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Adsorption of hydrocarbons on a diamond (111) surface: An ab initio quantum-mechanical study
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The adsorption of H-, CH;-, CH,, CH-, C,H-, and C,H, on hydrogen-terminated (111) surfaces of dia-
mond has been investigated theoretically. Ab initio molecular-orbital theory was used in order to calcu-
late the relative adsorption energies of these different hydrocarbon species. The effects of electron corre-
lation, included by means of second-order Mgller-Plesset theory, on the relative adsorption energies, as
well as the choice of basis sets, were investigated. The effects of different sizes of model clusters and
different geometry optimizations were also studied. Counterpoise corrections were used to estimate the
magnitude of the basis-set superposition errors. The adsorption energies were found to be in the order
C,H- > H:=CH,(singlet) > CH- > CH,(triplet) > CH;- > C,H,. The C,H- species was predicted to ad-
sorb stronger to the H-terminated diamond (111) surface than H- does. C,H, with one site binding to
the surface was predicted to yield a significantly weaker adsorption than the other hydrocarbons.

I. INTRODUCTION

Within the last decade there has been a substantial in-
crease in the interest of gas-phase synthesis of diamond
under conditions where graphite is the thermodynamical-
ly most stable form of carbon. This interest is mostly due
to the exceptional properties of diamond (e.g., extreme
hardness, high thermal conductivity and electric resistivi-
ty, optical transparency, chemical inertness). The devel-
opment of the low-pressure synthesis will open up new
fields for applications. These include fabrication of
wear-resistant protective coatings, abrasives, heat sinks,
and high-temperature semiconducting and optical de-
vices. However, the realization of these applications will
be determined by the degree of success in the well-
controlled growth of diamond of high crystal quality. It
is therefore of highest importance to achieve a detailed
understanding of the nucleation and growth process at
the molecular level.

In spite of considerable effort, much of the underlying
chemical and physical growth mechanisms remain uncer-
tain. The first attempts in the direction of achieving
knowledge about the molecular level surface chemistry
were based on semiempirical quantum chemical calcula-
tions. Tsuda, Nakajima, and Oikawa'’? and Frenklach
and co-workers>* proposed different growth mechanisms
for the diamond (111) surface. In the work of Tsuda,
Nakajima, and Oikawa,"’? the growth mechanism was
based on methyl addition. The acetylene molecule was
proposed as the primary growth species by Frenklach
and co-workers.>* Huang and Frenklach have also stud-
ied the energetics of methyl-followed-by-acetylene addi-
tion.> The energetically most favorable reaction path led
to the formation of stacking faults and structural defects.

0163-1829/93/48(4)/2666(9)/$06.00 48

Growth of diamond requires adsorption of a hydrocar-
bon species (the growth species) to a surface site on the
hydrogenated diamond surface. It is therefore of great
interest to investigate more systematically the adsorption
of different hydrocarbon species on a diamond surface.
Recently, different theoretical methods have been used to
investigate the adsorption energy of a variety of hydro-
carbon species adsorbed on the diamond (111) surface
(see Sec. III F). Semiempirical methods, used by Valone,
Trkula, and Laia’ and Mehandru and Andersson,® have
yielded disparate results. More recently, Pederson, Jack-
son, and Picket®® and Mintmire et al.!° have used local-
density approximations in order to calculate the energy
of adsorption of not only different hydrocarbon species,
but also of hydrogen, on the diamond (111) surface.
Their ordering of hydrogen and hydrocarbon species on
the energy scale is different from the result of Brenner!'!
who used an empirical potential-energy function in calcu-
lating the adsorption energies of these species.

The purpose of the present paper is to investigate the
adsorption of various species on a hydrogenated diamond
(111) surface using ab initio molecular-orbital theory.
The gaseous species which have been used in the calcula-
tions are H-, CH;-, CH,, CH-, C,H-, and C,H,. All of
them may be formed in the gas phase during diamond
deposition. The major part of the present work is a
methodological study in which the effects of different fac-
tors on the calculated relative adsorption energies have
been investigated systematically. These factors include
the effects of different sizes of basis sets and of the tem-
plates modeling the cluster to which the adsorbate is
bound, as well as electron correlation corrections.

A necessary condition for obtaining a good description
of the electronic state of the reactants and products in the
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adsorption reaction is primarily to choose a highly flexi-
ble basis set, a model cluster (template) describing the di-
amond surface well, and to use treatments which include
electron correlation. Geometry optimizations are also of
vital importance. In practice, however, it is not possible
to use a large improvement of the basis sets together with
a large improvement of the correlation technique for the
template sizes used in this work. As a preparation for
further work, it is therefore necessary to make a metho-
dological study in which the effect of these choices on the
relative adsorption energies are investigated.

