PHYSICAL REVIEW B VOLUME 58, NUMBER 4 15 JULY 1998-II

Molecular-dynamics calculations of energetics and geometries of steps on diamondQD1)
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The diamond @01) surface has been observed by scanning tunneling micros(®py!) to dimerize
similar to S{001). STM also observed the formation of single- and double-layer steps in this surface. Using an
ab initio multicenter molecular-dynamics method, our calculations for the relaxed geometries and the corre-
sponding energetics of these steps show that the detailed structures of these steps are intrinsically different
from that of typeA and typeB steps of Si001) obtained by Chadi. These differences can be attributed to the
preference of carbon atoms near the edges of the lower terrace to form dimers with strong mixed single and
double bonds rather than to rebond to the edge atp&@163-18208)05127-3

Studies of homoexpitaxial diamond films by chemical va-However, ten surface atoms per unit cell are choserDigr
por deposition have recently been made toward the growth dh order to have the same geometry on both edges. Twelve
high-quality single-crystalline diamond films and the under-and sixteen atoms per unit cell are chosen, respectively, for
standing of growth mechanism. Morphological studies usind 5 andDg steps for the second layer, i.e., the layer beneath
scanning tunneling microscog$TM) and low-energy elec- the upper terrace. The exposed third-layer atoms form the
tron diffraction have found (& 1) reconstruction and single- lower terrace foD , andDg steps. These models have been
layer steps on the homoepitaxial diamon(@) films.!~"  chosen by analogy with that of ChadiSince the rebonding
Double-layer steps with step edges parallel to the dimer rowedge atoms in the second layer D are not covered or
have also been observed in coexistence with single-layesonded to surface atoms, we have considerBq atep with
steps when the diamon@01) surface was annealed in hy- a sharper edge, in which the second layer contains only
drogen plasmé:'® Following Chadi;' we shall denote twelve atoms per unit cell. We have also consideBgcand
single-layer step§, andSg and double-layer sted3, and  p! steps, which have different dimer arrangements on the
Dg as the steps with step edges that run parallel and perpefysyer terrace oS andDg steps, respectively, to be shown
dicular to the dimer rows on the upper terraces, respectivelygter Calculations of the relaxed geometry and total energy
STM measurements found that step edgeSAOWere aImpst of the (2x 1) reconstructed surface with the same X2J)
straight, whereas those 8 were ragged with many kinks. it cell using a five-layer repeated slab model have also
These observations suggested Basteps have a formation peen performed. The formation energy of this{®) surface
energy lower than that 0B similar to S{001) grown by s ysed as a reference to determine the formation energies of
molecular beam epitaxy. The occurrenceXf steps and the Sa, Sg. Si, Da, D4, Dg, andD} steps. For all models,
absence oDg steps in STM observations suggested that thgne atoms of the bottom layer and the layer above are as-
formation energy of th® , step is lower than thaltoof tBg  signed an arbitrarily large mass so that they are essentially
step in contrast to §01), which led Kuanget al.™™ to sug-  mpqtionless and each bottom-layer atom is attached with two
gest that the saturation of dangling bonds by hydrogen atomgificial H atoms in the dangling-bond directions to saturate
present in the experimental environment might reverse thgs wvo dangling bonds to simulate bulk atoms. We start the

preference oDg. _ _ MD calculations with the dimerized surface on both upper
To understand these STM observations, we have carried

out this study using thab initio multicenter molecular dy-
namics (MD) method of Sankey and Niklewsk. This
method is based on the norm-conserving pseudopotential
method®**with s, p,, py, andp, local-orbital basis set and
has been shown to work well for semiconductor systent8

and diamond?® The theoretical lattice constant of 3.7 A
(about 3.7% error from the experimental vaflief 3.567 A
determined by bulk diamond calculations using a cubic unit
cell and repeated five- and six-layer slaly superce)l mod-

els are used fo, and Sg steps. FoD 5, andDg steps, only
repeated six-layer-slab models are used. The need for choos-
ing both five-and six-layer supercell models B¢ and Sg
steps will be described later. We have chosen ax(2)L unit

cell for all steps. FoS, and Sy steps, twelve surface atoms
per unit cell form the upper terrace and the exposed second- FIG. 1. Top view of theS, step. The sizes of circles are in
layer atoms form the lower terrace. For thg step, 12 sur- descending order from the topmost layer to inner layers. Atoms
face atoms per unit cell are chosen to form the upper terraceepresented by open circles have dangling bonds.
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4\ [1 10] FIG. 4. Top view of theD, step. The sizes of circles are in
descending order from the topmost layer to inner layers. Atoms
FIG. 2. Top view of theSy step. The sizes of circles are in represented by open circles have dangling bonds.
descending order from the topmost layer to inner layers. Atoms

represented by open circles have dangling bonds.

