
in abstraction reactions during growth of diamond (leading to
recombination products like Hy). The methyl radical (CH3) is
generally accepted as the main growth precursor, and the
corresponding importance of CH, is still under debate.*” The
gas-phase composition in a microwave plasma-assisted CVD
process was earlier theoretically studied in the work of Lombardi
et al.! It was then found that the CHj density is more than 10
times larger than the CH, density in the gas phase next to the
surface. This result is consistent with the early idea that this
radical is the main precursor for diamond growth.®” On the basis
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of these circumstances, only CH3 has been assumed to be the
adsorbed growth species in the present study.

Introduction of impurities (N, B, S, or P) into the diamond
lattice is of major interest due to large effects on the properties
of diamond (e.g., transformation to a semiconducting material).
In choosing a suitable dopant for diamond one has to consider
not only its effects on the diamonds properties but also its
solubility and mode of incorporation.!®!! Tt is possible to
introduce the impurity during chemical vapor deposition (CVD)
of diamond, and it has been observed experimentally that the
presence of the dopant will largely affect the growth process
(e.g., growth rate, surface smoothness, orientation).!>"!> In the
presence of an impurity, important changes in the growth
reaction steps have frequently been observed experimentally.'¢-1°
However, only a small number of theoretical publications have
focused on this particular behavior, and many questions remain
without answers.

The present paper shows some initial results regarding the
influence of adsorbed dopants on an important elementary
reaction occurring during diamond growth: adsorption of CHj3.
The main question to be answered is if there is any dopant
situation where CH3 adsorption will be seriously counteracted
or become extremely improved by the existence and type of a
coadsorbed dopant. An induced hindrance of growth species
adsorption would ultimately result in a transfer of this elemen-
tary reaction into a rate-limiting step (i.e., a bottleneck) for the
whole diamond growth process. Careful density functional
theory calculations under periodic boundary conditions have here
been used in considering the N, P, S, and B (in two different
hydrogenated forms) and their effect on the adsorption of CHj
when coadsorbed to a neighboring surface site.
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Figure 1. Representations of the supercells used in modeling the diamond (111) (a—c) and (100) (b—d) surfaces. The adsorption site for CHj is
marked with an arrow in a and b. Various positions for coadsorption with a dopant (c) for the (111) surface and (d—f) for the three different

possibilities on the (100) surface.

I1. Methodologies

The present investigation was based on an ultrasoft pseudo-
potential density functional theory (DFT) method using the
program package CASTEP from Accelrys, Inc.?’ The calcula-
tions were performed using the spin-polarized general gradient
approximation and the PW91 functional (Perdew—Wang?!)
under periodic boundary conditions. Introduction of a density
gradient is proven to give more accurate chemisorption energies
compared to the spin-polarized local density approximation
(LSDA).2> However, the calculation time will unfortunately
become dramatically increased for large model systems. In order
to make the optimization procedure more practical, the geometry
was first optimized using LSDA, followed by a single-point
GGA-PWOI calculation on the final structure. The geometry
optimizations were performed using the BFGS algorithm.??
Careful test calculations were performed to ensure the reliability
of this methodology. A comparison with direct geometry
optimization using the GGA-PWO91 functional resulted in a
difference in total energy of less than 2% with no significant
structural differences. The number of k points (2 x 2 x 1) was
generated using the Monkhorst—Pack scheme,?* and the cut-
off energy was set to 280 eV. These values have been defined,
after careful test calculations, to be the best compromise between
the precision of the calculation and the calculation time. Indeed,

higher values of these two parameters only showed an energy
difference of about 1% in calculating the energy of adsorption
for CHj;.

Both diamond (111) and (100) surfaces were included in the
investigation, and the corresponding models are presented in
Figure la—d, where the size of the supercell in the x and y
directions determines the degree of adsorbate—surface coverage.
These surfaces were H terminated, and the 2 x 1 reconstructed
monohydride surface, (100)-2 x 1:H, was used in modeling
the (100) surface. The optimal model parameters (i.e., number
of C atomic layers, number of geometry-optimized layers,
vacuum depth) were also determined by performing careful test
calculations. It was shown that four and six carbon layers are
enough to determine the CH3 adsorption energy with a sufficient
accuracy for the (111) and (100) surface, respectively. A further
increase of the number of layers resulted in an increase in
adsorption energy by less than 4% vs 1%. The greater number
of layers required for convergence on the (100) surface is most
probably the result from strains due to the surface dimer bonds.
In addition, the most optimal numbers of relaxed atomic layers
were found to be two and three for the (111) and (100) surface,
respectively. A higher number of relaxed layers only resulted
in CH3 adsorption energy differences of smaller than 1%. For
all test calculations, the lowest-lying carbon layers were frozen
to simulate the constraint induced by the bulk. The periodic