II. METHOD

The adsorption of different species to a radical carbon
atom on a hydrogenated diamond (111) surface has been
investigated theoretically within ab initio molecular-
orbital theory, using the program system GAUSSIAN90.'?
The adsorbed species are the five hydrocarbons CHj-,
CH,, CH:, C,H-, and C,H, and hydrogen H:. Thermo-
dynamic calculations have shown that these hydrocar-
bons are present at equilibrium in the gas phase during
diamond deposition in hot filament and plasma chemical
vapor deposition (CVD) reactors.!* The single bond that
forms between the radical species and the surface results
from o overlap between the surface dangling orbital and
a corresponding orbital of the adsorbate.

The CH, species can be found in two different low-
lying electronic states, one singlet state (' 4,) and one
triplet state (3B,). The triplet state is predicted to be
more stable by approximately 140 kJ/mol.!* The present
calculations consider both electronic states. A onefold
site adsorption of C,H, is assumed, i.e., C,H, binds to the
surface radical carbon through one end. This bonding is
illustrated in a correlation diagram in Ref. 6. The 7 and
7* orbitals in C,H, mix in such a way that a localized o
bond between C,H, and the surface radical carbon is
formed.

The present work includes calculations of the total
electronic energies for the reactants as well as for the
products of the adsorption,

M-+CyHy —M-CyHy , 6

where M is the model cluster. The relative adsorption en-
ergies were then calculated by using

Al'zrel,CxHy- :Eads,cxﬂy. —Eads,H~
:ECXH},’+EM-H'_—EH‘_EM—CXH))' . )

E. s c u . and E 4 . are the adsorption energies for the
,C.H, )
different species C,H,- and H:. E¢ y ., Ep.py, Ey., and
Xy
E,;c y are the total electronic energies for the different
Xy

gaseous species and for the template M with an adsorbed
species, respectively.

A complication in these calculations is that the basis
functions located on the template atoms partly overlap
the adsorbed molecules, and vice versa. This will lead to
an artificial lowering of the energies of both the adsorbate
and the template, separate from the pure binding effects.

The effect of this “basis-set superposition error” (BSSE)
(Ref. 15) is, hence, that the calculated adsorption energies
will be too large. To estimate the magnitude of BSSE,
additional calculations were carried out, where the com-
plete basis sets of the “supermolecule”
(template +adsorbate) were used also to compute the en-
ergies of the separate adsorbate and template, respective-
ly. The corrections to the total energies obtained in this
way, commonly called “counterpoise corrections,”!® were
then subtracted from the total binding energy.

The radical and nonradical reactants and products in
the adsorption expression were described by spin unre-
stricted and restricted Hartree-Fock wave functions, re-
spectively. The simplest level of ab initio molecular-
orbital theory involves the use of a minimal basis set of
atomic functions. However, since a minimal basis set
contains only a single valence function of each particular
symmetry type (e.g., s,p,d), such effects as expansion or
contraction of the electron distribution around a particu-
lar atom in response to differing molecular environments,
which accompany the formation of a chemical bond are
not well described by such a basis. For this reason most
of the present calculations use split-valence basis sets,
with or without polarization functions. The split-valence
basis set is an extension of the minimal basis set, in which
the basis functions representing the valence electrons are
doubled. However, these basis sets are still centered at
nuclear positions. An improved description of the charge
rearrangement occurring around the atoms, especially
angular redistributions, is obtained by adding polariza-
tion functions (p to H and d to C) to the split-valence
basis set.

All geometrical parameters for the six adsorbate
species investigated were fully optimized. For the tem-
plate, with or without an adsorbed species, only the radi-
cal carbon atom of the template was allowed to relax in
the field of a fixed structure of its neighbors. As a check,
the three nearest neighbors to the central carbon on the
template were also allowed to relax in a Hartree-Fock en-
ergy calculation of the adsorption of hydrogen. No
change in adsorption energy was then observed. The
geometries of the adsorbed species on the hydrogenated
diamond (111) surface are presented in Table I.

III. RESULTS AND DISCUSSION

A. Influence of template sizes

Three different diamond templates, representing a (111)
surface, have been used to study the influence of the size
of the template on the adsorption energy. The largest di-
amond template consists of a four-layer-thick C,,H,;-
template (Fig. 1). The framework of this template con-
sists of a central atom (the radical carbon), the nearest
three carbon atoms, and the next-nearest nine carbon
atoms. Hydrogen atoms, together with nine additional
hydrogen-terminated carbon atoms, terminate the clus-
ter. A terminated C-H distance of 1.1 A was used. Six of
the next-nearest neighbors to the surface radical carbon
are also surface carbons, which might adsorb species that
may induce steric hindrances. The missing bond to the
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TABLE I. Geometry of adsorbed species.

