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The binding energies and configurations for single Si adatoms on the Si~100! surface are
investigated theoretically. Detailed comparisons between previously published and new calculations
using classical potentials, semiempirical formulations, and density functional theory~DFT! are
made. The DFT calculations used both the plane-wave-pseudopotential approach in a periodic slab
geometry and the Gaussian-orbital based all-electron approach employing cluster geometries. In the
local-density approximation excellent agreement between the cluster and slab results was obtained.
Inclusion of gradient corrections to the exchange-correlation energy significantly improves absolute
binding energies and changes relative energies by as much as 0.3–0.5 eV depending on the
particular exchange-correlation functional used. Binding energies and relative energies obtained
using the classical potentials disagree with the gradient corrected DFT energies at about the 0.6–0.9
eV level, and most find qualitatively different local minima from those found in the DFT
calculations. The semiempirical approaches give results intermediate in quality between those of the
classical potentials and theab initio calculations. Analysis of the energies and binding site
geometries provides insight into the shortcomings of some of the classical potentials. ©1995
American Institute of Physics.
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I. INTRODUCTION

Fundamental to progress in the accurate simulation
materials, particularly of nonequilibrium processes such
crystal growth, is the need for an accurate description of
interatomic interactions in a wide range of bonding enviro
ments. Not surprisingly theoretical modeling of bulk silico
and of processes on the silicon surface have attracted con
erable attention. Many different classical interaction pote
tials ~see Ref. 1! and a variety of semiempirical approache2

have been used in modeling silicon. In addition,ab initio
calculations have been applied to silicon clusters,3 crystal
structures,4 and surfaces.5,6

The purpose of this paper is to test and compare th
techniques on the problem of silicon adatom binding on t
Si~100! surface. In this study we consider several classi
potentials, including one specifically designed for the adat
binding problem,7 a recently developed semiempirica
approach,8 and density functional theory in both the loca
and gradient-corrected density approaches, comparing ca
lations with slab and cluster geometries. For a few bindi
sites, quadratic configuration-interaction~QCI!9 calculations
are also performed. We also compare with the results of p
vious calculations that have been performed on t
system.7,10–17

The reconstruction of the Si~100! surface has previously
been systematically examined using both classical potent
andab initio calculations, and most calculations agree on t
essentials of the Si~100!231 reconstruction. The only sig-
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nificant disagreement is that theab initio calculations predict
a tilt or buckling of the surface dimers,6 whereas the calcu-
lations with the classical potentials give a symmetrical stru
ture. However, theab initio calculations indicate that the
energy lowering associated with buckling is small~about
0.035 eV/dimer!. The ground state in the DFT calculations is
actually an alternately buckled p~232! structure, although
the uniformly buckled~231! structure is also a local mini-
mum.

Isolated Si adatoms on the Si~100! surface have not been
clearly seen in experiments, possibly because adatom dif
sion is too fast. The previous theoretical calculations7,10–17

all predict anisotropic diffusion due to differing barriers in
the directions parallel and perpendicular to the surfac
dimers. This has apparently been confirmed by experimen
on island formation on the~100! surface,18 with the preferred
diffusion direction being along the dimer rows in agreemen
with most of the calculations. The experimentally determine
diffusion barrier is 0.676 0.08 eV for diffusion parallel to
the dimer rows. The barrier in the perpendicular directio
was not determined directly, but the diffusion anisotropy o
about 1000 at 550 degrees suggests a perpendicular barrie
about 1.0 eV.18

The adatom diffusion problem is clearly of relevance t
understanding epitaxial growth of silicon. Our results, to b
presented below, show that the most widely used classic
potentials are seriously deficient in their description of th
potential energy surface for the adatom, particularly for ad
/95/102(2)/1044/13/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1045Smith et al.: Adatom binding and diffusion
tom positions close to the epitaxial binding sites, where
model potentials overbind the adatom, and at the abo
dimer epitaxial site they break the underlying dimer bond.
addition, the geometries obtained from the classical pot
tials are not even in qualitative agreement with theab initio
results.

