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Carbon dimers on the diamond„100… surface: Growth and nucleation

Michael Sternberg,* Peter Zapol, and Larry A. Curtiss
Materials Science and Chemistry Divisions, Argonne National Laboratory, Argonne, Illinois 60439, USA

~Received 17 April 2003; published 25 November 2003!

We use a density-functional based tight-binding method to study diamond growth by C2 on a nonhydroge-
nated diamond (100)-(231) surface. The study is motivated by advances in the growth of ultrananocrystalline
diamond~UNCD! films under hydrogen-poor conditions. We identify and classify stable adsorbate configura-
tions formed above dimer rows and troughs on the reconstructed surface. We also investigate adsorption and
migration barriers using the nudged elastic band method. We find viable adsorption pathways leading to chain
growth and step advancement. Initial depositions proceed without barriers into topologically imperfect con-
figurations. The most stable configuration is a growth position that bridges two adjacent surface dimers along
a dimer row. It is reached over a barrier of 1.2 eV and has an adsorption energy of26.9 eV. Many other
configurations exist that have adsorption energies differing by up to 2.7 eV. By comparison, analogous struc-
tures for silicon are fewer in number and closer in energy because Si lacksp bonding, which is important for
C2 on diamond. Migration barriers for ad-dimers are in the range of 2–3 eV due to relatively large differences
in the energies of intermediate local minima. Comparing our results with previous studies on the~110! surface,
we note that barriers leading to growth are higher and pathways are more complex on the~100! surface. The
barriers suggest that reactions leading to both growth and re-nucleation are possible, which helps to understand
the small observed grain sizes in UNCD.

DOI: 10.1103/PhysRevB.68.205330 PACS number~s!: 68.43.Fg, 61.43.Bn, 81.15.Aa
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I. INTRODUCTION
Reaction mechanisms of diamond growth from hydrog

poor plasmas should be much different from those in c
ventional growth regimes. Studies of mechanisms for c
ventional diamond growth have shown that hydrog
abstraction is an extremely important step and that me
radicals and acetylene are the dominant growth specie1–4

These findings help to optimize adjustable parameters for
growth process.

It is expected that under hydrogen-poor conditions at le
part of the growing surface will be free of hydrogen. The
fore, it is interesting to investigate whether diamond grow
is still possible on nonhydrogenated surfaces. Also, the c
position of carbon species in the plasma is rather differe
Experimental studies of growth from Ar-CH4 plasmas5 re-
sulted in unique ultrananocrystalline diamond~UNCD! films.
Optical emission studies of the plasma have shown inten
green Swan-band radiation indicating the presence of2
dimers.6

Gruenet al.5,7 also pointed out the link between the sm
grain size of UNCD and a high renucleation rate. Furthe
was recognized that up to 10% of the total amount of car
in the films is located at 2 to 4 atom-wide grain boundari
It was proposed that~100!-like surfaces are the most typica
surfaces in UNCD.8,9 Therefore, the processes of growth a
nucleation on these surfaces are of primary interest for
derstanding of the structure and morphology of the resul
films.

The novel mechanisms of diamond growth from C2
species has attracted attention from theorists. The first s
to a detailed understanding of the growth mechanism w
taken considering C2 reactions with hydrogen free an
monohydrided diamond surfaces. In studies by Hor
et al.10,11 it was shown that C2 insertion into C-H bonds
on the hydrogenated~110! surface has small activatio
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barriers of less than 0.2 eV and is highly exothermic. Sub
quent steps involving linkage of C2 units also have low bar-
riers and lead to growth. In our previous work12 we consid-
ered the hydrogen-free~110! surface and also found stab
C2 adsorbate configurations which lead to diffusion-assis
chain growth. It was also found that intermediate graphiti
tion occurs in the form of fullerenelike and nanotubeli
fragments on the surface. Nonetheless, such fragments
rebonded to the surface in subsequent growth stages, lea
to stable growth on this surface even in the absence of
drogen.

The growth processes on the unhydrided~100! surface
due to C2 has been modeled in its initial stage on clus
models,7 but a comprehensive study has not yet been p
formed. The objective of the present paper is to consider2
reactions with nonhydrogenated~100! surfaces and to find
out whether these reactions could result in diamond grow
We calculate optimized structures, adsorption energetics,
reaction pathways to obtain baseline information on grow
mechanisms of UNCD.

For a number of adsorbate structures on diamo
analogs also occur on the silicon~100! face. As an aid
to understanding the characteristics and bonding situation
diamond we present a comparison against these well-stu
cases.