Effect of Coadsorbed Dopants on Diamond

reproduction of the unit cell along the z axis introduces a vacuum
depth that must be large enough to avoid nonrealistic interslab
interactions. From previous work, it is well known that 10 Ais
an optimal value.?® In conclusion, the diamond (100) surface is
more sensitive with regard to both total number of C layers
and number of relaxed C layers when studying the adsorption
process of growth species.

For all calculations, the dopant species were adsorbed on a
neighboring surface C site relative to the surface radical carbon
onto which CH3 will be adsorbed (the surfaces are presented in
Figure 1a—d). Due to the high level of symmetry, all carbons
surrounding a (111) adsorption site are equivalent (Figure 1le).
Hence, the present study will be restricted to only one adsorption
situation for the dopant/CHj3; combination on a diamond (111)
surface. On the other hand, the much lower symmetry of the
(100) surface has led to the consideration of three different
positions for the dopant species relative to the CH; adsorption
site (Figure 1f—h). In addition, the four most common diamond
dopant elements have been considered in the study: N, P, B,
and S. For each type of dopant, both fully hydrogenated and
radical forms were considered (NH,, NH, PH,, PH, BH,, BH,
SH, and S). In order to outline the effect of these different
dopants on the CH3 adsorption, corresponding calculations on
a fully hydrogenated surface and with a coadsorbed CH3z were
also performed. This comparative study will thereby make it
possible to highlight the steric and electronic effects of the
dopants on the initial growth reactions of diamond (111) and
(100).

III. Results and Discussions

Effect of Dopants on the Adsorption of CHjs. A. General.
Adsorption of a gaseous growth species onto the diamond
surface is a very important elementary reaction in the CVD
diamond growth process. It is also of greatest interest to define
the energetic effect induced by the presence of a dopant bonded
to a surface carbon neighboring the reactive adsorption site (i.e.,
the adsorption site for the growth species). The adsorption
energy (AE,qs) has been calculated using

AE

ads

=E

surface-ads

(E

surface

+E, ) (1)

where Egyface-ads 18 the total energy for the finally adsorbed
system and FEgypace (OF Eygs) 1S the total energy for the nonad-
sorbed surface (or gaseous species). Since the atoms within the
surface regions are allowed to be completely relaxed in the
calculations, structural evolutions (before or after adsorption)
may strongly affect the final numerical value of the adsorption
energy. To be more specific, stabilization of the surface prior
to adsorption will decrease the adsorption energy, while
stabilization of the finally adsorbed system will improve it. The
presence of an adsorbed dopant may cause this stabilization (or
a corresponding destabilization) through interactions between
itself and the reactive surface carbon site. The stabilization/
destabilization may also occur through interactions between the
adsorbed dopant and the adsorbed growth species (CH3), and a
combination of these effects is expected. In order to understand
the numerical variation of the calculated CH3 adsorption energies
(as a function of types of dopant species), careful analysis of
the geometrical and electronic structure of the system has to be
performed.

B. CHj; Adsorption Next to XH,. The calculated energies
for CH3 adsorption to a (111) and a (100) diamond surface,
with NH,, PH,, BH,, or SH dopant species bonded to a
neighboring surface carbon site, are presented in Table 1. These
energies are compared with the adsorption energies obtained
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TABLE 1: CHj; Adsorption Energies in the Presence of
Different Adsorbed Dopants in Their Fully Hydrogenated
Forms

(100)
ads E (kJ/mol) (111) pos 1 pos 2 pos 3

NH, —290.7 -317.9 —330.0 —349.6
PH, —266.0 —286.0 —298.9 —323.0
BH, —325.1 —366.2 —334.3 —268.5
SH —270.6 —296.5 —305.6 —333.3
CH; —270.7 —289.6 =311.5 —329.7
H —=317.7 —358.5

when the reaction occurs without any dopant on the surface
(i.e., the adsorption site is only surrounded by hydrogen). In
addition, the effects induced by the presence of a dopant are
also compared with interactions generated by a neighboring CHj3
adsorbate. The purpose with this latter comparison is to highlight
the effect of differences in electronegativity values between C
and P, S, N, or B, which in turn may cause electronic
delocalization effects within the surface region of the diamond
lattice.