On the other hand, qualitatively similar potential ener
surfaces are obtained from the variousab initio calculations.
There are, however, some quantitative differences betw
the results obtained from the local-density approximati
~LDA ! and the various nonlocal-density approximatio
~NLDA !. Specifically, the adatom binding energies are lo
ered by 0.3 to 0.7 eV when using the PW91 functional,19 and
by 1.1 to 1.8 eV when using the Becke3LYP functional.20,21

The relative energies of different surface structures are the
fore changed by as much as 0.4–0.7 eV upon inclusion
nonlocal corrections in the density functional theoretic
~DFT! calculations. Through extensive recent experienc22

the Becke3LYP functional has proven to be a considera
improvement over LDA in matching experimental results f
small molecules including atomization and harmonic vibr
tional energies, and has also apparently shown better ag
ment with experiment in some surface calculations.23 Our
results show that the PW91 results tend to recover part of
Becke3LYP correction, and therefore inclusion of either
these gradient corrections improves the quantitative desc
tion of Si binding on the Si~100! surface over that obtained
with the LDA.

II. GEOMETRIES

The Si~100!231 surface consists of rows of parallel S
dimers as shown in Fig. 1. The displacements of the surf
atoms in forming dimers are in the direction of the surfa
projection of their dangling bonds, so that dimer formatio
satisfies half of the dangling bonds of the ideal Si~100! 131
surface. If buckling of the surface dimers is neglected, t
irreducible set of potential adatom binding sites consists

FIG. 1. Geometry of the~100! 231 reconstructed surface, showing th
uniform asymmetric dimer reconstruction used in some of the LDA calc
lations. The labeled points mark out the ‘‘irreducible’’ region used to obta
the potential energy surface discussed in the text.
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the quarter of the unit cell marked off by the labels in Fig. 1
We follow the notation of Srivastava and Garrison~SG!13

which is nearly the same as that used by Brocks, Kelly, an
Car ~BKC!11 ~the differences are the global minimum site
which BKC label ‘‘M’’ and which we and SG label ‘‘S,’’ and
the local minimum on the B–D line which BKC label ‘‘C’’
and which we and SG label ‘‘T’’!. We also add two addi-
tional local minima located in our LDA/slab calculations,
‘‘A’’ between ‘‘B’’ and ‘‘C,’’ and ‘‘P’’ between ‘‘D’’ and ‘‘H.’’
In addition to these local minima or potential local minima
we have assigned labels to the other stationary points o
tained in our DFT calculations, including the ‘‘Y’’ site which
is the high point between ‘‘D’’ and ‘‘T,’’ and the ‘‘U,’’ ‘‘X,’’
and ‘‘Z’’ points which are saddle points between the ‘‘S’’ site
and the ‘‘P,’’ ‘‘T,’’ and ‘‘A’’ sites respectively. The various
sites are indicated in Fig. 1. The B and D sites are epitaxial—
an adatom in one of these sites is in the correct~x,y! position
for further growth of the Si diamond crystal structure—bu
we note here that theab initio calculations do not find these
positions to be even local minima for the isolated adatom o
the surface, although the nearby ‘‘T’’ and ‘‘P’’ local minima
might serve the same purpose.

After the reconstruction to form the dimers, each surfac
atom is left with one dangling bond. The classical potentia
models for the most part try to enforce tetrahedral geom
etries, and the different binding sites satisfy different num
bers of these dangling bonds. On the other hand, except
the T site, all local minima found in theab initio calculations
correspond to structures in which the adatom is bound to tw
surface dangling bonds. In addition, theab initio calculations
reveal that the interactions of the adatom with Si atoms in th
first and second sublayers are sizable, and many of the
laxed structures show a second or even third layer Si ato
with five bonds, with the adatom then threefold coordinate

III. METHODS

Although the ground state of an isolated Si atom ha
triplet spin multiplicity, for the strongly bound species con
sidered here, it is expected that only the singlet states a
important and all quantum mechanical calculations were ca
ried out assuming a singlet state. Binding energies for ea
method are reported relative to the lowest energy reco
structed Si~100!231 surface@i.e., a staggered p~232! struc-
ture for the slab DFT calculations#, plus a noninteracting
triplet Si atom.

A. DFT calculations using slab models

In these calculations a slab-type geometry with period
boundary conditions was employed. The surface unit ce
consisted of eight layers of eight atoms each, with the lowe
three layers frozen and with a 10 Å vacuum spacing betwe
slabs. We considered atoms added to both the asymme
~231! reconstructed surface and the staggered p~232! sur-
face, but the initial surface made little difference to the fina
adatom energy~less than 0.05 eV! except near the line from
the C site to the H site~see Fig. 2!. The electronic and ionic
degrees of freedom were relaxed simultaneously using t
Car–Parrinello approach.24 Norm-conserving nonlocal
pseudopotentials25 were employed on the Si atoms to mode
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1046 Smith et al.: Adatom binding and diffusion
the core~i.e., 1s, 2s, and 2p! electrons and a plane wave bas
set was employed. The geometry relaxations were don
the local density approximation~LDA !, using the Perdew–
Zunger parameterization of the Ceperley–Alder excha
correlation functional.26 The gradient corrections19,21,27to the
total energies were calculated using the Perdew–Wang 1
~PW91! formulation,19 which has been claimed to work we
for surfaces,28 and using the LDA geometries and char
densities. More details on the techniques used are give
Ref. 29. The technical differences between our calculati
and two earlier plane-wave LDA calculations on the Si a
tom problem are summarized in Table I.