Our computational method is briefly outlined in Sec.
The main results are given in Sec. III, where we first~Sec.
III A ! review the properties of the diamond~100! surface as
calculated using the density-functional based tight-bind
method, including a comparison with more elaborateab ini-
tio results. The initial adsorption steps for C2 on diamond
~100! are studied in Sec. III B, followed by an evaluatio
of adsorption barriers in Sec. III C. We discuss the implic
tions of these results in Sec. III D and present a summ
in Sec. IV.
©2003 The American Physical Society30-1
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II. COMPUTATIONAL METHOD

The density-functional-based tight binding~DFTB!
method13,14 was used for obtaining energies and forces. T
method has been successfully applied to a variety of syste
with particular success for carbon.14

The method is based on an approximate solution of
Kohn-Sham-like equations using an optimized nonortho
nal atomic basis set. The repulsive atomic pair potentials
the tight-binding formulation are determined beforeha
from first-principle calculations. The variation of a dens
functional expression approximated to second order yie
the secular equations which are solved self-consistently
the Mulliken charges. Interatomic forces for total ener
minimizations and molecular dynamics are calculated se
analytically as the gradients of the total energy at the ato
positions. Local minima of the total energy have been
tained by a conjugate gradient minimization procedure w
a convergence criterion for the maximum force per at
generally not exceeding 5 meV/Å.

We modeled reference structures of the reconstruc
(100)-(231) diamond surface using two-dimensional~2D!
periodic boundary conditions with a supercell containing
atoms per layer and 16 monolayers, keeping the bottom la
saturated with two pseudohydrogen atoms per carbon.
pseudohydrogen atoms have their mutual interac
switched off to avoid problems of steric repulsion otherw
arising on a bulklike dihydrogenated termination. The sa
ration ensures the unreconstructed (131) geometry and
keeps layer relaxations to a minimum. The interlayer d
tance between the second and third monolayer from the
tom already deviates by less than 1% from the bulk valu

For the adsorption studies, we use surface models with
monolayers of carbon and a pseudohydrogen satura
layer. Key structures were also calculated with eight carb
monolayers, which resulted in essentially the same ener
and geometries for the resulting structures, with change
adsorption energies of the order of 30 meV.

To calculate adsorption and migration barriers for a2
molecule on the surface, we have used the nudged el
band~NEB! method.15,16 The NEB method aims to find th
minimum energy path in coordinate space connecting
fixed states, which usually represent local energy minim
The path is represented by a finite number of system c
figurations, calledimages, which are connected to their nea
est neighbors by an auxiliary spring force. The spring fo
on each image augments the physical force on each a
given by the negative gradient of its potential energy.
order to avoid certain artefacts a projection method is app
whereby the components of the physical force parallel to
NEB path and spring forces normal to the NEB path
removed. In effect, the total force for all images is then mi
mized using a simple dynamic algorithm.16 The method was
demonstrated to converge reasonably well to a nea
minimum-energy path, in general crossing one or m
saddle points. We use typically 10–20 images, and con
gence to a maximum total force per image of 50 meV/Å
reached after 50–100 nudging cycles.
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III. RESULTS AND DISCUSSION

A. The clean diamond„100… surface

The clean~100! diamond surface is stabilized by a~231!
reconstruction characterized by symmetric carbon dim
aligned in chains along â110& direction. We choose the
direction of the principle surface dimer row as@110# andx
axis, and assign thez axis to the surface normal@001#.

Table I and Fig. 1 give the geometry for the referen
models of the diamond (100)-(231) surface, with and with-
out surface hydrogen, as calculated within DFTB,19 and a
comparison withab initio calculations in both the local den
sity approximation17 ~LDA ! and the generalized gradient a
proximation ~GGA!.18 The DFTB bulk equilibrium bond

TABLE I. Calculated geometry of the clean and hydrogena
diamond (100)-(231) surfaces. The symbold0 is the equilibrium
bulk bond length,dab , etc., are the bond lengths between atom
labeled according to Fig. 1;Dyi is the lateral displacement alon

y5@ 1̄10#, Dzi j is the interlayer separation, andDzi the intralayer
buckling for monolayeri. The length unit is Å.

(231) (231):H

DFTB LDA a GGA b DFTB LDA a GGA b

d0 1.544 1.529 1.548
dHa 1.114 1.10 1.10
daa 1.398 1.37 1.38 1.604 1.61 1.62
dab 1.517 1.50 1.51 1.544 1.53 1.54
dbc 1.571 1.57 1.59 1.533 1.52 1.54
dbd 1.569 1.55 1.57 1.574 1.56 1.57
dce 1.514 1.50 1.520 1.50
dd f 1.574 1.56 1.565 1.55
deg 1.523 1.527
df g 1.570 1.562
dgh 1.542 1.542
Dy5 60.05 60.03
Dy6 60.03 60.03
Dz12 0.704 0.67 0.814 0.80
Dz3 0.249 0.26 0.185 0.19
Dz4 0.145 0.16 0.108 0.11

aReference 17.
bReference 18.