CH,- CH, CH- C,H- C,H,
rec® (A) 1.563 1.524 1.502 1.487 1.557
rec (A) 1.189 1.329
rem (A) 1.077 1.070 1.064 1.057 1.071°
1.068¢
dccx® (deg) 112.8 122.3 180.0 180.0 113.4
ancn (deg) 55.2 60.2 110.3¢
140.3¢

2Radical carbon on the diamond surface.

*Distance between the binding carbon (I) on the adsorbed species and its neighboring hydrogen (I).
“Distance between the carbon (II) on the adsorbed species and its neighboring hydrogen (II).

d
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radical carbon yields a singly occupied sp-hybridized dan-
gling orbital. Table II shows the dependence of the rela-
tive adsorption energies on the template size. The ad-
sorption energies for the different species are given rela-
tive to the adsorption energy of H-.

One of the smallest templates that has been used in the
literature to describe the diamond (111) surface is a two-
layer-thick C,Hy- template (Fig. 2).!° It has been as-
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FIG. 1. The template Cy,H,;. The larger circles designate
carbon atoms, and the smaller circles designate hydrogen atoms.
The marked atom is the radical surface carbon on which the
different hydrocarbon species are adsorbed.

sumed that this small hydrocarbon template, with a terti-
ary carbon atom, can be used in the calculation of ac-
tivation energies for surface abstraction reactions in dia-
mond growth. In comparison with an unconstrained
C,Hy- template, an increase in the abstraction energy of
only 0.8 kJ/mol was calculated for the tertiary carbon
atom constrained in the same way as in diamond. Since
the use of as small a template as possible is a clear com-
putational advantage, it was of interest to investigate the
possibility of obtaining reliable relative adsorption ener-
gies when performing calculations based on this small
template. The carbon framework of this model is only
the central carbon atom and its three nearest carbon
neighbors. These three carbon atoms are terminated with
hydrogens at a distance of 1.10 A. The dangling bond of
the surface radical carbon, hence, has no hydrogen neigh-
bors. This will result in an elimination of repulsions that
otherwise take place between the incoming gaseous
species and the hydrogens (steric effects).

The results of calculations based on this small template
are given in Table II. The ordering of the relative ad-
sorption energies is identical to the corresponding order-
ing obtained by performing calculations based on the
largest template C),H,,-. However, the steric effects due
to the existence of neighboring hydrogen atoms to the
radical carbon are evident when comparing the results
from calculations based on the C,,H,;- and C,H,- tem-
plates, respectively. This is especially the case for the

TABLE II. Effect of cluster size on relative adsorption ener-
gies. Values in parentheses are the adsorption energies AEy.
Calculations were performed at the Hartree-Fock (3-21G/STO-
3G) level (kY mol ™).

AE,.—AEy CyHyr Ci3Hy; C,H,-
CH,(singlet) 37 39 68

C, 33 33 37

H- 0(382) 0(386) 0(364)
CH- —48 —47 —41
CH,-(triplet) —105 —103 —175
CH;- —140 —137 —81
C,H, —312 —310 —246
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FIG. 2. The template C;Hy-. Symbols as in Fig. 1.

nonlinear species, e.g., CH;-, CH, (singlet), CH,- (triplet),
and C,H,. The relative adsorption energies for these
species have increased by at least 30 kJ/mol when remov-
ing the steric effect of neighboring hydrogens by choosing
the smaller template C,;H,y- in the adsorption energy cal-
culations.

These results eliminate the template C,;Hy- to usefully
model the diamond (111) surface in adsorption reaction
calculations. The main reason for that is the steric
effects. As can be seen in Table II, these effects for the
CH,;-, CH,(singlet), CH,-(triplet), and C,H, species are
59, 31, 30, and 66 kJ/mol, respectively, when comparing
the results of calculations based on the C,H,;- and
C,H,- templates. These effects are unacceptably large.
For this reason, an intermediate-sized template was
sought, which would reproduce the essential features of
the larger C),H,,- template. A diamond (111) surface
model with 13 carbon atoms (C3H,,-) was chosen. The
number of carbon atoms in this model is nine more than
in C4Hy- but nine less than in Cy,H,;-, the largest tem-
plate. Compared to the largest template, this reduction
makes it possible to consider electron correlation in the
calculations. It is also possible to use a more flexible
basis set with this medium-sized C,;H,,- template, com-
pared with the largest C,,H,;* template.

