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Large-scale ab initio study of the binding and diffusion of a Ge adatom on the Si(100) surface
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We identify the binding sites for adsorption of a single Ge atom on the Si(100) surface using ab initio
total-energy calculations. The theoretical diffusion barriers are in excellent agreement with experimental
estimates. Using a large supercell we resolve the controversy regarding the binding geometry and migra-
tion path for the adatom, and investigate its influence on the buckling of Si dimers. We find that the ada-
tom induces a buckling defect that is frequently observed using scanning tunneling microscopy, indicat-
ing that the study of a single adatom may be experimentally accessible.

The study of fundamental atomistic processes that
govern the surface kinetics of the epitaxial growth of Si-
Ge materials is of considerable scientific and technologi-
cal interest. In particular, a number of important prob-
lems related, for example, to interface sharpness' or or-
dering during alloy growth? have yet to be understood on
the atomistic level. One of the most fundamental ques-
tions underlying several of these issues®* is the
identification of binding sites for Ge adatoms on the
Si(100) surface, and the determination of the activation
energy for surface diffusion. Recent scanning tunneling
microscope (STM) observations suggest that the behavior
of a Ge adatom is essentially similar to that of a Si ada-
tom. Ge islands have the same anisotropy of 1000:1 at
typical growth temperatures as Si islands, and the
diffusion barrier in the fast direction is estimated to be
0.62 eV (Ref. 3) compared to 0.67 eV reported for Si sur-
face diffusion.’

Measurements such as these provide an excellent start-
ing point for theoretical investigation, although it is cer-
tainly desirable to study Ge adsorption from first princi-
ples rather than using semiempirical schemes. Previous
studies of the Si adatom on the Si(100) surface revealed
that the ab initio calculated bonding and diffusion charac-
teristics®” differ significantly from the predictions made
using empirical interatomic potentials.® ! For example,
the diffusion barrier in the fast direction (along the dimer
rows) is found from ab initio calculations to be 0.6 eV.%’
The best empirical potentials available for the covalent
semiconductors are of the Stillinger-Weber (SW) (Ref. 12)
or Tersoff (T) (Ref. 13) type, which have produced a
variety of results for the Si adatom diffusion barrier in-
cluding 0.67 eV (SW),% 0.75 eV (T),° 0.24 eV (SW), % and
1.2 eV (SW).!' Furthermore, these studies predict
different binding sites for the Si adatom, different migra-
tion paths (on top of the dimers, in the interdimer trough,
or a zigzag path), and different degrees of the surface
diffusion anisotropy.

The empirical description of covalent bonding on the
Si surface has a number of fundamental difficulties. None
of the potentials mentioned above can reproduce even the
correct sign of the energy difference between the asym-
metric (buckled) dimers and symmetric reconstructions of
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the Si(100) surface.'“>* 4b initio calculations show that
the alternating buckling in p (2X2) domains reduces the
energy of the surface by approximately 0.10 eV per di-
mer, 16 and the ¢ (4X2) structure is found to be a true
ground state with the energy gain of 0.14 eV/dimer com-
pared to the symmetric structure.!” One can expect that
the Si-Ge interaction is described by empirical potentials
even less accurately. These potentials predict the barrier
for fast migration of Ge on Si to be 0.73 eV (T) (Ref. 18)
or 0.64 eV (SW).!® The barrier for diffusion across the di-
mer rows is calculated to be 1.17 and 0.80 eV, respective-
ly. These barriers correspond to the anisotropy of the
surface diffusion at 500 K of either 20000:1 (Ref. 18) or
50:1 (Ref. 19) if we assume that the preexponential
coefficient is the same in both directions. The experimen-
tally observed anisotropy is of the order of 1000:1 (Ref. 3)
at this temperature, and is not reproduced correctly by
either of the empirical potentials.

In this Brief Report we present a large-scale ab initio
study of Ge binding and diffusion on the Si(100) surface.
For the electronic structure calculation we applied the
pseudopotential total-energy method,” employing
density-functional theory in the local-density approxima-
tion (LDA), Perdew and Zunger’s parametrization?! of
the exchange-correlation energy, norm-conserving pseu-
dopotentials of the Kerker type?? in the Kleinman-
Bylander form,? supercells, and a plane-wave basis set.
We use s-only nonlocal pseudopotentials for both ele-
ments and treat them according to a real-space method.?*
Convergence properties of the Ge potential were im-
proved by using the three-term optimization scheme.?
A supercell with (100) slab geometry contained 12 layers
of Si with the inversion symmetry imposed and eight lay-
ers of vacuum. This supercell with the p (4X4) surface
cell contained 192 Si atoms and two Ge adatoms (one on
each side of the slab). Only the atoms in the two inner-
most layers were kept fixed, the coordinates of the rest of
the atoms were optimized during the structural relaxa-
tion. A single k point (I") was used for the Brillouin-zone
sampling, and the energy cutoff for the plane wave expan-
sion of the wave functions was 10 Ry. Calculations were
performed using the Intel parallel computers iPSC/860
and XP/S 5 Paragon at the ORNL Center for Computa-
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tional Science. Technical details of the parallel im-
plementation of the CETEP code (Cambridge-Edinburgh
Total-Energy Package) are given in Ref. 26.