FIG. 1. ~Color online! Structure of the diamond (100)-(231):
H surface. The clean surface is analogous except for the absen
hydrogen. Letters and numbers indicate atoms and monolaye
used in Table I.
0-2
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CARBON DIMERS ON THE DIAMOND ~100! . . . PHYSICAL REVIEW B68, 205330 ~2003!
length is about 1% larger than the LDA value and essenti
matches the more accurate GGA value. The bond length
the reconstructed surface follow this pattern. The largest
viations from the GGA results are 0.02 Å for the lengths
the bare surface dimer (daa) and a backbond (dbc). This
clearly indicates that the SCC-DFTB method reproduces
relaxed geometry extremely well, especially in its most cr
cal features.

The surface energy, defined as energy per surface a
after cleavage, relaxation and reconstruction is 2.29 eV
DFTB, 2.12 eV in LDA,17 and 1.90 eV in GGA.18

B. Initial C 2 deposition

1. Geometry and energetics

We have systematically investigated a large number
possible configurations for the adsorption of C2 on a clean
diamond~100! surface. In the following, we will discuss th
geometry and energetics of the most stable isolated adso
structures. This is the key to understanding more comp
patterns.

To classify the rather large number of ad-dimer config
rations we found on this diamond face it is necessary
consider both the adsorptionsite and the ad-dimerorienta-
tion. Likely adsorption sites are given by the lateral positio
of the atoms belonging to the top four monolayers within
(231) surface cell. These positions project on the surface
approximately square grid with a lattice constant of half
bulk second-neighbor distance~1.26 Å!. Figure 2 identifies
six sites within the irreducible part of the surface unit c
using descriptive names, which we adopted followi
Srivastava and Garrison with a minor variation.20 We did not
find stable positions for C2 at the edge and top sites, whic
leaves four sites to be discussed further: the dimer~D! and
hollow ~H! sites on top of the dimer row, and the bridge~B!
and cross~C! sites along the trough.

Most generally speaking, the ad-dimer orientation will
either in plane or out of plane. We specify in-plane cases
either a parallel~p! or orthogonal~o! ad-dimer orientation,

FIG. 2. ~Color online! Nomenclature of adsorption sites in th
irreducible part of the (100)-(231) diamond surface.
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referring to the existing surface dimers, while out-of-pla
cases give normal~n! or tilted ~t! orientations by referring to
the surface plane. By adding the dimer orientation as an
dex to the site specification we arrive at a nomenclature
ficient for most initial adsorption structures.

Our results for fully optimized geometries of a
minimum-energy structures are summarized in Table II a
Fig. 3. Further, Table III contains the adsorption energ
found in the present work, in comparison with results fro
previousab initio cluster models on diamond7 and energies
of analogous configurations on the silicon surface.21

We identified three groups of configurations for ad-dime
on a clean diamond~100! face after classifying them prima
rily by their adsorption site. As will be seen, the adsorpti
energiesdo not reflect the structural ordering.

The first group comprises ad-dimers at the dimer siteD,
each of them is bonded to just one surface dimer. Among
possible ad-dimer orientations we found the normal one~la-
beledDn) and two tilted orientations (Dt , Dt8) to be local
energy-minima, whereas the parallel orientation (Dp) was a
saddle point. The structures are depicted in the left row
Fig. 3. We find thatDt has the lowest adsorption energ
within this group (25.43 eV!, followed by Dt8 and Dn in
steps of about 0.3 eV. In contrast, the saddle point confi
ration Dp is comparatively high, with an energy of 1.2 e
aboveDt . We found two negative frequency modes, an
plane rocking mode and a softer twist mode.

The ad-dimer bond lengths in this group are all abo
1.3 Å, which is close to the length of a triple bond. The
bond lengths, as well as the adatom-to-surface bond len
agree to within 0.03 Å with those given for similar stru
tures (Dn , Dp , andDt) in the density functional study by
Gruenet al.7 of C2 adsorption on a C9H12 cluster. The DFT
and DFTB adsorption energies for the three structures h

TABLE II. Calculated geometry parameters of isolated C2 ad-
dimers on the (100)-(231) diamond surface~see Fig. 3!. Distances
given in Å.

Ad- Ad-dimer Surface Subsurf.

Struct. dimer surface @ 1̄10# a @110# b
@ 1̄10#

clean 1.40, 3.64c 2.52 2.34
Dn 1.29 1.50 1.55 2.35
Dp 1.27 1.58 1.53 2.35
Dt8 1.30 1.90, 1.82, 1.46d 1.64 2.36
Dt 1.34 1.53, 1.79, 1.39d 2.12 2.41
Hp 1.44 1.66 1.54 2.31 2.31
Ho8 1.88 1.50 1.98 2.46 2.53
Ho 1.52 1.43 2.38 2.44 2.86
Cp 1.39 1.74 1.64, 3.20c 2.29 2.68c

Co 1.42 1.62 1.91, 2.69c 2.40 2.58c

Bp 1.23 1.50 1.63 2.35

aDimer direction.
bAlong dimer row.
cAcross trough.
dLeft to right, oriented as in Fig. 3.
0-3
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MICHAEL STERNBERG, PETER ZAPOL, AND LARRY A. CURTISS PHYSICAL REVIEW B68, 205330 ~2003!
similar trends, but the DFT energies are more negative
1.0–1.3 eV.