In Table 1, the energetic values show that the presence of
NH,, PH,, or SH on a neighboring surface carbon will, for both
diamond (111) and (100) surfaces, disfavor CH3 adsorption.
When compared to the situation with only H surface neighbors,
the decrease in adsorption energy induced by a neighboring
adsorbed NHj is relatively low [(111), 27 kJ/mol; (100), 8—40
kJ/mol]. In the presence of PH, or SH, the energetic reduction
of the adsorption energy becomes more pronounced [(111), 52
vs 47 klJ/mol; (100), 35—72 vs 25—68 klJ/mol], which is
comparable to the reduction obtained with a neighboring
adsorbed CHj3 [(111), 47 kJ/mol; (100), 28—68 kJ/mol]. On the
contrary, the presence of a neighboring BH, does not appreciably
affect the CHj3 adsorption energy on the (111) surface (the
adsorption energy is more pronounced by only 7 kJ/mol relative
to the H scenario). Similarly, when the dopant is adsorbed in
position 1 on the (100) surface, a slight improvement in the
CHj3 adsorption energy is observed (of about 8 kJ/mol). On the
other hand, the opposite is found for position 2, with a reduction
in adsorption energy by 24 kJ/mol, and the decrease becomes
drastically larger when attaching BH; in position 3 on (100)
diamond (the difference drops as much as 90 kJ/mol).

For both of the (111) and (100) surfaces, the small reduction
in adsorption energy observed when adsorbing CH3 near an
adsorbed NH, can be explained by steric repulsions. As a
measure of the degree of CH;—NH; repulsion, an angle o is
defined by the surface plane (including the first carbon layer)
and the Cgypce—CHs bond in the plane formed by the two
adsorbates (see Figure 2).

For each surface plane and each dopant position considered,
Ao is defined as the difference between the o values for a NH,
and an H neighbor. As can be seen in Figure 3, there is an
obvious correlation obtained when relating Aa with the differ-
ence in corresponding adsorption energies.

The AE—Aa correlation gives a good argument for consider-
ing the steric repulsion between the coadsorbed CH3; and NH,

Figure 2. Definition of angle c.
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Figure 3. Graphical representation of the correlation between AE and Ao.. The individual data points are identified as Aa. = 3.1 for (111) and Aa

= 7.1 (position 1), 4.1 (position 2), and 1.2 (position 3) for (100).

Figure 4. Optimized surface structure for an adsorbed BH, species
next to the radical surface carbon (indicated by an arrow) prior to any
CHj3 adsorption: (111) surface (a—c) and (100) surface with the dopant
in position 1(b—f), 2 (c—g), and 3 (d—h), respectively.

species as the most important effect responsible for the small
adsorption energy differences induced by the presence of an
NH; dopant.

The negative effect on the CH3 adsorption energy induced
by neighboring PH, or SH adsorbate is also found to be due to
steric repulsions between the adsorbed CHj3 and the respective
dopant. Significant changes are observed for the angle a (Aa
varies within the range of 4.1—7.4 for PH, and 2.8—7.0 for
SH), but opposite to the situation with NH, it is not possible
to find any direct correlation between Aa and AE. This is an
indication that other effects are also responsible for the CH3
adsorption energy variation.

In comparison to the effects induced by coadsorbate NH,,
PH,, or SH (which are all affecting CH3 adsorption by similar
interactions), a neighboring BH; is affecting the CH3 adsorption
in a completely different way.