The framework of C3H,,;- differs mainly from that for
the largest template C,,H,;- in that the next-nearest
neighbors to the central radical carbon consists of six car-
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bon atoms and three hydrogen atoms (Fig. 3), as com-
pared to nine next-nearest carbon atoms in C,,H,;-. This
difference in the type of neighbors results in a two-layer-
thick carbon template with six hydrogenated carbon
neighbors to the surface radical carbon atom. The car-
bon atoms in this template are also terminated by hydro-
gen atoms at a distance of 1.10 A.

The effect of using this medium-sized template in the
calculations can also be seen in Table II. The relative en-
ergy values for the different adsorbing species are com-
pared with the corresponding ones when using the largest
template C,,H,;- in the calculations. The largest energy
difference for the two template sizes is 3 kJ/mol, which is
found for the adsorption of the CH;- group. The relative
adsorption energy is — 140 kJ/mol when using the largest
template, which is compared with the relative adsorption
energy of —137 kJ/mol for C;3H,,-. This energy
difference is small compared to the obtained differences
within each group of adsorption energies (one group
defined as belonging to the C,;H,,- template and the oth-
er to the Cp,H,;- template). The correction for BSSE (see
Sec. III D) does not alter this conclusion. Thus it is con-
cluded that the C;3;H,,- template is adequate to use in the
further study of the adsorption reactions.

When a hydrogen atom is removed from the hydro-
genated diamond (111) surface, the central carbon atom
changes its hybridization from sp> towards sp2. The radi-
cal carbon atom then sinks down into the fixed frame-
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FIG. 3. The template C,3H,,-. Symbols as in Fig. 1.
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work of the neighboring carbon atoms. The magnitude
of this vertical relaxation was calculated to be 0.12 A for
the C4Ho- cluster, 0.15 A for the C3H,;- cluster, and
0.11 A for the C,,H,;- cluster. These values are some-
what smaller, but qualitatively similar to those obtained
by Jackson,!” using a method based on the local-density
approximation. For similar clusters, C;Hy+, C{3H,;*, and
C,,H,-, Jackson reports the values 0.17, 0.18, and 0.16
A, respectively. Both sets of calculations thus support a
partial transition to sp? hybridization at the radical site.
The local geometry is, however, still quite far from a
completely planar, sp? hybridized ome, which is con-
sistent with the notion that one electron remains in the
dangling-bond orbital.

B. Influence of basis sets

The effect of different basis sets on the relative adsorp-
tion energies was investigated systematically. These cal-
culations were based on the C3H,,- template in modeling
the hydrogenated diamond (111) surface. The basis sets
that were examined are the approximate Slater-type or-
bitals (STO-3G) minimal basis set and the split-valence
basis sets 3-21G, 6-31G, and 6-31G**.!* The STO-3G
basis set is a minimal basis set where each atomic orbital
(AO) is expanded in terms of three Gaussian functions.
In the 3-21G and 6-31G bases, the valence AQO’s are ex-
panded in terms of two contracted basis functions, con-
structed from two and one primitive Gaussians, respec-
tively, in the case of 3-21G, and three and one primitive
Gaussians, respectively, in the case of 6-31G. The inner-
shell atomic orbitals are represented by single basis func-
tions, which are contractions of three (3-21G) or six
(6-31G) primitive Gaussians. As mentioned above, these
split-valence basis sets are able to give an improved
description of expansion or contraction of the valence
shell in response to differing molecular environments.

The polarized basis set 6-31G * is constructed by add-
ing a set of d-type primitive Gaussians to the split-
valence 6-31G basis set for nonhydrogen atoms. Howev-
er, a possible polarization of the s orbitals on the hydro-
gen atoms, especially those closest to the adsorption site,
must also be allowed. The more complete basis set,
6-31G**, which in addition contains a single set of
Gaussian p-type functions on each hydrogen, was there-
fore used.

A combination of two different basis sets was used for
the C;3H,,- template. The radical carbon atom and its
three nearest carbon neighbors were represented by a
basis set called A4, while the remaining atoms were
represented by a slightly smaller basis set called B. The
gaseous and adsorbed species were all represented by 4.
This division is due to practical considerations. The cal-
culation would be very time consuming if calculations
were performed using, e.g., the 6-31G** representation
for all atoms in the system. Hence, a division of basis sets
has been used in the calculations, where the more flexible
basis set is used near the region of adsorption.

The three combinations of basis sets included in the
comparison are 3-21G/STO-3G, 6-31G**/STO-3G, and
6-31G** /6-31G. Table III shows the effect of the basis
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TABLE III. Effect of basis size on relative adsorption ener-
gies. AE, —AEy/ (kJ mol™!).