The D configurations differ significantly in the length o
the surface dimer to which C2 is attached. This surface dime
is only slightly longer than the unperturbed length in t
energetically higher structures (Dn , Dp , and Dt8) but it is
split to more than 2 Å separation inDt , which makes it the
distinguishing feature between the two tilted configuratio
Despite the relatively large displacement for the last case
edge-site atoms on either side of the ad-dimer move a
from their undisturbed position by less than 0.1 Å in
cases discussed so far~see the last column in Table II!. This
finding implies that relatively small finite-cluster models f
the adsorption sites consisting just of moveable first neigh
and fixed hydrogen saturated second neighbor carbon a
~as used for structures 4–6, in Ref. 7! can be expected to
give realistic adsorption geometries and energies for s
structures. As we will see below, this is not the case in m
els with ad-dimers bridging two surface dimers, where
edge-site atoms move significantly.

The next group of isolated adsorbate structures are th
with the ad-dimer positioned at the hollow siteH ~see Fig.
2!, i.e., above a gap along a surface dimer row and bonde

FIG. 3. ~Color online! Collage of structures of isolated C2 ad-
dimers on the (100)-(231) diamond surface. Atoms in the ad
dimer are shown in red~dark!. Supplementarily in color online
their first neighbors are shown in magenta. Structures are labele
adsorption site according to Fig. 2 and the ad-dimer orientation
being parallel~p! or orthogonal~o! to surface dimers, and norma
~n! or tilted ~t! with respect to the surface plane. Bond lengths
given in Table II.
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two consecutive dimers. There will only be two basic co
figurations on this site, each with four adatom-to-surfa
bonds. They areHp and Ho , shown in the middle row of
Fig. 3. However, structureHo appears in two variants with
different lengths of the surface dimer. As forDt discussed
above, the lower-energy variant is the one with the surf
dimers completely opened. This structure has an adsorp
energy of 26.90 eV and is the most stable configuratio
overall. It represents a continuation of the (100)-(231) sur-
face into the next monolayer. This C2 ad-dimer has a
bondlength of 1.52 Å and the former surface dimer
opened up to 2.38 Å, which is close to the bulk secon
neighbor distance of 2.52 Å. In response, the edge-site
oms below move considerably outwards by 0.26 Å ea
Conversely, in theHo8 variant of this structure, a local mini
mum 0.5 eV higher, the dimer bonds are elongated to
below 2 Å, and the ad-dimer is overstretched to 1.88
while the edge-site atoms move only by 0.10 Å. The bo
angles differ greatly between these two structures. In
global minimum structureHo the angles on the ad-atoms a
112° in the angle facing the former dimer and 109° in t
angle facing the dimer gap. While these are nearly tetra
dral, the values forHo8 are 83° and 101°, i.e., far more dis
torted, which contributes to this structure’s higher ener
Implications of the bond length and angle changes for m
els using small clusters will be discussed in a forthcom
publication.22

In the remaining structure of this group,Hp , the ad-dimer
has a bond length of 1.44 Å and is oriented parallel to
surface dimers, resulting in two roughly square fourfo
rings. The structure is similar toDp . The bond lengths~see
Table II! are essentially the same in either case with
exception of the ad-dimer itself, which is 0.2 Å longer. Th
is easily understood since the ad-atoms inHp are threefold
coordinated, which results in a partial double bond for t
ad-dimer as opposed to the~shorter! triple bond seen inDp .

by
s

e

TABLE III. Energetics of isolated C2 ad-dimers on the
(100)-(231) diamond surface~see Fig. 3! and comparison with the
Si2 ad-dimer on Si.Eads is the energy relative to a separate C2 and
a clean surface, andDEads are energies relative to the minimum o
Eads. Energies are given in eV.

Diamond Silicon

Structure Eads
a Eads

b DEads
b DEads

c

Dn -6.07 -4.85 2.05
Dp -5.25 -4.22 2.68
Dt8 -5.11 1.79
Dt -6.69 -5.43 1.47
Hp -4.69 2.21 0.00 ~a!
Ho8 -6.41 0.49 0.01 ~b!
Ho ~min.! -6.90 0.00
Cp -4.26 2.64 0.31 ~c!
Co -4.65 2.24 1.11 ~d!
Bp -6.50 0.40

aReference 7, B3LYP/6-31G*~Table 3!.
bPresent work.
cReference 21, DFT~LDA ! plane wave pseudopotential.
0-4
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CARBON DIMERS ON THE DIAMOND ~100! . . . PHYSICAL REVIEW B68, 205330 ~2003!
The adsorption energy ofHp is 24.69 eV, similar to the
structures in the first group. Both theHo8 and Ho structures
are much more stable by about 2 eV.

