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Results of scanning-tunneling-microscopy (STM) and molecular-dynamics (MD) annealing studies
based on quantum-mechanically derived interatomic forces using a semiempirical density-functional ap-
proach are combined for analyzing diamond surface structures. Experimentally obtained STM images of
diamond (100) and (111) faces on polycrystalline films reveal (1X1 ),(V3XV3) R30°, and possible (2X 1)
structures. The (100) faces show stable (2X 1) reconstruction with dimer formation. Surface structures
with and without adsorbed hydrogen are determined and their stability is obtained by MD simulated an-
nealing techniques. The bulklike and (V3XV'3) R30° structures, as they are observed on grown (111)
facets, are attributed to the two different single atomic (111) layers, which support growth mechanisms,
in which the two alternating single atomic layers grow in turn and not simultaneously. The equilibrium
surface modifications which have been realized are electronically characterized by investigating the local
electronic density of states at selected surface atoms. This information is compared and related to the

features seen in the STM images.

I. INTRODUCTION

Diamond vapor growth is stimulating a still increasing
number of research activities. It opens new perspectives
in thin film science and technology due to the extreme
mechanical, optical, and electronic properties of dia-
mond. Since being introduced to the wider scientific
community more than ten years ago,”? much information
has been gained on how to prepare high quality films.> ¢
Although many current activities are focused on obtain-
ing knowledge about molecular growth mecha-
nisms,*” 12 the growth and preparation of diamond sur-
faces with well defined molecular and electronical proper-
ties via an atomically controlled diamond vapor deposi-
tion is only beginning.

Experimental and theoretical methods, which will con-
tribute to this ultimate goal, are in situ characteristics of
growing thin films, atomic scale imaging, and molecular-
dynamics simulations. Current simulated annealing (SA)
techniques performed by molecular-dynamics (MD) cal-
culations'3~!° are an approach well suited and simultane-
ously efficient enough (1) to test the stability of given
molecular structures, (2) to evaluate new structures, (3) to
study possible pathways of transitions between different
structures, and (4) to follow chemical reactions between
hydrogen, carbon, and hydrocarbon species with
predetermined diamond surface structures. Further-
more, the local electronic density of states (LDOS) may
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be obtained. SA-MD calculations are therefore well suit-
ed to interpret atomic-scale images of diamond surfaces,
which provide a fundamental insight into growth mecha-
nisms on a molecular level. When temperatures typical
for the substrate in diamond vapor growth are used, a
realistic simulation of individual molecular growth mech-
anisms is possible.

All MD simulations that have been steadily developed
for applications to chemical reactions on solid sur-
faces!>1®~ 1% are based on the assumption of an accurate
calculation of the total energy as a function of all atomic
coordinates. The gradients of the total energy, evaluated
at the given atom positions, yield the interatomic forces.
Within these simulations the Newtonian equations of
motion for all atoms within the structural configuration
are integrated numerically, and stable or metastable
configurations (corresponding to global or local minimi-
zations of the energy) are adjusted deterministically at
finite temperature.

Various theoretical concepts are currently applied for
total energy calculations of atomic carbon structures.
Classical concepts are based on the construction of
empirical potentials,'> and quantum-mechanical concepts
make use either of semiempirical quantum potentials'’>!*
or of self-consistent calculations performed on an ab initio
level within the Hartree-Fock (HF) and density-
functional (DF) theory.?’ In most previous studies, the
interatomic forces are derived from empirical potentials,
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which are fitted either to experimental data?!?? or to re-

sults of ab initio quantum chemical calculations.!® This
offers computational speed and is most successful when
physical properties of well understood crystalline and
amorphous bulk materials are studied. However,
geometries and chemical bonding characteristics calculat-
ed for finite clusters and molecules are not realistic,??*
which is also true for exploratory investigations at sur-
faces, where one is interested in testing unknown reac-
tions, rearrangements, and transition states which are far
from equilibrium configurations. Insensitive growth
modeling of crystalline substrate surfaces has shown that
additional constraints, which demand the correct repro-
duction of microclusters, molecules, and surfaces, in-
crease the number of parameters for a unique fit of the
empirical potentials to a point that an analytical repre-
sentation is extremely difficult if possible at all. The
problems inherent to the usage of empirical potentials in
MD simulations increase further if different kinds of
atoms are involved, such as carbon and hydrogen. How-
ever, just this situation is realized in diamond vapor
growth.

Most investigations of growth conditions, based on an
ab initio” or a semiempirical®®?’ quantum-mechanical
origin, deal with the calculation of the total energy for
the ground state surface configurations of given static
atomic arrangements?® 3! including adsorbed CH species
on crystalline surfaces.!'3273% The final structures of
minimized energy are found by a geometric optimization
using energy gradient methods. Such calculations pro-
vide information about stable geometries, corresponding
binding energies, and quantitative information on the to-
pology of potential energy surfaces. However, dynamic
processes, which probe transition states, have not been
considered.

Generalizations of these methods that attempt to in-
vestigate the dynamic properties of diamond surfaces un-
der different saturation conditions and during the adsorp-
tion of molecular fragments are rare.'*!* Tarlori et al.?°
recently investigated the reconstruction of the clean dia-
mond (111) surface by a series of first principles MD cal-
culations proving the stability of symmetric dimerized -
bonded Pandey chains on a clean (111) surface® up to
2500 K.

Due to the limitations in the transferability of empiri-
cal potentials and the use of time consuming ab initio
DF-MD methods, approximate DF schemes for MD us-
ing minimal basis sets have been developed by us and oth-
ers.3*™% Compared to the self-consistent-field (SCF)
methods, they allow for simulations of systems which are
large enough to represent the energetic behavior of sur-
faces. At the same time, their results deviate only slight-
ly from those of the more sophisticated methods. Thus
an application of the approximate scheme, described
below, to the problems of interest is justified.