3-21G/STO-3G 6-31G**/STO-3G 6-31G** /6-31G

CH,(singlet) 39 38 26
C,H- 33 39 22
H- 0 0 0
CH- —47 —48 —60
CH,-(triplet) —103 —92 —104
CH;- —137 —131 — 145
C,H, —310 —295 —308

set on the relative adsorption energies calculated at the
Hartree-Fock level. The results show that the relative
adsorption energies are rather similar for the two
different basis set combination 3-21G/STO-3G and
6-31G**/STO-3G. Thus, the effect on the relative ad-
sorption energies of adding polarization functions on the
atoms in group A4, without improving the B basis, is
small. There is a larger difference between the relative
adsorption  energies calculated by using the
6-31G** /6-31G combination compared to the corre-
sponding  energies calculated by using the
6-31G**/STO-3G combination. This shows that the
effects of the adsorption on the next-nearest neighbors are
not satisfactorily described by using the STO-3G basis set
for the latter.

Numerically, the differences in relative adsorption en-
ergies between different combinations of basis sets are,
from Table III, seen to be in some cases larger than the
differences in relative adsorption energies within a given
combination of basis sets. Nevertheless, the ordering of
the relative adsorption energies is, with one exception,
the same for the three different combinations of basis
sets. It is only the CH, (singlet) and C,H- groups that ex-
change their relative positions on the energy scale in one
of the calculations, namely that using the 6-31G**/STO-
3G basis-set combination. The energy difference is, how-
ever, in this case less than 2 kJ/mol. As will be seen in
the next section, this energy difference is negligible in
comparison with the difference in correlation energy be-
tween the two species.

The ordering of the relative adsorption energies for all
species is the same for the three different combinations of
basis sets when counterpoise corrections are included (see
Sec. III D).

C. Influence of electron correlation

The primary deficiency of Hartree-Fock theory is the
inadequate treatment of the instantaneous correlation be-
tween motions of electrons. It is well known that the
main part of the correlation energy comes from electrons
with opposite spins, since electrons with parallel spins are
automatically kept apart because of the antisymmetry of
the wave function (the so-called “Fermi hole”). A crude
but commonly used estimate is that the correlation ener-
gy is approximately 1 eV/electron pair. These effects are,
hence, of special importance if new bonds are formed be-
tween atoms. Calculation of the adsorption energies on
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the Hartree-Fock level gives then rather poor results
since the adsorption reactions in the present cases gen-
erally result in a new pairing of electrons.

The calculated energies for dissociation of different 4B
compounds have been compared with experimental
values in Ref. 18, where both 4 and B are hydrides of the
first period elements. These energy values are also
relevant for adsorption reactions since the latter types of
reactions are the reverse of the dissociation of bonds.
The “adsorption” of various first row hydrides (B) to a
methyl group ( A4) is of special interest for our investiga-
tion since the methyl group is closely related to the dia-
mond template models in the present work. The results
given in Ref. 18 show that Hartree-Fock (6-31G** basis
set) energies, in general, are in very poor agreement with
experiment, being typically in error by 108-188 kJ/mol.
The theoretical results improve substantially when per-
forming electron correlation treatments using second-
order Mgller-Plesset perturbation theory (MP2). The
bond-dissociation energies are then in error by less than 8
kJ/mol at the MP2/6-31G** level.!* This accuracy
should be sufficient for the calculations of the adsorption
energies in the present work.

The results of MP2 calculations for the adsorption of
the different gaseous species on the hydrogenated dia-
mond (111) surface are given in Table IV. The C3H,;-
template is used to model the diamond surface. No
geometry optimization was performed in the electron
correlation calculations. Instead, the optimized geometry
obtained at the Hartree-Fock level was used. The results
of the electron correlation treatment based on the
6-31G**/STO-3G combination of basis sets (see Sec. III
B) are very interesting. It is only the CH,-(triplet) and
CH- groups that exchange their relative position on the
energy scale. Their relative adsorption energies have
changed from —92 and —48 kJ/mol, respectively, to
—25 and —41 kJ/mol, respectively. The difference be-
tween the relative adsorption energies for CH,(singlet)
and for C,H- is now very large, about 120 kJ/mol. Fur-
thermore, the difference between the relative adsorption
energies for CH;- and for CH has decreased from 83 to
12 kJ/mol. The ordering of the different species
on the adsorption energy scale is now C,H-

> CH,(singlet) > H- > CH,(triplet) > CH > CH;-C,H,.

The deficiency of the Hartree-Fock method is also
shown in Table V, where the absolute adsorption energies
for the different gaseous species are shown. They are ob-
tained from calculations on the Hartree-Fock and MP2
levels, respectively, using the 6-31G **/STO-3G basis-set
combination. As expected, the changes obtained when
performing the calculations with electron correlation in-
cluded are large, 8—-247 kJ/mol.