The final group of initial ad-dimer configurations com
prises three structures bridging the trough, either at
bridge or the crossover sites. The structures areBp , Co , and
Cp , and are shown in the rightmost row of Fig. 3.

Among those three,Bp is the most stable, having an ad
sorption energy of26.50 eV. This is comparable to the valu
of 26.90 eV we found for the global minimumHo , but the
bonding structure is completely different.Bp has fewer
bonds and introduces a sevenfold ring which is found neit
in the bulk lattice nor on the reconstructed surface and t
could constitute a nucleation site.

The other two trough-bridging structures are higher in
ergy by about 2 eV~see Table III!. Their dimer bond lengths
are closer to that of a typical double bond, but their ba
bonds are quite long, especially forCp . In this respect the
latter structure is similar toHp . The reason is the proximity
of the ad-dimer to their second-neighbor atoms at the e
sites in a strained fourfold ring. The distance mentioned
2.07 Å for Cp and 2.17 Å forHp ; the edge-site atoms hav
moved vertically inwards by 0.2 Å in either case to acco
modate the adsorbate. These geometry effects give rise
rather high adsorption energy of 2.64 eV. StructureCo also
shows a high energy due to the significant strain of its s
face dimers, although the structure is outwardly similar
Ho .

2. Bonding

Two pairs of the configurations described above have o
subtle structural differences, namely,Ho compared toHo8 and
Dt vs Dt8 . To understand the reason for the existence of t
separate energy minima for these cases we compare
electronic configuration and chemical bonding characteris
on the basis of their Mulliken charges and bond lengths.
find that in the lower-energy structureHo the ad-dimer is
nearly neutral whereas the four base atoms carry a Mulli
charge of about20.15e ~i.e., a net negative charge!. The
situation is reversed forHo8 : the ad-atoms have a surplu
charge of20.24e each and nearly neutral base atoms. T
ad-dimer bond length inHo indicates a stable single bond
whereas in the local-minimum structureHo8 this bond is more
stretched, leading to a dangling bond on each ad-atom.
also observe a rehybridization of edge-site atoms on ei
side of the ad-dimer for theHo structure. This type of reb
onding does not occur inHo8 . The redistribution of charge in
the transition between the two structures and accompan
bond changes in the subsurface entail an energy barrier
tweenHo andHo8 that we determined to be 0.24 eV.

At the dimer siteD symmetry breaking lowers the energ
of the symmetric configurationDp by 1.2 eV to the nonsym-
metric caseDt . The bonding character of the ad-dim
changes from a triple bond to a strained double bond by
formation of a new bond diagonally across the trapez
formed in the symmetric case.

The structuresDt8 andDt differ only subtly in their elec-
20533
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tronic configuration. The topmost atoms have charges
20.3 and20.4, respectively. However, inDt8 both atoms of
the still intact surface dimer have essentially the same M
liken charge, whereas inDt they differ by 0.14e, which is
due to the different number of nearest neighbor atoms. F
thermore, the nearly planar threefold coordination for o
atom inDt indicates ansp2 rehybridization.

StructureBp shows a small bond length of 1.23 Å fo
the ad-dimer, which clearly indicates a triple bond, a
ad-dimer-surface bonds of 1.50 Å length, which equa
clearly indicate single bonds. The surface dimers to whic
is bonded get slightly stretched to above 1.6 Å. The
dimer connects two collinear surface dimers across a trou
This bonding configuration results in a nearly tetrahed
environment for the two adjacent surface atoms and v
little stress otherwise. Therefore, this structure is also ra
stable.

3. Comparison with silicon

There is an extensive body of literature discussing
structure and diffusion barriers for silicon dimers on the s
con ~100! surface.21,23–25It is long known that a simple scal
ing of low-energy structures from silicon to the shorter d
mond bond length does not necessarily yield anything be
than a first guess. Silicon relaxes by changes in the b
orientation, whereas carbon relaxes by changes in bon
characteristics. This is reiterated by our present findings.
most stable configurations for the silicon dimers correspo
to Hp , Ho8 , Cp , and Co , i.e., fully bonded configurations
While we do obtain the analogous global minimumHo on
the diamond surface, this is far from obvious. Table
clearly illustrates the fact that the relevant configurations
much closer in energy on the silicon surface21 than they are
on diamond surfaces.