In this paper, results of scanning tunneling microscopy
(STM) and MD annealing studies based on quantum-
mechanically derived interatomic forces are combined us-
ing a semiempirical density-functional (DF) approach.
The paper is organized as follows. Section II presents a
review of stable surface views of diamond (110) and (111)
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faces on polycrystalline films obtained by scanning tun-
neling microscopy. Section III outlines the semiempirical
DF approach for the calculation of interatomic forces
used in the MD simulations of Sec. IV to obtain the
structure and stability of diamond (100) and (111) faces.
In Sec. V the local electronic surface densities of states
are calculated at selected atom sites for different stable
surfaces. Concluding, the theoretical results are related
to atomic-scale images obtained by STM in Sec. VI,
which is a first major step towards an atomically con-
trolled preparation of diamond surfaces.

II. SCANNING TUNNELING MICROSCOPY

Polycrystalline diamond films were grown by hot-
filament vapor deposition as described elsewhere.***! The
quality and morphology of the films is quite reproducible,
mainly judged by Raman spectroscopy, x-ray diffraction
analysis, and scanning electron microscopy. Details of
the deposition process and of the STM measurements
(performed by a Digital Instruments Nanoscope II at
room temperature in air) can be found in Ref. 42.

When STM is applied to polycrystalline films, it is
highly desirable that the facets of interest be oriented al-
most parallel to the substrate surface. If the morphology
of the films were to be determined only by the growth
form (shape of the crystallities in the initial deposition
process) and the principal of evolutionary selection, then
films of octahedral and cubic growth forms would be best
suited to study (100) and (111) faces, respectively. At the
same time, it would be extremely difficult to visualize
(100) facets of films of cubo-octahedral or cubic growth
form, and to visualize (111) facets of films of cubo-
octahedral or octahedral growth form. However, 110-
texture formation induced by twin formation and possi-
bly other mechanisms renders possible the application of
STM to (100) and (111) facets of films of quite different
growth forms.

100-textured films of octahedral growth form were de-
posited at a substrate temperature of 750°C, a gas mix-
ture of 1 mol% CH, in H,, a flow rate of 50 SCCM
(SCCM denotes cubic centimeter per minute at STP) and
a pressure of 70 Torr. Scanning electron microscopy
(SEM) and STM images of 12-um-thick films show the
expected (100) facets oriented almost parallel to the sur-
face. However, neither STM analysis of these nor of mi-
crowave deposited 100-textured films** has revealed im-
ages from which the atomic structure of the surface could
have been deduced.

STM images of films of well defined structure on the
atomic scale have been obtained from films of cubo-
octahedral and cubic growth form. Some of the films
were deposited with a pulsed high pressure valve for gas
inlet, which greatly enhances the twin formation rate
during growth.*! It is important for the context here that
this pulsed gas inlet does not change either the growth
form or the macroscopic growth rate, which clearly
shows that the growth rate of the (100) and (111) facets is
not influenced by this gas inlet. The structure formation
on the facets is controlled by the gas composition, the to-
tal averaged gas flow rate, the pressure, the substrate
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temperature, and the reactor design.

Other films, even those of a cubic growth form, have
been obtained in our reactor at a substrate temperature of
1000°C, a flow rate of 50 SCCM and a pressure of 40
mbar using a gas mixture of 0.5 mol % CH, in H,. How-
ever, the (111) facets are strongly twinned and 110-
texture formation evolves at the expense of the expected
111 texture. This effect could have been strongly reduced
by using a constant driven supersonic valve for the gas in-
let. Some details of this experimental setup are described
elsewhere.** A cubic growth form with much lower twin
formation on the developing (111) facets is obtained. The
characteristic parameters for this were found at a valve
temperature of about 950°C, a gas mixture of 1 mol %
CH, in H,, a flow rate of 30 SCCM, a pressure of 50
mbar, and a substrate temperature of 925°C. A film of 8
pm thickness obtained in this way shows 111 texture with
(111) facets, which are aligned almost parallel to the sur-
face. We note that the growth form obtained under such
conditions but using a normal gas inlet has much
stronger cubo-octahedral character than the films grown
with the hot value. In the following, STM images of films
of cubo-octahedral and cubic growth form are presented.

A. (100) surface structure

Figure 1 shows an STM image of cubo-octahedral
growth form. Rows are visible which are formed due to
the (2X 1) surface reconstruction.*>*> The rows appear
in two directions which are perpendicular to each other.
The height difference between two adjacent layers of rows
of different orientation has been determined to be 0.11
nm, proving that the individual steps are of single atomic
layer height. Two types of steps are visible, which ac-
cording to Chadi’s notation*® are known as S, steps and
Sp steps if the direction of the upper layer rows is parallel
or normal to the step direction, respectively. Both kinds
of steps are rough. Asymmetric sets of rows are visible.
In the case of S, steps, they extend onto the layer under-
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neath, and in the case of Sy steps, they are oriented
parallel to the upper rows. Similar structures are com-
monly observed on (100) surfaces of Si and Ge films,
where they are attributed to growth processes. In these
cases, it is well known that growth proceeds with the
(2X1) reconstruction, which together with other obser-
vations*® provide very strong evidence that the 100 faces
investigated here also grew with the (2X1) reconstruc-
tion.

Independent of whether the surfaces grew with the ob-
served structure or not, such atomically flat faces are of
considerable interest when one attempts to deduce well
defined electrochemical properties of the diamond sur-
faces. Possible atomic structures and the corresponding
electronic densities of states are discussed below.

The fact that the (100) faces of 100-textured films do
not show such flat faces or any atomically resolved struc-
tures gives first evidence of an influence of the growth
conditions on the structures seen. This is further sup-
ported by the images obtained from the 111-textured
films. Figure 2 shows a STM image of a (100) face, where
again a (2X1) surface reconstruction is visible. Howev-
er, the individual dimers within the rows are now
resolved. Any attempt to get a structure within the rows
of the 110-textured films failed. Thus we consider
differences of the structures seen in Figs. 1 and 2 as being
due to different electronic and hence atomic structure.