The smallest values of the electron correlation correc-
tions for the hydrocarbon species are related to the ad-
sorption of CH,(singlet) and C,H, (8 and 25 kJ/mol, re-
spectively). It is quite understandable that the adsorption
of these species to the diamond (111) surface leads to the
smallest electron correlation corrections since no new
pairing of electrons is expected during the adsorption re-
actions.

The largest electron correlation correction (247
kJ/mol) is related to the adsorption of C,H-. In this
species there is a short triple bond and the bond length
will be shortened additionally during the adsorption reac-
tion (Arc=0.026 A). The C,H- group has also the
shortest C-C bond (1.487 A) to the radical carbon atom
on the diamond (111) surface. The rather large value of
the electron correlation correction can then in part be ex-
plained as an effect of the shortened triple bond, and in
part be explained as an effect of the very short carbon
bond to the diamond surface and the resulting high elec-
tron density in the binding region.

It would be interesting to make MP2 correlation treat-
ments in conjunction to the more flexible basis-set com-
bination 6-31G** /6-31G. However, this becomes too ex-
pensive as the number of functions in the basis set are in-
creased. One way to overcome this problem and to ob-
tain approximate correlated relative energies is to assume
additivity of correlation and basis-set enhancement
effects.!® One then assumes that the effect on the relative
energies by using 6-31G**/6-31G  instead of
6-31G**/STO-3G, is the same at the Hartree-Fock and
MP2 levels.

The estimated effects of adding the electron correlation
corrections to the result of the 6-31G** /6-31G basis set
for each species are shown in Table IV. The ordering of

TABLE 1V. Effect of electron correlation on relative adsorption energies. AE, —AEy (kJ mol™!).

HF MP2 HF MP2?
(6-31G**/STO-3G) (6-31G** /STO-3G) (6-31G** /6-31G) (6-31G** /6-31G)

C,H: 39 187 22 170
CH,(singlet) 38 62 26 50
H- 0 0 0 0
CH- —48 —41 —60 —33
CH,-(triplet) —92 —25 —104 —37
CH;- —131 —353 —145 —67
C,H, —295 —369 —308 —382

“Estimated from the expression:

AE[MP2/(6-31G** /6-31G)]=AE[MP2/(6-31G** /STO-3G) ]+ AE[HF /(6-31G** /6-31G)]
—AE[HF/(6-31G** /STO-3G)] .
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TABLE V. Binding energies for adsorbed hydrocarbon species on a C;3H,- cluster, calculated at
different levels of approximation (numbers within parentheses include BSSE corrections).

AE,q (KYmol ™) HF* HF® MP2*

CH- 411 390 (377) 658 (586)
CH,(singlet) 410 394 (372) 418 (451)
H- 372 368 (364) 471 (454)
CH- 324 308 (299) 430 (378)
CH,-(triplet) 280 264 (242) 446 (364)
CH;- 241 223 (211) 418 (345)
CH, 7 60 (48) 102 (26)

26-31G** /STO-3G.
%6-31G** /6-31G.

the relative adsorption energies of the different species is
identical to the corresponding MP2 ordering based on
the less flexible 6-31G**/STO-3G basis set. Hence, the
limitations of this basis set does not influence the order-
ing of hydrogen and hydrocarbon species on the energy
scale, since the basis-set effects are significantly smaller
than the electron correlation corrections, as already men-
tioned.

D. Basis-set superposition effects

Corrections for BSSE are made for the adsorption of
the different gaseous species on the hydrogenated dia-
mond (111) surface at the HF/(6-31G**/6-31G) and
MP2/(6-31G**/STO-3G) levels of theory (Table V). The
C3H,,- template is used to model the diamond surface.

As can be seen in Table V, the BSSE for hydrogen H-
is 4 and 17 kJ/mol at the HF/(6-31G**/6-31G) and
MP2/(6-31G**/STO-3G) levels of theory, respectively.
The corresponding ranges of BSSE for the hydrocarbons
are 9-22 and 52-82 kJ/mol. The BSSE’s calculated at
the Hartree-Fock level are, with one exception, too small
to change the ordering of the relative adsorption energies.
It is only the CH,(singlet) and C,H- groups that ex-
change their relative position on the energy scale. This
reflects that the HF adsorption energies are very similar
for these species. However, the BSSE’s at the MP2 level
of theory are larger and will consequently influence the
ordering of the relative adsorption energies more. The
CH,(singlet) and H- groups, as well as the CH,-(triplet)
and CH- groups, have exchanged their positions on the
energy scale. The corrections for BSSE have resulted in
adsorption energies that are very similar especially for
the CH,(singlet) and H- groups, with an energy difference
of only 4 kJ/mol (adsorption energies 451 and 454
kJ/mol, respectively). The ordering of the different
species on the adsorption energy scale is now the fol-
lowing:  C,H-> H-=CH,(singlet) > CH- > CH,-(triplet)
> CH;- > G,H,.