On both diamond (111) and (100), the resulting geometrical
structure (after CH; adsorption) does not show any significant
indication of steric repulsions between the coadsorbed BH; and
CHj3. This can be explained by the fact that BH, has an empty
p orbital with reduced steric hindrance, in contrast to NH,, PH»,
and SH which have filled lone-pair orbitals. In comparison with
the values obtained for a fully hydrogenated surface, the
presence of BH; on the (111) surface is observed to change the
CHj3 adsorption energy only 7 kJ/mol (Table 1). This similarity
in adsorption energy is due to the lack of interconnections and
geometrical constraints between the boron (in BH,) and the
surface C radical prior to CHj3 adsorption as can be seen in
Figure 4a and 4e (and due to the absence of BH,—CH3 steric
repulsions after the reaction, as mentioned earlier). However,
for a neighboring adsorbed BH, species on the (100) diamond
surface, the CHj3 adsorption energies (Table 1) appear to be

(b)

Figure 5. Definition of By, B,, B3, and By as the distances between
(a) BHy or (b) XH (X =N, P, S, or B) and the two neighboring surface
carbons (prior to CH3 adsorption).

TABLE 2: Values Observed for B; and B, on the (111)
Surface and for the Three Different Positions on the (100)
Surface when Using the BH, Dopant

(100)
(111) pos 1 pos 2 pos 3
Bi no bond 1.81 1.72 1.60
B> 1.56 1.81 1.72 1.60

much more influenced by the presence of BH,. These energetic
changes are induced by a BHy—Cyyace interaction which occurs
prior to CHj adsorption. This interaction is clearly visible for
all three dopant positions in Figure 4b—d and 4f—h. From Table
1, the CH3 adsorption appears to be most strongly affected by
the presence of BH, in position 3 (a decrease of 90 kJ/mol
relatively to the surface with only H neighbors). The corre-
sponding differences for BH, in positions 1 and 2 are only a
decrease of 24 kJ/mol for dopant site 2 and an increase of 8
kJ/mol for dopant site 1.

Prior to any CHj adsorption, analysis of the bond length
formed between BH, and the two neighboring surface carbons
(B and By, as presented in Figure 5a) gives further information
which helps in the understanding this unexpected behavior.

From Table 2, B; and B, bonds appear to be symmetric and
become somewhat longer for BH; in position 1 or 2 (compared
to position 3). These geometrical results indicate that the
adsorption sites prior to methyl adsorption, for boron in position
1 and 2, are not as stabilized as in the situation with BH, in
position 3. Moreover, the lengths of B and B, for position 3
are very similar to the B, distance obtained for BH, adsorbed
to the (111) diamond surface. This particular bond length (of
1.56 A) can be considered as the “natural” Cgamona—B bond
length due to the low amount of constraints (adsorption of BH;
to diamond (111) resulted in only one covalent bond). The
decrease in CH3 adsorption energy for position 3 on diamond
(100) can thereby be explained by the more pronounced
stabilization of the radical surface.
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TABLE 3: CHj; Adsorption Energies in the Presence of
Different Dopants in Their Radical Form

(100)
AE,q4s (kJ/mol) (111) pos 1 pos 2 pos 3

NH —301.5 —355.3 —375.2 —229.1
PH —2183 —182.8 —195.7 —174.2
BH —230.5 —196.6 —291.0 —127.8
S —244.9 —243.1 —253.2 —221.9
CH, —274.3 —242.5 —244 .3 —158.6
H —317.7 —358.5

The main goal with the present investigation has been to
highlight the effects induced by a neighboring dopant on the
CH3 adsorption and compare these effects with the correspond-
ing ones for only neighboring adsorbed H. However, the CH3
adsorption next to a step is also important to consider for further
carbon incorporation in the lattice. The effect of a dopant on
this latter type of adsorption is therefore important to include
in the present study. Two different growth steps exist on
diamond (111), and theoretical studies have earlier shown that
the CH; adsorption energies near step types A and B are,
respectively, 14 and 142 kJ/mol (type A consists of (111) and
(100) planes, while type B consists of only (111) planes).?® The
corresponding reaction energy obtained when adsorbing CHj3
next to an adsorbed CHj, was calculated to be 199 kJ/mol.?”
Coadsorption next to a type B step, on diamond (111), may
then be approached by studying CHj adsorption next to an
already adsorbed CHj3. The difference in adsorption energies
between the earlier and the present study can mainly be
explained by the use of a cluster model, for the previous work,
while an infinite surface slab is used for this investigation.