As in previous calculations, the energy is calculated o
an ~x,y! grid, where x and y are parallel to the surface.
each~x,y! value the adatom is started from high above
surface and the distance from the surface~z! and the posi-
tions of the surface atoms are then optimized, subject to c
straints discussed below. In some cases two different min

TABLE I. Details of LDA slab model calculations.

This work MHOa BKCb

Atoms/layer 8 2 8
Layers~frozen! 8 ~3! 6 ~0! 12 ~2!
Vacuum~Å! 10 14 9.5
Dimers ~231! symm p~232!
k points 1 1 4
Energy cutoff~Ry! 12 10 8
Pseudopotential BHSc Ihm-Cohend BHSc

Nonlocality s, p ••• s, p

aReference 10. cReference 30.
bReference 11. dReference 25.

FIG. 2. Absolute binding energy for an adatom in the LDA-slab calculati
along the C–H line for the 231 uniformly buckled and p~232! alternating
buckled surfaces, taken with reference to the corresponding ideal su
energies. The C–H line was the only part of the potential energy sur
where this distinction was significant. There are actually two distinct S s
with the p~232! configuration being the true global minimum.
J. Chem. Phys., Vol. 102Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subjec
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are found for a particular~x,y! value by using starting con-
figurations with the adatom located closer to the surface as
the D site, or with a change in the positions of other atom
on the surface, as along the C–H line~see Fig. 2!.

The Car–Parrinello code used in this study employs
modified steepest-descent dynamics for the ions. The fic
tious mass and time step parameters used to balance elect
and ion motion were optimized by means of a series of te
runs for the Si surface. The rate of convergence varied fro
site to site, but typically near convergence the energ
changes decreased by at least a factor of 2 every 100 tim
steps. Runs were halted when the energy decrease over 1
time steps was less than 0.01 eV. The forces on the atom
were also checked to ensure convergence.

A single converged geometry for the 65 atom slab sys
tem required roughly 1000 Car–Parrinello dynamics step
using 50–80 CPU hours on an IBM RS6000/580 worksta
tion. Most of the Car–Parrinello calculations were done us
ing a parallel version of the code,31 running on Touchstone
Delta and Intel Paragon systems. These calculations requir
about 9 hours using 64 nodes of the Touchstone Delta or 30
node-hours per configuration on the Intel Paragon. Near
100 different geometries were optimized.

B. DFT and QCISD(T) calculations with cluster
models

We have also calculated Si adatom binding energies o
the Si~100!-231 surface using the LDA, NLDA, and
QCISD~T!9 methods, together with Gaussian-type basis se
and cluster models. The cluster model LDA calculation
made use of the exchange functional of Dirac32 and the cor-
relation functional of Vosko, Wilk, and Nusair33 ~this combi-
nation of functionals will be referred to as VWN!. The cor-
responding NLDA calculations made use of the Becke3LYP
functional ~which is comprised of the three parameter non
local exchange functional of Becke20 and the nonlocal corre-
lation functional of Lee, Yang, and Parr21! as well as the
BP86 functional~which is comprised of the exchange and
correlation functionals of Becke27 and Perdew,34 respec-
tively!. Previous studies of the interactions of hydrogen with
the Si~100!-231 surface35–37 have shown that the
Becke3LYP functional gives results in excellent agreemen
with those from QCISD~T! calculations.37 @The QCISD~T!
procedure generally yields reaction energies correct to 0
eV.#

In the DFT calculations a Si15H16 cluster was used to
model the clean Si~100!231 surface and a Si16H16 cluster
@depicted in Fig. 3~b!# was used to model a Si adatom at the
S, D, D*, T, H, and P sites. Additional calculations using the
DFT method as well as the QCISD~T! method were carried
out using Si9H12 and Si10H12 clusters@depicted in Fig. 3~a!#
to model the clean surface and the D and D* adsorption site
respectively. The hydrogen atoms were introduced to satura
the subsurface Si atoms.