E. Adsorption energies in relation
to diamond growth

In this work, the adsorption energies were calculated
under the assumption of a rigid structure (no vibrations

included). It is then rather difficult to draw more
thorough conclusions regarding the adsorption on the di-
amond surface, since these type of reactions occur at a
high temperature (~ 1300 K). Knowledge of the compli-
cated high-temperature dynamics is then required. Nev-
ertheless, the result of these calculations can be regarded
as a hint when trying to understand the experimental re-
sults.

Earlier experimental studies of diamond growth mech-
anisms on the (111), (100), and (110) crystal faces of natu-
ral diamond have been performed by Chu et al.!® Com-
petition studies by using carbon-13-labeled methane and
carbon-12 acetylene were made. The carbon-13 mole
fraction of the diamond film indicated that the methyl
radical is the dominant growth species under the hot-
filament CVD conditions for the (111) and (100) orienta-
tions of the diamond substrate. The fastest homepitaxial
growth rate of 1.3 um/h was obtained for growth on the
(110) surface. It was not clear if methyl radicals would be
the primary growth species on an ideal (110) surface.

In the work by Geiss et al.?’ it was also shown that the
fastest growing face of diamond under typical CVD con-
ditions was (110). Belton and Harris?! have proposed a
detailed deposition mechanism involving addition of
C,H, to a (110) diamond surface. With this mechanism a
good agreement between calculated and observed growth
rates was obtained.

The calculated adsorption energy of the gaseous
species CH;- on the hydrogenated diamond (111) surface
was predicted in the present work to be much larger than
the adsorption energy for the onefold adsorption of C,H,
(345 compared to 26 kJ/mol, cf. Table V).

During filament-assisted diamond deposition from a re-
action mixture of methane and hydrogen there is a mix-
ture of CH;- and C,H, present in the gas phase above the
substrate surface. The concentrations of each of these
two species must be estimated before any conclusions can
be drawn regarding the dominant growth species. This
has been done in different in situ experiments.??”* The
C,H, concentration was estimated to be almost equal to
the CH;- concentration. Kinetic modeling showed that
the concentration of CH, and C,H- is much lower than
the concentrations of CH;- and C,H, (by about two and
four orders of magnitude, respectively).

The significant difference in adsorption energy between
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CH;- and C,H,, together with the fact that the gas-phase
concentrations of these species are about the same, will
then support a diamond growth on the diamond (111)
surface based on the CH;- group as a dominant growth
species during filament-assisted diamond deposition from
a reaction mixture of methane and hydrogen. Hence, this
result1 9is consistent with the experimental results of Chu
et al.

The calculated adsorption energies of the species CH-,
CH,(singlet), CH,-(triplet), and C,H- were also found to
be larger than the adsorption energy of the CH;- group in
the present work (Table IV). However, the effect of these
high adsorption energies on diamond growth is coun-
teracted by the effect of the low gas-phase concentrations.
The species C,H- has the largest adsorption energy, but
the concentration in the gas phase is estimated to be
about four orders of magnitude less than the concentra-
tions of the gaseous species CH,- and C,H,.?> We believe
that this very low concentration precludes C,H- from a
significant role as a growth species on the diamond (111)
surface. Calculations to examine relative adsorption en-
ergies of hydrogen and different hydrocarbons on the dia-
mond (110) and (100) surfaces are under way.

F. Comparison with previous calculations

The adsorption and bonding of CHj;-, CH,(singlet),
CH-, C,H-, and C,H, to hydrogenated diamond (111)
surfaces were investigated in the framework of the atom
superposition and electron delocalization molecular-
orbital method by Mehandru and Andersson.® The ad-
sorption energies were estimated to be in the following
order: C,H->CH-~CH,(singlet)> CH;-. The onefold
adsorption of C,H, to a H-covered surface was predicted
to be unstable.