B. (111) surface structure

Figure 3 shows a STM image of a (111) face of the
110-textured film.*> A sixfold symmetry is visible, with a
characteristic spot-spot distance of 0.25 nm correspond-
ing to a (1X1) structure. On the same films, sometimes
even on the same facet, quite different structures are visi-
ble as it is shown in Fig. 4. Rows appear with a row-row
distance of 0.21 nm. Three different directions of the
rows are observable, which are rotated against each other
by 120°. This distance and angular behavior are con-
sistent with Pandey’s (2X1) chain model.?>3* A third

FIG. 1. Image of a (100) facet of a polycrys-
talline diamond film obtained with a scanning
tunneling microscope. Deposition parameters:
1 mol% CH, in H,, substrate temperature
equals 925 °C, continuous accelerated beam for
gas inlet (Ref. 43), diameter of orifice equals 20
pum, stagnation pressure behind the nozzle
equals 6 bars, temperature of the nozzle equals
500°C, gas flow equals 22 SCCM, pressure in
the chamber equals 50 mbar. Tunneling pa-
rameters: constant height mode, I,=—1.0
nA, U,=—183 mV.
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structure on these (111) facets is visible in the lower, right
part of Fig. 4. This structure exhibits bright elongated
dots, where the shorter dot-dot distance is 0.25 nm and
the longer 0.36 nm.

In the case of the 111-textured film, structures such as
those described above are observed as well as a fourth
structure. Figure 5 shows an image where broad spots
are arranged in a hexagonal pattern with a characteristic
spot-spot distance of 0.44 nm. This structure has been
assigned to the (V'3XV'3) R30° hexagonal surface cell
reconstruction,*® which under various conditions was
found to be stable on other semiconductor surfaces
00,4748

Altogether, four different structures have been ob-
served on the diamond (111) surface. This variety of
structures might give evidence that vapor growth of dia-
mond (111) faces is due to multifarious molecular mecha-
nisms. This is supported by STM images such as those
shown in Fig. 6, where three of the four structures are
visible on an area of 20 nm by 20 nm. Much more infor-
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FIG. 2. Image of a (100) facet of a polycrys-
talline diamond film obtained with a scanning
tunneling microscope. Deposition parameters:
1 mol% CH, in H,, substrate temperature
equals 925 °C, continuous accelerated beam for
gas inlet, diameter of orifice equals 30 um,
stagnation pressure behind the nozzle equals
1.5 bars, temperature of the nozzle equals
950°C, gas flow equals 30 SCCM, pressure in
the chamber equals 50 mbar. Tunneling pa-
rameters: constant height mode, I,=—1.7
nA, U,=400 mV.

mation than the spacings and orientations obtained from
the STM images is necessary to come finally to a com-
plete description of the molecular structure and eventual-
ly of possible growth mechanisms of this structure. The
calculations described below, which yield realistic molec-
ular structures and corresponding electronic state densi-
ties, are an important step in this direction.

III. SEMIEMPIRICAL MD-DF APPROACH

Via MD-SA the atoms of the initial structure
configuration (substrate and hydrocarbon fragments)
move, within the Born-Oppenheimer approximation, on
the potential energy surface until they evolve to the struc-
ture of minimal energy. The interatomic forces are calcu-
lated within a semiempirical MD-DF approach originally
introduced by Seifert, Eschring, and Biegert for cluster
calculations, 38 which we will briefly summarize here.

For the initial step, effective one-electron potentials

FIG. 3. Image of a (111) facet
of a polycrystalline diamond film
obtained with a scanning tunnel-
ing microscope. The deposition
parameters are the same as those
for the film of Fig. 2. Tunneling
parameters: constant current
mode, I,=0.85 nA, U,=—64
mV.
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and the corresponding electronic wave functions of the
single atoms are determined in a nonrelativistic and self-
consistent way in the local density approximation (LDA)
using the local exchange and correlation potential of
Hedin and Lundquist.*’

The resulting single-atom valence electron wave func-
tions ¢, of s and p symmetry are placed at all atomic po-
sitions R; and now form the minimal basis for a linear
combination of atomic orbitals (LCAO) ansatz for a rep-
resentation of the Kohn-Sham orbitals of the system.

W)= 3 c,p(r—R,) . (1
uw

In this way the Kohn-Sham equations are transformed
into a set of algebraic equations (secular equations) which
are solved non-self-consistently by diagonalization of the
secular matrix,
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FIG. 4. Image of a (111) facet of a polycrys-
talline diamond film obtained with a scanning
tunneling microscope. Deposition paramers: 1
mol% CH, in H,, substrate temperature
equals 925°C, pulsed accelerated beam for gas
inlet (Ref. 41), stagnation pressure behind the
nozzle equals 1.5 bars, temperature of the noz-
zle is RT, averaged gas flow equals 75 SCCM,
background pressure in the chamber equals 50
mbar.  Tunneling parameters: constant
current mode, I, =1.3 nA, U, =574 mV.

Scith,,—€S,,)=0, 2)
"

yielding the cluster orbital energies and the correspond-
ing eigenfunctions. The A, are the Hamiltonian matrix
elements of the basis functions with the Kohn-Sham
Hamiltonian:

R=T+V q4(r), 3)

where 7 is the operator of kinetic energy, and Vg is the
effective one-particle potential, consisting of the
electron-nuclear part V,,, the mean-field electron-
electron interaction contribution (Hartree potential) Vy,
and the exchange-correlation part ¥V, in the LDA:

Veg=Vet TV TV - 4)

FIG. 5. Image of a (111) facet
of a polycrystalline diamond film
obtained with a scanning tunnel-
ing microscope. The deposition
parameters are the same as those
for the film of Fig. 2. Tunneling
parameters: constant current
mode, I,=0.5 nA, U,=—48
mV.
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wv are due to the non-

The overlap matrix elements S
orthogonality of the basis functions at different atom
sites. As an approximation we write V4 as a sum of po-
tentials ¥} of neutral atoms:

V=S V7. (5)
i

Consistent with this approximation, one can neglect

several contributions to the Hamiltonian matrix elements
.36,50
by

wv ™ |0 otherwise .

h (6)

This treatment may be viewed as the LCAO variant of
a cellular Wigner-Seitz method, as applied to molecules
by Inglesfield.”!