The initial geometries of the clusters, in the absence o
the Si adatom, were obtained using a procedure describ
previously.36 The top two~three! silicon layers were allowed
to relax during geometry optimization of the Si9H12 and
Si10H12 ~Si15H16 and Si16H16) clusters, while the rest of the
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1047Smith et al.: Adatom binding and diffusion
Si atoms and cluster-terminating H atoms were kept froze
The geometries of the Si15H16 and Si16H16 clusters were op-
timized using both the VWN and Becke3LYP functionals
whereas the geometries of the Si9H12 and Si10H12 clusters
were optimized using only the Becke3LYP functional. Th
geometry optimizations were carried out using analytic
gradients, an effective-core potential38 on the silicon atoms
to model the Si 1s, 2s, and 2p orbitals, a valence double-
zeta-plus-polarization~EC-DZP! function basis set on the Si
atoms, and a double-zeta~DZ! basis set on the H atoms.39 ~In
the geometry optimizations of the Si15H16 and Si16H16 clus-
ters, the d functions were not included on the five Si atoms
the lowest two layers.!

At the optimized geometries single-point all-electro
calculations were performed using the Becke3LYP, BP8
and VWN functionals together with the 6-31G* basis set.40

The QCISD~T! calculations on the Si9H12 and Si10H12 clus-
ters used the geometries optimized with the Becke3LY
functional. @The procedure for carrying out the QCISD~T!
calculations is described in Ref. 36.# The cluster model cal-
culations were carried out using theGAUSSIAN 92 program
suite.41

In the absence of symmetry and using the Becke3LY
functional, a single cycle in the geometry optimization of th

FIG. 3. Geometries of the~a! Si10H12 and ~b! Si16H16 clusters used in the
cluster calculations~for the D site!. The large spheres represent Si atoms an
the small spheres the H atoms, and in both cases the adatom is at the to
the figure, with a surface dimer directly underneath.
J. Chem. Phys., Vol. 102Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subject
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Si16H16 cluster took about 4 CPU hours and a complete o
timization typically required 40 CPU hours on an IBM
RS6000/375 workstation. Thus the geometry optimizatio
of the cluster models using theGAUSSIAN 92 DFT code re-
quired the same order of magnitude computational effort
did the optimizations of the slab models using the Ca
Parrinello molecular dynamics approach.

C. A semiempirical approach

The semiempirical approach used in this work is simil
to the extended Hu¨ckel method first used by Corrales an
Rossky to simulate liquid and amorphous sulfur.8 For large
systems this approach scales linearly in the number of ato
as do the calculations with classical potentials. A detail
description of the parametrization for silicon and the mod
fications of this approach for use in optimizations is pr
sented elsewhere.42 The most important modification is tha
for a fixed nuclear configuration the electronic wave functio
is determined by direct minimization methods rather than
a Monte Carlo simulated annealing method, as was used
Ref. 8.

The variables in this method, aside from the atomic p
sitions, are the hybridization state of the atoms~a combina-
tion of thesp, sp2, andsp3 hybrid orbitals! and the orienta-
tions of the associated orbitals. The energies of t
hybridized orbitals are determined from their fractional s a
p character, with a penalty being associated with a dangl
bond designed to give the correct energy for thes2p2 atomic
ground state. The hybridizations and orientations are var
to optimize the overlapsSi j between neighboring atoms, an
then these are used to form bonds using a 232 ~or 434, if
p-bonding is included! one-electron extended Hu¨ckel
Hamiltonian. Using this localized molecular orbital approx
mation, the binding energy is pairwise additive and is calc
lated using the lowest energy molecular orbital eigenvalu
for each bonding pair. An empirical pairwise additive co
repulsion term is also included, from a fit to gas phase S2

spectroscopic data. The final energy includes a long ra
nonbonding interaction in the form of a modified Bucking
ham potential.

The model has the flexibility of excluding or including
p bonding interactions. The former will be referred to as t
free dangling bond~FDB! approximation in whichp over-
laps are ignored. The inclusion ofp bonding interactions
leads to shorter bond lengths for both the dimer bond and
backbonds to the surface, and can lead to tilted dim
whereas only symmetric dimers are obtained in the FD
approach.

In the calculations presented here the surface was m
eled with a slab~periodic boundary conditions! with 16 at-
oms per layer and 12 layers, plus the adatom. This appro
can also be used with clusters with no change or additio
approximation required. In fact it is not even necessary
cap the dangling bonds with hydrogen atoms, although t
can be done if needed.