—156.1986, —156.2215, —156.2354, —156.2330, and
o —156.2753 eV, respectively, for the ¥21) surfaceS,(5l),
and lower terraces and sample only fAgoint. The New-  Sa(6l), Sg(51), Sg(6l), Sg(51), Sg(6!), Do, Da, Dg, and
tonian equations of motion are solved numerically for a timeDg steps, where 5and @ stand for five- and six-layer slab
step of 0.62 fs using the fifth-order Gear algorithitWe use  models. The density and bonding arrangements of the artifi-
a quenching schenté,not the simulated annealing, to let cial H atoms are the same in all the step models and the (2
atoms settle to their stable or metastable positions with the<1) surface, as are the binding energies with bottom-layer C
criterion that the force acting on each atom is less than 0.4toms, so that they can be canceled out in the comparison
eV/A. After the stable or metastable atomic positions arebetween energies. ES,, EZ, andEy, are the total ener-
found, we sample four and sixteen spediapoints in the  gies per atom for the step, &21) surface, and bulk diamond
irreducible Brillouin zone for a two-dimensional rectangular crystal, respectively, ands andn,,; are the numbers of C
lattice®? to calculate the total energies. Both yleld essentiallyatoms in the unit cell for the step and)éz_) surface, respec-

the same t_otal energies per atom Wlthln 0.5 meV. Thus, thﬂve|y, the formation energy per step unit |engmi’s calcu-
total energies are well converged with respect to the numbggted as

of k points.

The top views of the relaxed geometries &y, Sg, Sg. A=[(E},— Epudns— (EZ = EpudNox11/4, (D)
Da, DA, Dg, andDj steps are shown in Figs. 1-7, respec-
tively. They are drawn by analogy with that of Chadiso
that the differences between diamond and silicon can be eas- _[FES 2x1
ily seen. The average dimer bond lengths Sarare 1.457 A= [Bofls™ B Nz~ Bpur(Ms—N2x) V4, (2)
and 1.405 A for the upper and lower terraces, respectivelysinceEy, is the chemical potential energy of these systems.
For Sg, they are 1.437 and 1.538 A. F8f, they are 1.451 The factor 4 in Egs(1) and(2) is due to the fact that there
and 1.493 A. FoD,, they are 1.494 and 1.511 A. Fbr,, are two step edges and two unit lengths per unit cell in our
they are 1.427 and 1.479 A. F@g, they are 1.398 and models. n,, ;=132 andngs are 122, 144, 122, 144, 122,
1.409 A. And forDg, they are 1.434 and 1.402 A. The total 144, 134, 134, 136, and 132 f@,(5l), Sa(6l), Sg(5!),
energies per atom, which include the binding energies wittfSs(6!), Sg(51), Sg(6l), Da, Da, Dg, andDyg steps, re-
the artificial H atoms used for saturating the dangling bondspectively. To reduce possible systematic errors dig,{g,
of bottom-layer atoms, are—156.2833, —156.3572, Wwhich is calculated with a different unit cellns—n,. |
—156.2022, —156.3203, —156.1742, —156.3434, should be as small as possible as indicated in(Bg.Thus,

we need to consider both five- and six-layer supercell models

or

FIG. 3. Top view of theS] step. The sizes of circles are in FIG. 5. Top view of theD, step. The sizes of circles are in
descending order from the topmost layer to inner layers. Atomslescending order from the topmost layer to inner layers. Atoms
represented by open circles have dangling bonds. represented by open circles have dangling bonds.
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TABLE I. Formation energies in eV per unit step length for the
stepsSa, Sg, Sg, Da, D, Dg, andDyg.