In particular, the structuresHp and Ho8 are essentially
isoenergetic on silicon, whereas we found them about 2
apart for diamond. One reason is that for silicon these c
figurations are reconstructed by asymmetric dimer buckli
For Hp , this leads to a larger second neighbor distance
tween the adatoms and edge-site atoms, and in turn to
adsorption energy closer to that ofHo8 .

Relatively large energy differences of approximately 2
between local-minima structures effectively inhibit diffusio
on the diamond surface, because as part of a migration f
site to site at least one barrier of this height must be ov
come. Such events will be rather infrequent at conventio
growth temperatures around 500–1000° C. We conclude
ad-dimer diffusion, while a prevalent phenomenon on s
con, is largely absent on diamond.

Another difference between silicon and diamond is th
structures with higher bond orders, notably the low-ene
structuresHo andBp do not have stable analogs on the si
con surface, which is ultimately due to the limited ability
silicon to form p bonds. Hence, these configurations a
unique to carbon.

C. Barriers

1. Isolated adsorbates

We have calculated adsorption barriers using the N
method. For the initial configurations we placed a relax
0-5



l
t

o
m
hi
f
ce
is

he
b

ro

iz

rm

-
v

ns

fo

f
th
n
th
ts

re
o

o

d

ay
tant
-

ated
va-
the

te
can
al

of

r
tep
ad-

e
ad-
the
ite
this
ry
le.
ad-
out

y
rgy
ing

nd-
va-

ov-
t are
ing

si-

re are

MICHAEL STERNBERG, PETER ZAPOL, AND LARRY A. CURTISS PHYSICAL REVIEW B68, 205330 ~2003!
neutral carbon dimer (C2) in a number of orientations wel
above a relaxed diamond surface at various sites. For
final configurations, we used the structures discussed ab
We applied the NEB method to find the closest minimu
energy path between initial and final configurations. T
procedure models a dynamic growth process in the limit o
low arrival rate of C2, i.e., each deposition event takes pla
independently and separate in time. In the following, we d
cuss the implications for the growth regime.

We actually found no barrier to adsorption for most of t
structures identified in the previous section, with the nota
exception of the lowest-energy structuresHo8 andHo . This is
of prime importance to understand the UNCD growth p
cess.

The key results for the adsorption process are summar
in Fig. 4. The following picture emerges: A single C2 dimer
arrives at an empty surface dimer site and assumes a no
or tilted orientation, i.e., structuresDn or Dt . The normal
configurationDn is unlikely to be present in significant pro
portion, because asymmetric collision paths which are ob
ously predominant will lead toDt directly. Furthermore,
there is only a very small barrier of 0.04 eV towards a tra
formation fromDn to Dt . We note that this value is below
the accuracy of our method, making this barrier and there
the stability of structureDn possibly an artifact.

Both of theseD structures are less stable thanHo8 andHo .
We identified a transition path fromDt to the global mini-
mum configurationHo , which has a relatively high barrier o
1.2 eV. The transition state is characterized by a twist of
ad-dimer towards a neighboring surface dimer, as show
the center of Fig. 4. After passing the transition state,
local minimum structureHo8 is reached, which then conver
to Ho with a relatively low barrier of 0.24 eV.

The adsorption to the second low-energy structureBp pro-
ceeds without barrier. The remaining structures conside
all have a formation energy at least 2 eV higher and will n
be discussed further.

In summary, the most populated configurations for is
lated ad-dimers on the diamond~100! face will be the tilted
dimer-bridge (Dt), the parallel trough bridge (Bp), and the
orthogonal dimer bridge (Ho). Only the first two are reache

FIG. 4. ~Color online! Potential energy surface for C2 adsorp-
tion on the clean (100)-(231) diamond surface~schematic!. Atoms
are shown as in Fig. 3. Energies are given in eV; numbers in pa
theses are barriers heights.
20533
he
ve.
-
s
a

-

le

-

ed

al

i-

-

re

e
in
e

d
t

-

without barrier and are topologically imperfect and m
therefore constitute re-nucleation sites. This has impor
implications for the kinetics of growth, which will be ad
dressed in detail in a separate publication.26

2. Joined adsorbates

We now consider the case when ad-dimers are not isol
on the surface, but occupy neighboring sites. Given the
riety of the single-dimer structures discussed so far and
well-known variability of carbon in general a comple
analysis would far exceed the scope of this study. We
only illustrate a few examples which we believe are typic
and provide sufficient grounds for drawing conclusions.