The coverage dependence of the heat of formation for
submonolayers of CH;- and C,H- groups coadsorbed
with H on a diamond (111) surface was examined numeri-
cally with the AMI1 semiempirical molecular-orbital
method in the work by Valone, Trkula, and Laia.” They
found that the addition of CHj;- groups is energetically
favored over addition of C,H- groups at lower coverages.
This result is obviously contradictory to the result of
Mehandru and Andersson.®

The energies of adsorption of not only different hydro-
carbon species, but also of hydrogen H, on the diamond
(111) surface, were investigated by using an empirical
many-body potential-energy expression developed by
Brenner.!! The adsorption energies were predicted to be
in the following order: H->C,H->CH;-. Pederson,
Jackson, and Picket®® and Mintmire et al.'° have also
simulated interactions between the diamond (111) surface
and hydrogen and hydrocarbons, respectively, by using
the local-density approximation (LDA). The resulting
ordering of the species H-, CH;-, C,H-, and C,H, on the
adsorption  energy scale was found to be
C,H->H->CHj;- > C,H, (onefold adsorption) in both
the work by Pederson, Jackson, and Picket,®® and in the
work by Mintmire et al.!° This result is not in agreement
with the work by Brenner.!! However, the differences in
adsorption energies calculated by Brenner!! are smaller
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than about 20 kJ/mol, which makes the ordering of
species on the energy scale rather unreliable.

The present work results in an order of adsorption en-
ergies which is in agreement with the work by Pederson,
Jackson, and Picket®® and Mintmire et al.!° A quantita-
tive comparison of the adsorption energies shows very
good agreement between the present MP2 results for
C,H-, H-, CH;-, and C,H, (658, 471, 418, and 102
kJ/mol, respectively, see Table V) and the LDA results
637, 473, 434, and 164 kJ/mol, reported by Pederson,
Jackson, and Picket®® or the values 578, 405, 415, and
164 kJ/mol, respectively, reported by Mintmire et al.'®
We compared the energies for two conformations with
the ethyne hydrogens in a trans and cis conformation, re-
spectively, about the ethyne carbon-carbon bond. The
distal ethyne carbon in the trans and cis conformations
was in an eclipsed and a staggered position, respectively,
with respect to the subsurface carbons. An energy
difference of only 7 kJ/mol was found. One can, howev-
er, note that the effects of basis-set superposition in most
of these cases amount to as much as 77 kJ/mol (see Table
V), introducing significant uncertainty into the precise
values of the calculated adsorption energies. Since the
methods used by both Pederson et al. and Mintmire
et al. utilize similar Gaussian basis sets as the present
study, or even smaller ones, the possible uncertainties due
to BSSE should be kept in mind also when considering
their LDA results.

IV. CONCLUSION

The relative adsorption energies of different hydrocar-
bons (CH;-, CH,, CH-, C,H-, C,H,) and hydrogen, H-,
to a hydrogenated diamond (111) surface, were investigat-
ed by the ab initio molecular-orbital method. A major
part of the work was a methodological study in which the
effects of electron correlation corrections, template size,
and basis set on the relative adsorption energies were in-
vestigated systematically. It was found that the template
C,;H,,-, containing six hydrogen neighbors to the dan-
gling surface orbital, could be used successfully in model-
ing the hydrogenated (111) diamond surface. In the cal-
culations, the gaseous and adsorbed species were com-
pletely geometry optimized, while it was shown to be
sufficient to. relax the central carbon atom in the tem-
plate.

An electron correlation treatment, using the second-
order Mdller-Plesset model (MP2) resulted in the follow-
ing order of the different species on the energy scale of
adsorption:

C,H- > H-=CH,(singlet) > CH-
> CH,-(triplet) > CH;- > C,H, .

This order of species was insensitive to which basis-set
combination that was used in the -calculations:
6-31G**/STO-3G or the more flexible 6-31G**/6-31G,
and also to corrections for basis-set superposition effects.
Hence, the C,H- and CH,(singlet and triplet) species are
predicted to adsorb much easier to the radical carbon
atom on the diamond (111) surface than do CH;- and
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C,H,. The C,H, species is, in fact, very weakly bound
through its onefold site adsorption. However, the effect
of the higher adsorption energies for C,H- and CH, on
the diamond growth is counteracted by the effect of the
much lower gas-phase concentrations of these species
during filament-assisted diamond deposition from a reac-
tion mixture of methane and hydrogen. Kinetic model-
ing has shown that the concentrations of CH, and C,H-
are about two and four orders of magnitude, respectively,
lower than the concentrations of CH;- and C,H,, while
the C,H, concentration was estimated to be almost equal
to the CH;- concentration. We believe that these low
concentrations especially preclude C,H- from a
significant role as a growth species. The significant
difference in adsorption energy between CH;- and C,H,,
together with the fact that the gas-phase concentrations

of these species are about the same, will then support a
diamond growth mechanism based on the CH;- group as
a dominant growth species during filament-assisted depo-
sition on the diamond (111) surface from a reaction mix-
ture of methane and hydrogen. This result is consistent
with earlier experimental results.
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