Sa Sg Sg Da Da Dg Dg
0.13 1.15 0.36 1.58 111 0.72 0.26

D, andDg have 24 dangling bonds per unit cell to be satu-
rated by hydrogen atoms. The saturation of these dangling
/1\ [T1 0] bonds increases the dimer bond length to 1.58 A, which is
close to the experimental value for the single bond of 1.54
_ _ _ ~ A.? The total energies per atoms fBry(D,) andDg(Dg)

FIG. 6. Top view of theDg step. The sizes of circles are in 5.0 then —157.3467 157.1436) and —157.3229
descending order from the topmost Iayer to inner layers. Atom%_157'1206) eV, respectively. The typestep becomes
represented by open circles have dangling bonds. lower in energy, which supports the view of KuaagalX°

The lower formation energy fd8, than forSg, D4, and
Dg has been explained by Chadi fol@1) in that it is the
step that does not lead to large strain or to extra dangling

for Sa, Sg, andSg steps so that their averagg, i.e., 133, bonds. The same is true for diamon@Q1) even compared

is close ton, ;. Epyk is determined with the four specikl t0S,, D4, andD,. S, andDJ differ from Sy andD, by

points of Chadi and Cohé?‘]f_or a S|mp_le cubic Ia_tt|ce to be the displacement of rebonded edge atoms on the lower ter-
—155.2960 e\/. The for’matlon energlles per unit st.ep le.ngﬂ?ace to form dimers with neighboring atoms on the lower
for Sa, Se, S, Da, Da, Ds, andDg steps are 9VeN 1N terrace as shown in Figs. 2-5. Am, differs from Dg by
Table I. Here, the formaﬂqn energies ®x, Sg, andSg are the removing of rebonded edge atoms in the second layer so
the averages _of those of f|ve—_and six-layer supercell model%alt the new exposed atoms on the lower terrace can form
The formation energy 08, is smaller than that 08 or  gyra dimers as shown in Figs. 6 and 7. The rebonded edge
Sg in ggreement with STM observatllons. All the .formatlon atoms have only single bonds, while the C dimer may have a
energies 0fS5,, D, andDg steps, which are considered by gouple bond or a hybridization of single and double bonds,
analogy with those of Chatli for Si(001), are larger than \yhich significantly reduces the effective number of dangling
those of their alternativés;, D, and Dy steps. In other  honds. The results th&,, Dj, andD} are more favorable
words, S, D, andDg steps are more favorable th&3,  thanSg, D,, andDg, respectively, show that dimerization
Da, andDpg steps, respectively. These results show that thes more effective in reducing dangling bonds than rebonding
structural properties of diamond@Y) are intrinsically dif-  for diamond. The formation of the double bond or hybridiza-
ferent from those of $001). The formation energies ddg  tion of single and double bonds is a unique property of car-
and Dg are smaller than those @, and D,, which are  bon as evidenced by its formation of the benzene structure,
similar to S{001) and do not agree with STM observations. which does not occur naturally for Si. The calculated dimer
Since STM measurements were done after annealing in theond lengths are ranged between 1.398 and 1.538 A, which
hydrogen environment, Kuareg al!° thought that STM ob-  are between that of the single bond of 1.54 A and the double
servations ofD,/D rather thanDg/Dj were due to the bond of 1.34 A2° These bond length results show that the
saturation of C dangling bonds by hydrogen atoms. To undimer bond is a hybridization of single and double bonds.
derstand if this was the case, we have calculated the relaxéhe hydrogen induced elongation of the dimer further sup-
geometries and total energies Bfy, D5, Dg, andDg by  ports this argument.
saturating their dangling bonds with real hydrogen atoms, In summary, our MD calculations for diamond(GD1)
whose energy level and coupling constants have been deteghow that the geometries of the single-layer tystep and
mined by a more elaborate self-consistent-charge-densit§ouble-layer typeA and typeB steps are intrinsically differ-
method?* By assuming that the carbon dimer has a singleent from that of Si001) given by Chadi. These differences
bond, bothD, and Dg have 20 dangling bonds, while both can be attributed to the unique property of carbon atoms to
hybridize single and double bonds, which renders the re-
bonding of atoms near the edge less favorable than forming
dimers. The results that the saturation of dangling bonds by
hydrogen atoms reverses the order of formation energies of
double-layer typeA and typeB steps support the explanation
of Kuang et al. of their STM observation of typé; not
typeB, steps.
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