First, Fig. 5 represents the ideal case of coadsorption
dimers into neighboringHo and Co sites, leading to chain
growth by advancingSB-type27 step edges, i.e., single laye
steps parallel to the dimer bond in the adsorbate layer. S
advancement proceeds in two key processes. The first is
sorption into a trough siteCo next to an on-top dimerHo .
This proceedswithout a barrier, resulting in the structur
shown at the bottom right of Fig. 5. The surface dimers
jacent to the filled trough become elongated to 1.8 Å and
outer atoms are slightly charged, making this hollow s
reactive. As a result, a subsequent dimer adsorption into
site, which completes theSB step advancement, has a ve
low barrier of 0.1 eV. Chain growth is therefore possib
Nonetheless, positional disorder can arise when dimers
sorb at the step edge or on a neighboring dimer row site
of registry for the new (231) monolayer. This disorder ma
well persist until coverage is complete. The formation ene
for a single line defect on the surface due to a lateral stack
fault is '0.3 eV per dimer.

The chain growth model requires a seed in the ideal bo
ing configuration. However, since we found that the pre
lent configurations for isolated dimers arenot the ideal ones,
we need to consider the implications for higher surface c
erage. We selected the lowest-energy configurations tha
reached without a barrier, and calculated structures aris
from their pairing, i.e.Dt1Bp , Dt1Dt , andBp1Bp .

For the mixed case, we found that the barrier for tran
tion from Dt to the growth positionHo is lowered from 1.2

n-

FIG. 5. ~Color online! Structure of various C2 ad-dimer clusters
on the (100)-(231) diamond surface~schematic!, illustrating chain
growth. Atoms are shown as in Fig. 3. Adsorption energies
given with respect to all C2 in vacuum and a clean surface.
0-6
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eV ~Fig. 4! to 0.5 eV in the presence of a trough-bridgin
dimer (Bp) due to the formation of an intermediate bond,
shown in Fig. 6. For the related situation, with theDt dimer
tilted in the opposite orientation than shown in the figure,
barrier is 0.8 eV.

The insertion of the next ad-dimer on the other side of
trough into anHo configuration proceeds largely through th
same mechanism as the first one. However, we found tha
the process, the structureBp , being the second dominan
isolated dimer structure, now sandwiched between twoHo
dimers, becomes unstable. Under these circumstances
trough narrows due to the breaking of the original surfa
dimers, and the ad-dimer across the trough assume
surface-normal orientation, shown in Fig. 7~top left!. This
upright configuration, labeledBn , easily converts into the
ideal trough-filling positionCo with a barrier of 0.6 eV.
Therefore, structureBp can ultimately lead to growth an
does not necessarily constitute a nucleation site.

The reaction pathway in Fig. 7 also represents the cas
an extended dimer row with a single-dimer gap, as would
found on a nearly complete surface. The geometries and
pecially the reaction barrier are essentially the same as
three ad-dimers, i.e., the case illustrated in Fig. 7. This

FIG. 6. ~Color online! Transition path forDt→Ho with a neigh-
boring Bp structure. The barrier is lower than for an isolatedDt

structure~see Fig. 4!. Atoms are shown as in Fig. 3.

FIG. 7. ~Color online! Transition pathBn→Co , completing
chain growth by filling a trough site. The initial structure is reach
without barrier by either an adsorption of a dimer in a bridge site
a conversion fromBp following the adsorption of nearbyHo struc-
tures, similar to Fig. 6. Energies are adsorption energies for th
C2’s relative to a clean surface.
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the consequence that the reverse reaction, leading
breakup of an extended surface, has a barrier of well ov
eV. Therefore, the reverse reaction, which would introduc
surface defect, is extremely rare under common growth c
ditions, and hence the surface is stable.

The pathways for an agglomeration of two tilted a
dimers, i.e., the caseDt1Dt , are more complicated and ar
shown in Fig. 8~a!. Two initially separate adsorbates ca
form a rather stable C4 agglomerate on the surface after ove
coming relatively small barriers of 0.3 and 0.1 eV. The a
glomerate can be described as two fusedDp adsorbates with
unequal bond lengths. Details on the geometry of this str
ture are included in Fig. 8. Most importantly, the barri
leading away from this structure towards a topologically p
fect CoHo arrangement, is 2.0 eV, which is rather hig
Therefore, the agglomerate is likely a renucleation site.

A similar C4 aggregate is formed from the combination
two trough-bridging dimersBp1Bp , which is the last of the
simple cases we will discuss here. The structure is show
Fig. 8~b!. In contrast to the previous case, however, this
gregate has a much higher formation barrier. For twoBp

r

e

FIG. 8. ~Color online! Structures resulting from an agglomer
tion of ~a! two Dt and~b! two Bp configurations~see text!. Energies
are adsorption energies for two C2’s relative to a clean surface
Numbers in parentheses are barriers heights. Bond lengths are
in Å.
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placed in adjacent sites, the close proximity ofp bonds be-
tween the dimer atoms gives rise to a slight repulsion u
the dimers reach an equilibrium distance of 2.7 Å in t
initial structure. The bulging in the initial structure also o
curs in the case ofDt1Dt above, but given the asymmetr
charge distribution and additional neighbor atoms thep
bonding is weaker and hence the barrier is much lower
that case. For the present case, thep-p interaction is stron-
ger and gives rise to a high barrier of 1.8 eV towards fus
the Bp dimers. As a result,Bp dimers are unlikely to merge
but instead will go one by one through the path shown in F
7. Therefore, the trough-bridging configurationBp , although
initially a non-growth orientation, most likely ultimatel
leads to growth.