As shown by other authors and by our own re-
sults®® the cohesive energy of the structure can be written
as a sum of two parts:

52,53

Etot({Rl}):Ebind({Rl})+Erep({R1_Rk}) N

=23, ({RN+ 3 3 Vi, (R, =Ry ) .
i I <k

(8)

The first term represents the so-called band structure en-
ergy, determined by the summation over all occupied
cluster orbital energies €; (occupation number #,), which
takes into account the intra-atomic electron-electron in-
teraction through the self-consistent LDA calculation of
the single-atom valence electron orbitals.

The second term E ., consists of a short-range repul-
sive energy, which includes the partly compensating con-
tributions of the electrostatic core-core interaction, and
the interaction between electrons at different lattice sites.

An accurate quantum-mechanical calculation of the
repulsive term is computationally very time consuming
and requires a much more extended basis. Such a
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FIG. 6. Image of a (111) facet
of a polycrystalline diamond film
obtained with a scanning tunnel-
ing microscope. The deposition
parameters are the same as those
for the film of Fig. 2. Tunneling

parameters: constant current
mode, I,=—0.5 nA, U,=—48
mV.

description would make applications of this method to
the relative large systems (of interest here) practically im-
possible. Therefore the repulsive energy contribution is
fitted by an empirical repulsive short-range two-body po-
tential V,,, as polyomial of fifth order in such a way that
the potential energy curves of the relevant two-atom mol-
ecules are reproduced in relation to the force calculations
for the MD simulation over a wide range of interatomic
separations.

On the basis of the total energy calculation of the
structure as a function of all atomic coordinates the in-
teratomic forces can be calculated from the gradients of
the total energy at all atom sites using a modification of
the Hellmann-Feynman theorem.

b B _ o em,, s,
" 73R, —2”1‘%?% 3R, ' 3R,
OE
. rep 9
R, 9)

In testing and characterizing the method, it has proven
to be complex enough to model the following well-known
carbon and hydrocarbon structures: carbon microclus-
ters C,(n <20); hydrocarbon molecules, e.g., CH,, C,H,,
C,H,, C,H,, C¢Hy, CcH,; fullerenes, e.g., Cqy; bulk crys-
talline diamond and graphite; bulk amorphous a-C and
a-C:H. The results show that for the systems above, one
obtains quantitatively correct bond length and bond an-
gles for equilibrium geometries. Further, the structural
statistics for amorphous materials and the relative
differences of the cohesive energy as a function of struc-
ture and coordination are reproduced as well.!*3®

The method includes the most relevant interaction
mechanisms for a correct estimation of angular depen-
dent attractive and repulsive interatomic forces in the
cases of undercoordination and overcoordination, respec-
tively, during the MD structure simulation process. As
an important requirement it accounts very well for the
m-bonding effects which are characteristic in the carbon
chemistry.



48 STABILITY, RECONSTRUCTION, AND ELECTRONIC. ..

This justifies applications of real temperature dynami-
cal structure simulations for the study of the stability and
reconstruction of the (100) and (111) diamond surfaces
under variation of the saturation by hydrogen and the
elementary reaction mechanisms for the adsorption of
hydrocarbon molecules or fragments onto this surface.

IV. DYNAMIC ANNEALING INVESTIGATIONS

The surface stability of (100) and (111) diamond was
studied by using two-dimensional periodic eight-layer-
thick slab supercell arrangements with 128 and 96 C
atoms, respectively. The bottom face of the slab has been
saturated by hydrogen to tie off the dangling orbitals,
while stability and dynamic restructuring are studied on
the other face, fixing the bottom carbon layer atoms in
their original positions to simulate the effect of an infinite
crystal substrate. The initial atomic coordinates corre-
spond to bulk (1X1) structures or to the atomic arrange-
ments of unreconstructed as well as reconstructed sur-
faces with varying degree of surface saturation. Small
random initial velocities for the thermal atomic vibra-
tions in the top carbon layers are applied to simulate the
effect of finite kinetic lattice temperature. The Verlet al-
gorithm® has been applied for the integration of
Newton’s equations for all atoms in the structure to fol-
low the atom trajectories in time:

MR, =—3E /3R, . (10)

Including the carbon-hydrogen interaction a time step
of 20 atu (1 atu=2.4X 107" sec) has been found to be
sufficient for handling these equations and to guarantee
the conservation of energy during the simulation run.
The time evolution of the surface slab systems in the
clean configurations and upon adsorption of different
monolayers is then simulated to study the stability and
dynamic restructuring of the surface atoms and the ad-
sorbed monolayers.

A. (100) surface stability

At first we investigated the stability of the clean un-
reconstructed (100) surface. This surface under MD an-
nealing conditions was found to be highly unstable and
prefers to relax to a symmetric dimerized geometry. The
resulting surface is stabilized by a strong 7-bonded dimer
chain. As a result, a stable (2X 1) reconstruction, shown
in Fig. 7 (panel 1), is formed, yielding a gain in binding
energy of 1.5 eV per surface site, which are indicated as
sites that have radical electrons in the unreconstructed
bulk positions. Information about the structures of this
and of all the following investigated surface modifi-
cations, e.g., bond length and angles as well as the s char-
acter of chemical bonding, is summarized in Table I. The
atom numbers in brackets correspond to the atom num-
bers in the panels of Figs. 7, 8, and 10.