The accuracy of the computational scheme was tested
by performing calculations for the clean Si(100) surface.
We found that the symmetric dimer configuration is
lower in energy compared to the unreconstructed surface
by 2.18 eV/dimer, and asymmetric dimer buckling fur-
ther reduces the energy by 0.09 eV/dimer, in good agree-
ment with the previous results.’*”!” The symmetric
reconstruction was used as the starting geometry for the
Ge adsorption since, at the typical deposition tempera-
tures, asymmetric buckling is effectively destroyed by
thermal fluctuations.>*!* The equilibrium dimer bond
length for the symmetric reconstruction is 2.30 A, which
is close to that of 2.31 A from the work of Brocks, Kelly,
and Car® and to that of 2.23 A from the work of Roberts
and Needs. 1’

The energy surface was mapped out by calculating the
total energy for positions (x,y) of the adatom in the irre-
ducible quarter of the p (2X 1) surface cell shown in Fig.
1. These positions form an equldlstant grid with a spac-
ing between the grid points of 0.96 A in either direction.
We start by placing the adatom 2.5 A above the surface,
and proceed with the simultaneous total-energy minimi-
zation in the space of atomic coordinates (including the
adatom’s z coordinate) and wave-function expansion
coefficients. The local minima were found by allowing
the (x,y) coordinates of the adatom to relax starting from
the nearby grid point. The energy surface was further
refined by mapping out the regions around the local mini-
ma on a finer grid. We also used the force on the adatom
which represents the gradient of the energy surface to ob-
tain the final energy surface, Fig. 2.7’

We found only two binding positions for the adatom.
The global minimum is located at point M on top of the
second-layer atom, while the pedestal site H is only 0.06
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FIG. 1. Top view of the reconstructed Si(100) surface. The
actual p(4X4) surface unit cell is indicated by the solid line,
and the p(2X1) cell by the dashed line. The red circles
represent the top-layer Si atoms, the yellow circles represent the
second-layer atoms, the blue circles represent the third-layer
atoms. Letters correspond to the critical points on the energy
surface (see text).
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eV higher in energy. However, we do not expect a high
occupancy for the pedestal site due to the small volume
of the configuration space associated with it. Contrary to
the case of Si adsorption, the point C that was found to
be a local minimum® is now only a saddle point. No
binding site was found in the channel between the dimer
rows, similar to ab initio results for the Si adsorption® and

contrary to the predictions of the empirical potential
simulations. '®!® The long-brldge site B corresponds to
the absolute maximum and is 1.90 eV higher in energy
than the binding site M. The cave site A4 represents
another maximum with a height of 1.21 eV. These re-
sults contrast sharply with empirical simulations where
the long-bridge site is the absolute minimum'®!%2® and
the fast diffusion path is in the middle of the interdimer
channel B- 4-B. The same discrepancy exists between ab
initio® and empirical simulation results®~!! for the Si ada-
tom.

We find that the diffusion path in the direction along
the dimer rows is a zigzag between point M and the di-
mer bridge site D which is the saddle point of the trajec-
tory, and no visit to the H point is necessary, a funda-
mental difference from the case of the Si adatom.® The
barrier height is 0.62 eV, in excellent agreement with the
experimental estimate.’ There are two consecutive ine-
quivalent saddle points on the trajectory for the slow
diffusion across the dimer rows, as can be seen from Fig.
2. The experimentally observed barrier is determined by
the higher of the two which corresponds to the hopping
across the channel at point S and has a height of 0.95 eV.
These results lead to a diffusional anisotropy of 2000:1 at
500 K, in excellent agreement with STM observations.3
Thus we conclude that the experimental data are con-
sistent with Ge adatom diffusion that takes place on top
of the dimers and not in the interdimer channel.

We now consider the bonding geometry, which seems
to be the most controversial issue in the comparison of ab
initio and empirical results. Our data indicate that the
bond length between the Ge adatom and the surface Si
atoms is normally close to the Si dimer bond length. In
the equilibrium adsorption geometry, the Ge adatom at
site M is bonded to two dimers from the same row, and
all bond lengths are about 2.39 A. The distance from the
adatom to the second-layer Si atom is only 2.46 A, but
there is no directional bond to this atom according to the
charge-density distribution [Fig. 3(b)]. This explains why
empirical potentials do not recognize site M as the abso-
lute minimum. Both SW and T potentials give strong
repulsive three-body interactions for this configuration,
while in fact there is no third bond involved. Adsorption
at the pedestal site H is characterized by the formation of
four long bonds of 2.48 A and by the dimer bond stretch-
ing to 2.52 A. The latter effect is more pronounced than
for the Si adsorption® due to the larger size of the
adatom.