These calculations for a 192 atom slab system were c
verged using a Newton–Raphson method for the FDB a
proach, and a zero velocity Verlet algorithm whenp ponds

d
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1048 Smith et al.: Adatom binding and diffusion
were included. The former required 2–3 hours and the lat
3–4 hours of CPU time on an HP 730 workstation, and s
were at least an order of magnitude faster than both the cl
ter and slab DFT calculations, and can address significan
larger systems.

D. Classical potentials

Due to the tremendous interest in the simulation of th
properties of silicon, considerable effort has been put in
developing empirical interatomic potentials. More than
dozen classical potentials for silicon have appeared in t
literature during the past decade, and more are being dev
oped. Recent reviews have compared some of these po
tials in terms of their performance in describing the energe
ics and properties of bulk and surface structures.1,43

Following Carlsson’s terminology,44 most of these inter-
atomic potentials can be classified as either cluster potentia
such as the Stillinger–Weber potential,45 or cluster function-
als, as exemplified by the Tersoff potential.46 The cluster
potentials describe bonding in terms of explicit two-bod
and three-body interactions. In the Stillinger–Weber pote
tial the angular dependence of the three-body interaction
designed to penalize deviations from tetrahedral angles in
structure. The Tersoff potential,46 is based on the idea that
bond order depends on local coordination around the bond
pair, not simply on relative positions of triplets of atoms. Th
atomic interaction energy is represented by pairwise fun
tions of the interatomic distances,r i j , modulated by a func-
tion that depends explicitly on the bond anglesu i jk .

FIG. 4. Relative energies along the boundary curve for the differentab initio
and semiempirical techniques, taking the D site energy to be zero. The s
model calculations in the LDA and with the PW91 gradient corrections a
designated by solid and dashed lines, respectively. The open symbols de
results obtained from the cluster model DFT calculations: the1 signs are
with LDA exchange-correlation, the circles with BP and the squares wi
B3LYP nonlocal exchange-correlation. The crosses and asterisks repre
the Corrales–Rossky and Ong semiempirical results respectively. The c
ter results include the relaxation corrections discussed in the text.
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Bolding and Andersen47 have generalized the Tersoff po-
tential to take into accountp bonding effects. In their poten-
tial form, the attractive term is expressed as a sum ofs- and
p-bonding terms with different proportions. The fitting data
base is large, with an emphasis on small clusters and hig
pressure solid phases. The fact that the Bolding–Anderse
potential explicitly includesp-bonding may have contrib-
uted to its success in modeling the Si~111!231 surface.1 As
we find below, its relative success on the Si~100!231 surface
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FIG. 5. Energies along the possible diffusion paths~a! parallel and~b! per-
pendicular to the dimer rows, relative to the global minimum energy at the
S site. The lines were generated with the same spline fits used in Fig. 6
the slab model calculations and the points calculated with the cluster mod
are represented by symbols. For both parallel and perpendicular diffusio
there are two possible paths—in the perpendicular case the second pa
utilizes an exchange processT–Q–Tdrawn with dotted lines. Note that in
the cluster calculations the T and Q sites coincide so there is no barrier
exchange.
No. 2, 8 January 1995to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1049Smith et al.: Adatom binding and diffusion
suggestsp-bonding is an important characteristic of Si su
face configurations in general.

The Stillinger–Weber and Tersoff potentials, and the
variants,7,48,49 have been widely used in simulations o
Si~100! surface properties12–16,7 and in studies of the ener
getics of adsorption sites, diffusion paths, and energy barr
on the Si~100!231 surface. A few studies of the diffusion o
Si adatoms on stepped surfaces and of dimer formation
mobility have also been carried out.15,16 However, the reli-
ability of these empirical potentials for describing such su
face processes has yet to be established.

IV. RESULTS AND DISCUSSION

Figures 4–7 depict the potential energy surface obtain
from our calculations and from some of the earli

FIG. 6. ~a! A 3D plot and~b! a contour plot of the potential energy surfac
obtained from the PW91 gradient-corrected slab calculations. The sur
was generated by a Fourier spline fit to all 52 grid-point energies as a sum
158 sinusoidal functions with the symmetry of the dimer reconstructed s
face. The fitted energy surface passes through all the calculated points a
otherwise designed to be as smooth as possible.
J. Chem. Phys., Vol. 102Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subjec
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calculations.12,14,17Two of the figures~Figs. 4 and 7! depict
relative values of the potential energy surface along the pat
B–C–H–D–B. Theresults from the slab calculations with
PW91 exchange correlation are shown in all the figures for
reference purposes. Figures 5~a! and 5~b! depict the possible
diffusion paths, and Figs. 6~a! and 6~b! show the PW91 en-
ergy surface in more detail. Tables II–IV list the binding
energies and selected key geometrical parameters at the loc
minima and other sites of interest. Additional information on
the geometries is provided in Tables V–VIII. Figure 8 shows
the structures obtained from the slab model calculations, re
laxed in the LDA.