In a next simulation step, we show that the presence of
thermal hydrogen atoms or molecules near the surface
leads to the reaction of the m-bonded dimer chains and
produces C-H bonds. For atomic hydrogen, reactions
occur at all temperatures and positions. However, for
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molecular hydrogen, dissociation followed by a subse-
quent formation of C-H bonds is only observed if the
molecules are located above the dimer bonds. The result-
ing surface maintains a stable (100)2 X 1:H reconstruction
shown in Fig. 7 (panel 2), but with elongated surface C-C
dimer bonds (compare values in Table I). This monohy-
drogenated surface under SA conditions of chemical va-
por deposition (CVD) diamond growth of about 1200 K
remains stable with respect to higher abundances of hy-
drogen atoms. This supports recent experimental
findings obtained by low-energy electron diffraction

C(100) 2 x 1 (a)

C(100) 2 x 1: H (b)

: H, H, (c)

FIG. 7. Stable diamond (100) surface structures with varia-
tion of the saturation by hydrogen. (a), C(100)2X1; (b),
C(100)2 X 1:H; (c) C(100)1 X 1:H, H,. The atom numbers in the
panels of this and the following figures are related to assign-
ments of bond length and bond angle values given in Table I.



18 196

TH. FRAUENHEIM et al. 48

TABLE I. Quantitative values for equilibrium bond lengths, bond angles, and s character of bonding. The atom numbers corre-
spond to the atom enumeration in Figs. 7, 8, and 10. If the same numbers occur in parentheses, different atoms of the same geometry

are considered.

o

Surface d, bond lengths (A) a, bond angles s character of selected
structure (b: bulk) (deg) orbitals (f: free)
C(100)2X 1 (1-1)=141 (1—2)=1.50 (1—1—2)=109 (2—1—2)=113.7 (1—1)=0.21 (1—2)=0.29
(1—1)=1.41° (1—1)=1.38° (1—f)=0.22
(1—1)=1.43° (1—1)=1.40¢
C(100)2X1: H (1—2)=1.07 (2—2)=1.58 (1—2—3)=113 (1—2—2)=112 (2—1)=0.34 (2—2)=0.16
(2—3)=1.54 (2—2)=1.73¢ (2—2—3)=104 (2—3)=0.25
(2—2)=1.61° (2—2)=1.56"
(2—2)=1.67° (2—2)=1.64"
(2—2)=1.67¢
C(100)1 X 1: H,H, (1—3)=1.07 (2—4)=1.07 (2—4—2)=103 (1—=3—5b)=122 (3—£)=0.0 (3—1)=0.38
(3—b)=1.48 (4—b)=1.52 (b—3—b)=116 (4—2)=0.26
C(11D1X1: H (1—2)=1.08 (2—3)=1.54 (1—2—3)=109.4 (2—1)=0.25 (2—3)=0.25
(3—b)=1.54 (1—2)=1.138
C(11)2X1: H (1—2)=1.09 (2—2)=1.56 (1—2—2)=104 (1—2—3)=105 (2—1)=0.17 (2—2)=0.22
(P):Pandey (2—3)=1.55 (3—3)=1.57 (2—2—2)=107 (2—2—3)=118
C(111)2X1 (P) (1—1)=1.39 (1—2)=1.49 (1—1—2)=121 (1—1—3)=118 (1—2)=0.37 (1—£)=0.05
(1—3)=1.49 (3—3)=1.54 (2—1—-3)=114 (1—3—3)=121 (3—3)=0.25
(3—b)=1.57 (1—1)=1.44" (3—3—3)=108 (1—3—b)=95
C(111)2X1: H (1—2)=1.06 (2—2)=1.54 (1—2—2)=114 (1—2—3)=115 (2—1)=0.34 (2—2)=0.24
(SC) (2—3)=1.54 (2—2)=1.468 (2—2—3)=108
C(111)V3XV3 (1—2)=1.44 (1—3)=1.56 (2—1—2)=94 (1—2—4)=098 (1—2)=0.07 (1—f)=0.14
(2—4)=1.52 (2—1—3)=116 (1—3—5)=136 (1—3)=0.72 (2—1)=0.12
C11)V3xXV3: H (1—2)=1.05 (2—2)=1.57 (1—2—3)=1.24 (1—2—2)=1.21
(2—3)=1.51

#Reference 13.
bReference 29.
‘Reference 31.
dReference 39.

(LEED) upon heating the surface.’® Because of steric

overcrowding the dihydrogenated surface in either the
ideal configuration of adsorbed H, or in the annealed
twisted configuration becomes unstable and tends to ex-
pel H, molecules. This point has been recently discussed
by Yany and D’Evelyn.®® The most stable surface
modification that we have obtained is the (1X 1) alternat-
ing dihydrogenated, monohydrogenated surface structure
(100)1 X 1:H,H,, shown in Fig. 7 (panel 3).

B. (111) surface stability

Turning now to the (111) surface (for the local bonding
properties, compare Table I), the (1X 1) bulklike hydro-
gen terminated single dangling bond (1DB) surface, see
panel 1 in Fig. 8, is found to be stable under SA condi-
tions up to temperatures of 2000 K. Upon successive ad-
sorption of C and CH groups at three neighboring 1DB
surface atoms, a spontaneous reconstruction is observed
under SA conditions, favoring a (V3XV3)R30°(111)
hexagonal surface cell which is stable at CVD diamond
growth conditions of 1200 K. Two different locations of
the trimer groups are found to be metastable in energy.
Here the trimer groups are located either on the hollow
sites of the sixfold rings (H site) or on top of an atom of
the second layer underneath (T site). For an adsorbed C

‘Reference 11.
fReference 33.
EReference 30.
"Reference 20.

monolayer, a gain of binding energy is obtained by the
formation of two bonds (1.54 A equilibrium length) be-
tween the atoms of each top trimer C group, see Fig. 8
(panel 2), for the H site. However, CH adsorption causes
further energy gain, where now fully saturated symmetric
C trimers are formed with bonds between each pair of
carbon atoms (1.54 A length). The configuration for the
more stable T-site trimer groups is shown in Fig. 8 (panel
3), compare also Table I. The passivating H atoms are at
positions very similar to a nonreconstructed single dan-
gling bond surface and should therefore have low energy.
The energy differences between the T- and H-site struc-
tures are 0.159 eV and —0.58 eV per surface site for the
C- and CH-adsorption layers, respectively. Thus a C lay-
er favors the H-site configuration with a C(111)V3X V'3
surface, in contrast to the CH layer which prefers the T-
site configuration with C(111)V3XV3:H. These are
presented as top views in Fig. 9. Slightly more stable
structures have been obtained under SA conditions that
start from a one-to-one adsorption of a complete C and
CH monolayer stabilizing the (111)2X 1 and (111)2X 1:H
single chain (SC) reconstruction, shown in Fig. 10 (panel
1) for the CH-adsorption case. The energy gain of the
clean and hydrogenated (111)2X1 (SC) structures per
surface  site compared to the correspondmg