By extension, a step on both diamond (111) and (100) has
been, rather coarsely, modeled using a CH3 coadsorbates next
to the adsorption site. By substituting C (from CH3) with a
dopant element (N, B, S, or P), a specific type of doped step is
somehow modeled. Hence, a comparison of adsorption energies
for CHs adsorbed near an already adsorbed CHj3 or an H-
saturated dopant yields valuable information concerning the
effect of dopants on CH3 adsorption next to a growth step. With
a neighboring NH; it is found that less steric hindrances are
induced compared to a coadsorbed CHj3 species, resulting in
slightly favored CHs growth species incorporation (i.e., adsorp-
tion): up to 40 kJ/mol. This effect might have some implications
for the growth rate increase with N present in the CVD reactor
(as observed experimentally).!> The much larger sizes of PH,
and SH (compared to NH,) are observed to induce sterical
repulsions numerically comparable in size with the ones induced
by a coadsorbed CHj species. On the basis of these results, an
effect on growth using these specific dopants is not expected.
These observations are, however, in contradiction with experi-
mental growth rate results which show clear effects by the
presence of a dopant.'>!> For BH, as coadsorbed dopant, the
lack of steric repulsions with the adsorbed CHj results in
adsorption energies that are numerically much more favored
compared to values obtained with a coadsorbed CHj3 (instead
of BH,). Boron is thereby expected to favor carbon incorporation
into the (111) surface. For the (100) surface, the coadsorbed
BH; cannot be use to investigate the effect of boron in a step
on the CHj adsorption due to the bond formation observed
between BH, and the surface carbon radical prior to CHj
adsorption.

C. Adsorption of CH; Next to XH. The calculated energies
for adsorption of CH3 to diamond (111) and (100) surfaces are
presented in Table 3. Similar to the situation in section IIL.B,
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the dopants are positioned on a surface carbon neighboring the
reactive adsorption site. The main difference is that the dopants
are here in their radical form. The energetic values obtained in
the presence of the radical dopants are then compared with the
adsorption energies calculated without any dopant (i.e., by
replacing the dopant with H). In addition, these values are also
compared with the corresponding energies obtained with coad-
sorption of CH; on the neighboring surface carbon.

The adsorption energies presented in Table 3 show that, for
both diamond (111) and (100) surfaces, the presence of a dopant
in its radical form will almost always disfavor the CHj
adsorption reaction. This is also the situation with the CH,
coadsorbate. The exception is the NH* dopant, which will only
disfavor CH3 adsorption in position 3 on diamond (100). For
the two other positions on diamond (100) and for the (111)
surface, the presence of NH* does not affect CH3 adsorption
significantly.

For all cases investigated, the reduction of adsorption energy,
induced by the presence of a dopant in its radical form, is due
to formation of a new bond between the dopant and the reactive
adsorption site (prior to CHj adsorption). The interaction
between the radical surface carbon, C*, and the radical dopant
is expected since these two surface radicals, when they are close
to each others, tend to react and thereby reduce the surface
energy (i.e., increase the stabilization) by forming a new bond
(Figure 5b). In some cases, formation of this new bond induces
too much constraint and only a weak interaction occurs. In order
to study the intensity of this interaction, the distances between
the dopant and the two neighboring surface carbons (B3 and
B4) were compared (see Table 4).

As can be seen in Table 4 for the (111) surface and for
positions 1 and 2 on the (100) surface, the large difference
between Bz and B4 for the NH* dopant shows that two
neighboring surface radicals (the adsorbed NH* and the surface
C*) do not always manage to form a bond. The distance between
the nitrogen (in NH*) and the reactive surface carbon is too
long to create a B4 bond without causing severe geometrical
constraints. This lack of strong C*—NH* interaction is here
correlated to the small energetic difference in CH3 adsorption
energy for the various dopant position sites (16 kJ/mol for (111),
3 kJ/mol for position 1 on (100), and 17 kJ/mol for position 2
on (100)). The situation is however different for NH* in position
3 on the (100) surface. The C*—NH* distance is much shorter,
and B4 bond formation explains the large decrease in the CH3
adsorption energy of about 129 kJ/mol (see Table 3).