D. Implications for growth

In the previous section, we found that adsorption chann
on the hydrogen-free diamond~100! surface which lead to
growth positions face relatively large barriers of.1 eV for
isolated adsorbates, and a somewhat lower barrier of
20.8 eV towards growth for combined adsorbates involv
trough-bridging configurations. Conversely, neighboring
sorbates on a dimer row form defect agglomerates thro
low barriers. The agglomerates in turn have high barriers
'2 eV towards conversion into growth positions and the
fore constitute renucleation sites.

The findings discussed here confirm and extend those
cussed before for the case of isolated dimers.7 For the present
work we have studied more configurations, in particu
paired structures, and can clearly show that both renuclea
and growth occurs on the~100! diamond face.

This is in stark contrast to the situation on the~110!
face.12 There, essentially only one adsorption channel exis
for C2, and this channel led directly to growth in a lattice s
orientation. While this does of course not rule out renuc
ation on the~110! surface, it is noteworthy that most subs
quent adsorption events we found did lead to growth.

So far, we have not studied the (111) face in this conte
Experimentally, this face is found to dehydrogenate at te
peratures above 1050–1150 K,~Ref. 28! and to transform
into the (111)-(231) Pandey-chain reconstruction.29 It is in-
teresting to note that the reconstruction is similar in geo
etry to the unreconstructed but stable (110)-(131) face. For
both faces, polyethylenelike zigzag chains are characteri
separated by troughs of the same zigzag chain type. Th
fore, one would expect related adsorption mechanisms
both faces. There are, however, two key differences wh
complicate the situation:~a! the trough for the Pandey chai
reconstruction is wider~3.7 Å vs 2.9 Å! and more shallow
than for the~110! face, and~b! the backbond configuration
on the ~110! face is bulklike, i.e., shows sixfold rings
whereas on the Pandey chain the backbonds involve five
and sevenfold rings instead. This means that for bulk gro
on this surface, bond switching must take place. Therm
induced dereconstruction has been observed at tempera
around 1100–1275 K, see Refs. 28,30, which is only ab
100–200 K above the growth temperature. Furthermo
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point ~a! makes the surface more susceptible to graphiti
tion. A recentab initio study has addressed some of the
points.31 The authors suggest a growth path for Pand
chains starting with an the unreconstructed surface and l
ing to a graphite adlayer. Given the temperature-indu
changes in bonding, however, questions remain to be
swered for the~111! surface to fully understand the C2
growth mechanism on all diamond faces.

The present results complement our previous work on
~110! face.12 Our findings would seem to confirm observ
tions that, as in the methyl-based growth, the~110! face is
the fastest growing one in the C2 regime as well, while~100!
faces are slow growing, constitute sites for renucleation,
lead to 100-like grain boundaries. However, the results s
gest that reactions leading to both growth and renuclea
are possible, which helps to understand observed small g
sizes in UNCD. To complete the picture, a careful evaluat
of the influence of experimental conditions is also necess
In particular, surface hydrogen may play a significant role

IV. SUMMARY AND CONCLUSIONS

We have simulated diamond growth steps by studying i
lated and agglomerated C2 molecules adsorbed on a reco
structed nonhydrogenated diamond (100)-(231) surface.
Our results are as follows.

~1! The most stable configuration~labeledHo) is a bridge
between two adjacent surface dimers along a dimer row.
surface dimers themselves are opened. The configuration
an adsorption energy of26.9 eV and a barrier of 1.2 eV
must be overcome to reach it on a clean surface.

~2! There are many other configurations with adsorpt
energies differing by up to 2.7 eV. We found a number
adsorption structures, revealing a complex energy landsc
and consequently many adsorption channels. By compari
analogous structures for silicon are closer in energy and
varied because Si lacksp bonding.

~3! Also in contrast to silicon, which has diffusion barrie
for dimers on the surface of the order of 1 eV, the barriers
the ~100! diamond surface are much higher, about 2–3
effectively precluding diffusion on the surface at experime
tal growth temperatures. This is a direct consequence
larger energy differences between various adsorption st
tures for C2 on diamond. These results once again illustr
that surface properties cannot simply be scaled from sili
to diamond, even though they share the same crystal st
ture.

~4! Multiple C2 species result in various agglomera
structures, giving rise to complex adsorption patterns. In p
ticular, both growthand nucleation are possible.
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