(111)V'3X V'3 hexagonal surface cell reconstruction is
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0.3 eV for the clean and 0.6 eV for the hydrogenated C(111) V3 x V3 (a)

modification, respectively. An observation of the
(111)2X 1 (SC) structure beside the V'3X V'3 hexagonal o ﬂ' ) ’
(—(.)

surface cell on the same as grown faces could be caused
.mmwm‘*"ﬁm”
qmm kg O\W ‘WW

by two different growth processes or by different nu-
\ ' ]

cleation mechanisms when the growth is terminated. .
) i mﬂr‘\%’

rY
) )

ture, the (2X 1) reconstructed Pandey chain has been ob-
tained (energy gain of 0.6 eV compared to a clean bulk
surface) characterized by symmetric strongly m-bonded
chains and structural data, given in Table I. The adsorp-
tion of hydrogen onto these chains causes the 7 bonds to
break and form metastable C(111)2X 1:H(P) Pandey
chains, shown in Fig. 10 (panel 2), compare data in Table
I. This configuration, which with an energy of 0.75 eV C(1) V3xV3: H (b)
per surface site is less stable than the hydrogenated bulk

(111)1 X 1:H surface, has proven to be stable under SA "m u‘@‘.
conditions up to 2500 K as already predicted by Iarlori ) . -
[ ]

et al.’® However, the question regarding the reconstruc- ‘ ’
.’n’n
g

Furthermore, as the most stable (111) clean 1DB struc-
g W{m‘

tion dynamics of this special configuration remains open.

c(111)1 x 1: H (a)

H-site configuration.

C(111) 2 x 1 : H (S() (a)

Cc(111) V3xV3: H (c)

FIG. 8. Stable diamond (111) structures. (a), C(111)1 X 1:H; FIG. 10. Stable diamond (111) surface structures.
(b) C(111)V3XV3; () C111V3 X V3:H. C(111)2 X 1:H (SC); (b) C(111)2X 1:H (P).

FIG. 9. Top views of the stable C(111)V'3 X V3R 30° recon-
structed surfaces: top, clean T-site and bottom, hydrogenated
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V. ELECTRONIC SURFACE PROPERTIES

In order to characterize the electronic properties of
our computationally obtained surfaces, we have calculat-
ed the LDOS at specific atoms within the surface layers.
These calculations were performed by means of the Hay-
dock recursion method’’ with usage of ab initio LCAO
Hamiltonian and overlap parameters based on the
minimal basis of atomiclike orbitals (Sec. 1V). Within
this method, one recursively transforms the given basis
set of all atoms into a new one of orthonormal but succes-
sively more remote orbitals related to the atom in ques-
tion. The Hamiltonian matrix for this basis becomes tri-
diagonal, and the matrix dimension needed to construct
the LDOS may be confined to the elements calculated by
the first recursion steps.

The LDOS projected on some chosen atomic orbital

@5
n, (E)=T7 [{@,l¢;)I’8(E —¢;)

1 ~
——;Im((pul(E—h) 1|¢7#)

(sum over all eigenstates |¢; ) with eigenvalues ¢;), is de-
rived by setting the starting orbital of the recursion equal
to |<p#). Then the resulting continued fraction for the in-
verse matrix element was evaluated using the Gaussian
quadrature approach.”® For a sufficiently accurate DOS
picture we used 30 recursion levels.

The two-dimensional periodicity of the surface struc-
tures was taken into consideration by expanding the re-
cursion orbitals into two-dimensional Bloch states.
Therefore the calculation of the new Hamiltonian matrix
elements requires the integration over the two-
dimensional (2D) Brillouin zone of the structures which
was approximated by a special k-point procedure.’®®
In our case, about 150 k vectors were necessary, which is
determined by the length of the continued fraction. The
Fermi energies E of the systems were obtained by calcu-
lating the total densities of states within a random-
initial-vector approach® and integrating over all occu-
pied states. However, in cases where a diamondlike band
gap is retained, the midgap E of diamond was used.

A. (100) surfaces

Let us start our discussion with electronic properties of
(100) surfaces. The atoms at the top of the hydrogen-free
(2X 1) surface possess one unbound sp>>° (Ref. 3.59) hy-
brid orbital (22% s character, see Table I), which gives
rise to a w-like bond with the symmetrically arranged
neighbor surface atom. The total bond order of this
bond, calculated by us via Lowdin orthogonalized hybrid
orbitals,® is 1.765. This value is large enough to specify
this bond as a double bond, as was done using different
methods by Verwoerd.3!

The m-like character may clearly be seen from the
LDOS shown in Fig. 11. The relatively weak interaction
of the free hybrids yields bonding and antibonding states
grouped around the Fermi energy inside the bulk-
diamond gap region. These states are strongly localized
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C(100) 2x1
LDOS (arb. units)

Energy (eV)

FIG. 11. Local density of electronic states (LDOS) at selected
surface atoms. The atom numbers correspond to the atom num-
bers in Fig. 7(a) atoms 3 and 4 are located in the next deeper
substrate layer. The solid and dashed line (short, long) indicate
the total, the s, and the p DOS: C (100)2X 1.

to the first surface layer and consequently have only
minor influence on the LDOS of lower-lying atoms. Fur-
thermore, a characteristic one-dimensional-like low
valence band edge is found at all atoms, accompanied by
a small lowering of this edge of about 0.5 eV on atom 2
compared to bulk diamond. This effect is ascribed to the
inclined chains formed by the first and second surface-
layer atoms. Along these chains, the hybrid orbitals
show increased s orbital character, whereas the intera-
tomic distances are decreased compared to bulk-diamond
values. The interaction between these chains, indicated
by the larger p character of the orbitals parallel to the
surface, proves to be more p-like and affects mainly the
dominating p peak in the surface DOS.