With PH* adsorbed on the neighboring carbon site, the
identical values obtained for B3 and By indicate that a second
bond is always formed between the radical PH* adsorbate and
the reactive surface carbon site (C*). This is the situation for
both the (111) surface as well as for the different positions (1,
2, and 3) on the (100) surface. Compared to the NH* dopant,
the tendency to form stable bonds can be explained by the fact
that C*—-PH* is a longer and more flexible bond due to
occupation of the more diffuse 3s and 3p orbitals on P.
Formation of this new C*—PH* bond will thereby strongly
affect the adsorption of CHs. In relation to the situation with
only neighboring H adsorbates on the surface, the CH3 adsorp-
tion energy decreases by about 99 kJ/mol for the diamond (111)
surface and 176, 163, and 184 kJ/mol for positions 1, 2, and 3
on the diamond (100) surface when introducing a neighboring
PH* dopant on the surface.

The bond distances (B3 and By) presented in Table 4 for the
diamond (100) surface show that adsorbed radical sulfur (S*)
has a similar effect as PH*. For all three different positions
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TABLE 4: Values of the Distances B; and B4 (10&) between the Adsorbed Dopant and the Two Binding Surface Carbon Atoms

NH* PH* S*
(100) (100) (100)
(111) pos 1 pos 2 pos 3 (111) pos 1 pos 2 pos 3 (111) posl pos 2 pos 3
B3 1.42 1.41 1.40 1.46 1.99 1.99 1.92 1.83 1.82 1.98 1.90 1.79
B4 2.74 2.66 2.75 1.46 1.99 1.99 1.92 1.83 2.81 1.98 1.90 1.79
BH* CH,*
(100) (100)
(111) pos 1 pos 2 pos 3 (111) pos 1 pos 2 pos 3
B; 1.63 1.68 1.57 1.51 1.66 1.63 1.61 1.50
B4 1.63 1.68 1.57 1.51 1.66 1.63 1.61 1.50

considered, formation of a new bond between S* and the surface
radical (C*) is observed. The CH3 adsorption energy is hence
also strongly affected by a reduction of 115 (position 1), 105
(position 2), and 137 (position 3) kJ/mol, respectively. On the
other hand, the large difference between the bond lengths B3
and B4 on the (111) surface indicates that there is no bond
formation between S* and C*. However, there must be some
type of electronic interactions between these two radicals since
the S* dopant causes, also for this surface, an important decrease
in CH3 adsorption energy (by about 73 kJ/mol).

For the situation with an adsorbed radical BH*, a strong
decrease in CHj3 adsorption energy (in the range 68—231 kJ/
mol) is observed. The values presented in Table 3 show that
the CH3 adsorption energy has the largest decrease when the
neighboring BH* species is adsorbed in position 3 on diamond
(100) (231 kJ/mol). When the dopant is in position 1, the effect
induced by the neighboring BH* species decreases (the energetic
difference becomes 162 kJ/mol). The decrease becomes even
smaller (about 128 kJ/mol) for the (111) diamond surface, and
finally, the smallest energetic reduction (of about 68 kJ/mol) is
reached when BH* is in position 2 on diamond (100). The
observed difference in adsorption energy for the four surface
situations can again be explained by performing a careful
analysis of the surface structure before and after CH; adsorption.
Prior to the adsorption reaction, the large similarity between
B; and B4 (Table 4) indicates that a new C*—BH* bond is
created. Here again, the smallest C*—BH* bond length observed
for position 3 on the (100) surface is responsible for the largest
change observed in the CH3 adsorption energy.

Structural analysis of the surface after CHj3 adsorption
generally did not show any significant interaction between the
dopant and the adsorbed CHj3 species. The only exception is
the specific rearrangement which was observed for the (111)
diamond surface and for the (100) diamond surface with the
BH* dopant in position 2. Analysis of the surface structure after
CH3; adsorption shows that an H atom is transferred from the
adsorbed CHj; to the neighboring BH* species. Two new
coadsorbed species (CH, and BH;) are present, and a new C—B
bond is thereby formed by an overlap of the empty p orbital
from the boron and the orbital containing the unpaired electron
within CH,. The negative effect induced by C*—BH* bond
formation prior to CHj3 adsorption is thereby counteracted by
this stabilization, resulting in an adsorption reaction that is less
energetically disfavored (Table 3).