We find that the adatom causes maximum strain on the
dimer bond when it is located at the saddle point for the
hopping across the trough S or in its vicinity. In this
configuration the distance between the dimer atoms be-
comes 3.3 A, which is already closer to the bulk distance
of 3.84 A than to the dimer bond at the clean surface,
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FIG. 2. The energy surface for the Ge adatom (magenta).
The first- and second-layer Si atoms from the p(2X1) cell are
shown (yellow spheres). The central minimum corresponds to
site H, two equivalent side minima correspond to binding site
M.

2.30 A. According to the charge-density distribution we
consider this configuration as a broken dimer. No such
effect caused by the Si adatom was reported by Brocks,
Kelly, and Car.® The empirical potential simulations
predict the adatom-induced dimer opening for either ada-
tom located along the H-D line (except at the H site it-
self).>1%18 We have seen no signs of the dimer opening
for this configuration.

Finally we consider the role of the dimer buckling on
the energetics of adsorption and surface diffusion. In ab
initio investigations this problem was dismissed mainly

- because of the small energy effect involved, but also be-
cause of the prohibitively large size of the corresponding
supercell. Empirical simulations, on the other hand, can-
not approach this problem as they predict symmetric
reconstruction as the ground state of the Si(100) surface.
Our surface cell is sufficiently large to shed some light on
this issue.

As discussed earlier, symmetric dimers are the starting
point for the energy surface calculations. However, dur-
ing atomic relaxation we always observe spontaneous di-
mer buckling initiated by numerical noise in the calculat-
ed atomic forces. The character of this buckling depends
on the adatom position (Fig. 3). With the adatom at
point H the second dimer row in the unit cell is only
slightly perturbed compared to the clean asymmetric
(2X1) reconstructed surface. The dimer bond length in
that row is 2.28 A and the buckling amplitude is 0.70 A.
These values may be compared with the recent ab initio
results of 2.29 and 0.69 A obtained by Northrup!” for the
clean Si(100) surface. Buckling is entirely absent within
the four dimers of the row that contains the adatom [Fig.
3(a)], although we have no doubt that with the longer cell
one would observe a buckled dimer row with a localized
symmetric part around the adatom. The picture is quali-
tatively different in the vicinity of the Ge adatom at the
binding site M, Fig. 3(b). In this case both rows are
affected. The dimers bonded to the adatom are slightly
tilted [as is the case for the Si adatom®] by 0.16 A. The
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buckling amplitude grows to 0.43 A for the next dimers
in the same row, so we can be certain that the influence of
the single adatom on buckling is localized within approx-
imately four dimers. An additional effect can be seen as a
result of the relative proximity of the Ge adatom to the
next dimer row. Strong in-phase buckling (0.62 A)is in-
duced in the two dimers nearest to the adatom. Obvious-
ly, there is no direct bonding between these dimers and
‘the Ge atom, and the driving force for this configuration
should come from the second-layer atom displacements.
In this case elastic strain caused by the presence of the
adatom prevails over the energy gain related to the fer-
roelectric ordering of asymmetric dimers. The resulting
configuration of two adjacent dimers buckled in the same
direction has indeed been observed on Si(100) at low tem-
peratures. !4 Since it would be expected that a Si adatom
at site M should produce qualitatively the same structure
as a Ge adatom, we suggest that the buckle-inducing de-
fects observed by Wolkow'* might correspond to single Si

(b)

FIG. 3. The equilibrium structure and the isosurface of the
electron density distribution for the adatom at sites H (a) and M
(b). The surface cell is oriented as in Fig. 1.
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adatoms. Their imaging gives the only experimental in-
formation available about the binding site of the adatom.
In conclusion, a large-scale ab initio study of Ge bond-
ing and adsorption on the Si(100) surface has been per-
formed. We have identified the binding site and the prob-
able diffusion paths in the directions along and across the
dimer rows. The activation barriers for diffusion in fast
and slow directions are 0.62 and 0.95 eV, respectively,
and are in excellent agreement with the experimental
STM results. Because of the large supercell employed,
we identify the localized buckling defects observed in
STM as being due to the adatom bonded at the equilibri-
um site, implying that the study of single adatoms is ex-
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perimentally accessible.
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FIG. 1. Top view of the reconstructed Si(100) surface. The
actual p(44) surface unit cell is indicated by the solid line,
and the p(2X1) cell by the dashed line. The red circles
represent the top-layer Si atoms, the yellow circles represent the
second-layer atoms, the blue circles represent the third-layer
atoms. Letters correspond to the critical points on the energy
surface (see text).



FIG. 2. The energy surface for the Ge adatom (magenta).
The first- and second-layer Si atoms from the p(2X1) cell are
shown (yellow spheres). The central minimum corresponds to
site H, two equivalent side minima correspond to binding site
M.
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FIG. 3. The equilibrium structure and the isosurface of the
electron density distribution for the adatom at sites H (a) and M
(b). The surface cell is oriented as in Fig. 1.