Going to the monohydrogenated (100)2X1:H struc-
ture, the surface atoms attain complete o-like chemical
bond saturation by also creating a dimerized state. The
surface DOS picture, shown in Fig. 12, reflects this bond
saturation by retaining a bulk-diamond gap at all surface
atoms. The new surface bond leads, however, to a large
departure from the diamond sp3 hybridization for the or-
bitals forming this bond and those directed to the hydro-
gen atoms. Therefore changes in the LDOS from bulk di-
amond for the topmost atoms will be expected, diminish-
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ing quickly for lower-lying atoms. Here again, we find
the influence of the surface chains on the lower band edge
of the LDOS, but due to the more diamondlike values in
Table I this is less distinct as in the case of the clean
(100)2 X 1 surface.

Contrary to Gavrilenko,% we could not find any sur-
face states that occupy the diamond gap region for this
structure. Different behavior has been found for the al-
ternating monohydrogenated and dihydrogenated
(100)1 X 1 surface, as shown in Fig. 13. It is very interest-
ing to note the 6-like p peak in the gap region of the
monohydrogenated surface atom. This peak correlates
with the pure, unbound p orbital at this atom that points
parallel to the surface. A minor influence of this p state
can also be seen in the LDOS at the neighboring dihydro-
genated atom. The existence of such nonbonding states
should cause a strongly increased surface conductivity.

The LDOS at the hydrogen atoms differs by the fact
that these atoms form bonds with differently hybridized
carbon orbitals. The s content of the carbon hybrid
directed to the single H neighbor is significantly higher

C(100) 2x1: H
LDOS (arb. units)

atom 1

T

0

FIG. 12. LDOS: C(100)2X 1:H. The atom numbers corre-
spond to the atom numbers in Fig. 7(b); atoms 4 and 5 are locat-
ed in the next deeper layer.
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C(100) 1x1: H, H,
LDOS (arb. units)

atom 1

atom 2

T T T
-10 Er 0
Energy (eV)

-30 -20

FIG. 13. LDOS C(100)1 X 1:H, H,. The atom numbers corre-
spond to the atom numbers in Fig. 7(c).

than to one of the paired hydrogens which mainly corre-
lates with the height of the central peak in the valence
hydrogen LDOS near —18 eV.

B. (111) surfaces

First we consider the (111)1 X 1:H surface structure.
This case is less spectacular because of the maintenance
of the diamond short-range order in the bond angles and
C-C distances. As a consequence, the calculated DOS’s
are very similar to that of bulk diamond. The bond satu-
ration by hydrogen obviously affects first of all the shape
of the main p peak, which can be understood from the
maximum of hydrogen s states in this energy region. The
preservation of the diamond gap may also be clearly seen
in Fig. 14.

Completely different DOS results have been obtained
from the (V'3 XV'3) surfaces, as seen in Figs. 15 and 16.
The DOS pictures at the immediate surface atoms show
no similarity to bulk diamond due to the rather peculiar
trimer creation. But even the lower-lying atoms still ex-
hibit strong modifications from bulk results. A common
features of all trimer atoms is the appearance of &-like
peaks in the gap region. But these emerge for different
reasons. At the unhydrogenated surface the topmost
atoms form some “open trimer” with a small angle of 94°
at the vertex. This geometry, together with the down-
ward bonds, leads to one free hybrid orbital with small s
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C(111) 1x1: H
LDOS (arb. units)

atom 1

T T T
-30 -20 -10 Ep 0
Energy (eV)

FIG. 14. LDOS C(111)1 X 1:H. The atom numbers corre-
spond to the atom numbers in Fig. 8(a).

character at atom 1. The atoms 2 at the base of this
isosceles triangle, however, have only two bound
neighbors—a situation similar to carbene molecules.
Hence the small interaction of all these free hybrids in-
cluding small contributions from other neighbored atoms
determine the sharp defect states seen in the LDOS pic-
ture for this structure. The Fermi energy, eventually, lies
in such a high defect region from which a large, probably
metallic surface conductivity may be expected.

The atoms at the (111)V'3XV3:H surface are formally
completely chemically saturated. But the trimer is
closed, leading to an equilateral triangle with 60° bond
angles. Any description in terms of bond-directed ortho-
normal hybrids is therefore impossible. This bond ar-
rangement is also found in cyclopropane, a molecule with
reduced stability due to high bond tension. The atomic
states cannot overlap strongly, consequently characteris-
tic defect states remain in the gap region of this surface
DOS. The Fermi energy lies in a small pseudogap that
also entails some surface conductivity.

VI. COMPARISON BETWEEN THEORY
AND EXPERIMENT, CONCLUDING REMARKS

Experimentally observed stable surface structures of
diamond (100) and (111), determined by STM, are
theoretically confirmed by MD simulations. The calcula-
tion of the interatomic forces is based on quantum-
mechanical origin using a semiempirical DF approach.
This method, currently developed for stability investiga-
tions of amorphous hydrocarbon modifications,® is phys-
ically motivated as well as fast and easy to use for com-
puter simulations. The method overcomes the transfera-
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bility problem from one type of structure to another one
and to the incorporation of hydrogen. It includes first
principles ideas, relating the chemical bonding properties
to a minimal basis of localized atomic valence electron
orbitals.

The investigations of the stability and restructuring dy-
namics of clean (100) and (111) surfaces as well as ad-
sorbed monolayers onto these surfaces under SA condi-
tions have been performed by the use of two-dimensional
periodic thin surface slab arrangements. The theoretical-
ly determined stable and metastable surface modifications
have been characterized in their statistical structure
properties and chemical bonding.