A comparison of the effects induced by a coadsorbed radical
dopant and a radical CH, species gives the possibility of
highlighting specific interactions which are characteristic for
the dopant. It is observed that PH*, S*, and BH* are affecting
the CH3 adsorption somewhat similarly to a coadsorbed CH,
species. For both types of coadsorbed species, the reaction is

disfavored due to formation of a new bond between the surface
radical carbon (prior to CH3 adsorption) and the radical dopant
(or CH; species). The presence of a coadsorbed radical dopant
is then expected to not disfavor more the diamond CVD growth
than a coadsorbed CH, would. On the other hand, NH* is
expected to have a small positive effect on the growth since no
new N—C bond is formed prior to CH3 adsorption, which might
slightly increase the amount of free surface carbon radical.

IV. Conclusion

The purpose of this study was to carefully analyze the effect
of four different types of coadsorbed dopants (N, P, S, and B),
in both their fully hydrogenated and radical forms, on CHj3
adsorption onto two different diamond surface planes: (111) and
(100). The calculations were performed under periodic boundary
conditions using DFT methods based on a spin-polarized GGA-
PWO91 functional and a plane-wave basis set.

The CHs adsorption reaction was found to be mainly
affected by steric repulsions when coadsorbed with a
neighboring dopant such as NH», PH,, or SH. The degree of
steric hindrance was then correlated to the size of the dopant.
However, minor electronic interactions are expected to also
affect CH3 adsorption in coadsorption with PH, or SH. For
the (111) surface, the presence of BH; was not found to affect
the CH3 adsorption energy either by (i) an interaction with the
surface C* site prior to adsorption or (ii) an interaction with
the finally adsorbed CHj3 species. For the (100) surface, the
presence of BH, was not found to interact with the finally
adsorbed CHj species. However, an unexpected interaction
with the radical surface carbon, C*, was found to occur prior
to CH3 adsorption. With BH, coadsorbed in position 3, the
neighboring CH3 adsorption was found to be largely disfa-
vored due to formation of a strong C*—BH; bond. However,
this type of C*—BH; interaction was not found to be that
significant and hence not affecting the CH3 adsorption to any
appreciably extent with BH; in position 1 or 2.

Coadsorbed dopant radicals (NH*, PH*, S* and BH*) were,
with few exceptions, found to always disfavor the CH3 adsorp-
tion reaction due to formation of a stabilizing new bond between
the dopant and the surface radical carbon, C*, prior to CHs
adsorption. The PH* dopant adsorbate was found to be most
efficient in lowering the CH3 adsorption energy, and this effect
is, compared to the effect on diamond (111), also twice as strong
for all three dopant positions on the (100) surface. For the S*
dopant, the variation in CHj3 adsorption energy was found to
be generally much smaller compared to the values obtained in
the presence of PH* on the surface. For both PH* and SH*
coadsorbates on diamond (111), CH3 adsorption became ener-
getically more disfavored compared to the situation when there
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is instead a neighboring CH,* adsorbate. For the (100) surface
and dopant positions 1 and 2, the energetic variations using
CH,* were rather similar to the values obtained for SH*.
However, when CH,* was in position 3, CH3 adsorption became
much more negatively affected and the energetic difference
became similar to the value obtained with PH* as a neighboring
adsorbate.

The presence of NH* on the surfaces resulted in a specific
behavior. This dopant was not found to predominantly affect
the CH3 adsorption reaction on the (111) surface or on the (100)
surface in position 1 and 2. However, when adsorbed in position
3 on the (100) surface, CH3 adsorption became strongly
disfavored due to a bond formation between NH* and the
surface radical C* prior to CH3 adsorption. The presence BH*
on the surface showed the most intriguing effect on the CHj3
adsorption. For the (100) surface and with BH* in position 1
or 3, CH3 adsorption was only affected (as for the other dopants
PH*, S*, or CHy*) by C—X (X =P, S, or C) bond formation.
For the two other situations (for the (111) surface and for BH*
in position 2 on the (100) surface), the BH* adsorbate showed
a particular capability to capture an H atom from the coadsorbate
CH; followed by formation of a new bond between the resulting
coadsorbed CH,* and BH, species. The stability of the final
surface structure was thereby increased and CHjz adsorption less
disfavored. It is important to keep in mind that even if the
reaction is less disfavored due to this extra stabilizing effect
induced by the final surface structure, the reaction is expected
to be still strongly affected by C*—BH* bond formation prior
to adsorption.
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