When the experimentally obtained and simulated
structures are compared to each other, details of the
STM images on the atomic scale and of the simulations,
such as bond formation and the LDOS distributions, are
opposed to each other. Both Figs. 1 and 2 show a
C(100)2X 1 surface, where individual dimers are only
visible in the latter. By changing the potential drop
across the tunneling gap, we were unable to make visible

C(111) V3 x V3
LDOS (arb. units)

T S T T

-30 -20 -10 Er 0

FIG. 15. LDOS C(111)V3X V3. The atom numbers corre-

spond to the atom numbers in Fig. 8(b); atom 5 is located in the
next deeper layer.
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C(111) V3 xv3: H
LDOS (arb. units)

atom 1

0 10 & 0
Energy (eV)
FIG. 16. LDOS C(111)V3XV3:H. The atom numbers cor-

respond to the atom numbers in Fig. 8(c); atom 4 is located in
the next deeper layer.

individual dimers within the rows shown in Fig. 1, or to
obtain unstructured rows in the case of Fig. 2. Conse-
quently, the differences between the patterns visible in
Figs. 1 and 2 are attributed to different atomic structures.
The LDOS of the nonhydrogenated C(100)2 X 1 structure
exhibits strong 7 states at the Fermi energy, whereas the
C(100)2 X 1:H structure does not. Since the 7 states form
delocalized metallic surface bands, it is straightforward
to assign the surface shown in Fig. 1 to the nonhydro-
genated and that of Fig. 2 to the hydrogenated structure.
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From the MD simulations, the (111) faces show (1X 1),
(2X1), and (V'3XV'3)R30° structures. Experimentally,
the (1X 1) and (V'3XV'3)R 30° structures are clearly visi-
ble in the STM images. Though we do not have direct
evidence for the (2X 1) structures, the rows visible in Fig.
4 would be due to the Pandey chain structure in case the
STM does not distinguish between the upper and lower
rows (as it is quite possible because of its very similar
chemical bonding properties).

The calculations have unequivocally shown that the
(111)1X1 and (111)V'3X V3R 30° structures can only be
attributed to the 1DB and 3DB surfaces, respectively.
Thus 1DB as well as 3DB surfaces are visible on (111)
faces as they have grown, which gives strong evidence
that the two different single atomic layers grew alternat-
ing and not simultaneously. The fine structure within a
trimer, clearly visible in the center of Fig. 3, allows its as-
signment to the nonhydrogenated structure, where the
“open trimers” are located at the H sites.

By relating the stable surface modifications and proper-
ties determined by MD to STM measurements some
inferences on sequential growth steps are given. The
stable surface modifications in a next MD simulation step
may act as substrate layers for thermal adsorption studies
of C and H atoms, radicals or molecules. Via the stable
adsorbate configurations, the energetically most favorable
pathways for diamond growth may be analyzed and con-
ditions may be determined for stabilizing them.

Furthermore, by closely relating detailed surface sensi-
tive high resolution results from experiments performed
in situ, e.g., ultraviolet photoelectron spectroscopy (UPS),
LEED, electron energy loss spectroscopy (EELS), and at-
tenuated total reflection infrared spectroscopy (ATR-IR)
to theoretical investigations of vibrational and electronic
surface DOS for different surface structures and adsor-
bate configurations a more fundamental understanding of
growth mechanisms will be achieved on the molecular
level of chemical bonding.
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FIG. 1. Image of a (100) facet of a polycrys-
talline diamond film obtained with a scanning
tunneling microscope. Deposition parameters:
1 mol% CH,; in H,, substrate temperature
equals 925°C, continuous accelerated beam for
gas inlet (Ref. 43), diameter of orifice equals 20
pm, stagnation pressure behind the nozzle
equals 6 bars, temperature of the nozzle equals
500°C, gas flow equals 22 SCCM, pressure in
the chamber equals 50 mbar. Tunneling pa-
rameters: constant height mode, I,=—1.0
nA, U,=—183 mV.



FIG. 2. Image of a (100) facet of a polycrys-
talline diamond film obtained with a scanning
tunneling microscope. Deposition parameters:
1 mol% CH; in H,, substrate temperature
equals 925 °C, continuous accelerated beam for
gas inlet, diameter of orifice equals 30 um,
stagnation pressure behind the nozzle equals
1.5 bars, temperature of the nozzle equals
950°C, gas flow equals 30 SCCM, pressure in
the chamber equals 50 mbar. Tunneling pa-
rameters: constant height mode, I,=—1.7
nA, U,=400 mV,
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FIG. 3. Image of a (111) facet
of a polycrystalline diamond film
obtained with a scanning tunnel-
ing microscope. The deposition
parameters are the same as those
for the film of Fig. 2. Tunneling
parameters: constant current
mode, I,=0.85 nA, U,=—64
mV.



FIG. 4. Image of a (111) facet of a polycrys-
talline diamond film obtained with a scanning
tunneling microscope. Deposition paramers: 1
mol % CH, in H,, substrate temperature
equals 925°C, pulsed accelerated beam for gas
inlet (Ref. 41), stagnation pressure behind the
nozzle equals 1.5 bars, temperature of the noz-
zle is RT, averaged gas flow equals 75 SCCM,
background pressure in the chamber equals 50
mbar.  Tunneling parameters: constant
current mode, I,= 1.3 nA, U,=574 mV.
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FIG. 5. Image of a (111) facet
of a polycrystalline diamond film
obtained with a scanning tunnel-
ing microscope. The deposition
parameters are the same as those
for the film of Fig. 2. Tunneling
parameters: constant current
mode, [,=0.5 nA, U, =-—48
mV.



FIG. 6. Image of a (111) facet
of a polycrystalline diamond film
obtained with a scanning tunnel-
ing microscope. The deposition
parameters are the same as those
for the film of Fig. 2. Tunneling
parameters: constant current
mode, I,=—0.5 nA, U,=—48
mV.