The most detailed characterization of the potential en-
ergy surface for the interaction of a Si adatom on the Si~100!
surface was obtained using the LDA/slab approach, and
these results will be discussed first, even though they are no
necessarily the most reliable. The results of the LDA calcu-
lations using the slab and cluster models are described i
Secs. IV A and IV B, respectively. The results of DFT calcu-
lations using nonlocal density functionals and of the QCI
calculations are summarized in Sec. IV C. The semiempirica
results are presented in Sec. IV D. Finally, the results ob
tained with the classical potentials are discussed in Sec
IV E.

A. LDA/slab model

There have been two prior plane-wave based LDA cal-
culations of the energetics of a Si adatom on the Si~100!
surface. Some details of these calculations are given in Tabl
I. The first, by Miyazaki and co-workers10 used a very small

FIG. 7. Relative energies obtained for the classical potentials and the PW9
slab model calculations following the boundary around the irreducible re-
gion, taking the zero of energy at the D site for the classical potentials and
at the P site~the nearest local minimum! for the PW91 calculations. SW1
and SW2 indicate the results obtained from two different Stillinger–Weber
potentials~see Refs. 12 and 14!; W–R and B–A designate results obtained
using the Wang–Rockett~or T3! and Bolding–Andersen~BA! potentials,
respectively.
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1050 Smith et al.: Adatom binding and diffusion
TABLE II. Adatom binding energyEb ~eV!, height above the ideal surfacez ~Å!, and bond-length of nearest
surface dimerl ~Å! obtained from density functional and CR semi-empirical calculations. All cluster model
results except those designated by LDA* include corrections for surface relaxation, as described in the text.
Note that D* and T are identical sites~with adatom and dimer atom switched! for the slab and cluster DFT
calculations, but they are distinct sites in the classical potential and semiempirical calculations.

Slab

Clusterc CRe

LDA opt. geometry NLDA opt. geometry

LDAa PW91b LDA*d LDAd BP86 Becke3LYP Becke3LYP

Eb 3.85 3.25 3.37
B z 20.69 1.40

l 2.36 2.52

Eb 4.11 3.44
A z 20.67

l 2.38

Eb 3.63 2.92 0.11
C z 21.07 1.25

l 2.30 2.63

Eb 4.71 4.30 4.84 5.04 4.17 3.53 3.57 3.84
S z 0.72 0.87 0.87 1.70

l 2.36 2.45 2.47 2.44

Eb 4.19 3.74 4.61 4.71 3.72 2.94 2.95 2.73
H z 1.33 1.33 1.40 1.74

l 2.30 2.48 2.52 2.42

Eb 4.49 4.08 4.71 4.80 3.95 3.51 3.56
P z 1.51 1.57 1.66

l 2.55 2.63 2.72

Eb 4.09 3.81 4.45 4.49 3.73 3.47 3.42 3.50
D z 1.97 1.95 1.93 2.12

l 2.39 2.39 2.40 2.34

Eb 4.22 3.71 4.49 4.61 3.83 3.33 3.30 3.36
D* z 20.21 0.20 0.36 1.46

l 4.48 4.48 4.45 3.89

Eb 4.22 3.71 4.49 4.61 3.83 3.33 3.30 2.50
T z 20.45 0.27 0.21 2.20

l 2.37 2.24 2.23 2.42

aPresent LDA/slab calculations.
bSlab calculations with Perdew-Wang ’91 gradient correction.
cAll cluster binding energies other than those in the LDA* column include the relaxation corrections discussed
in the text.
dCluster calculations using the VWN local density approximation.
eSemiempirical calculations using Corrales–Rossky technique.
n

i

e

h

o
s

surface with only two atoms per layer, and thus only o
dimer in the surface unit cell. For this cell the single adato
represents a 50% coverage of the surface. Their results d
considerably from those obtained using larger cells~Ref. 11
and the present work!, although there are some qualitativ
similarities that can be drawn. Most of the differences a
attributable to the small surface unit cell which distorted t
preferred relaxations of the Si dimer rows.

The other calculation, performed by Brocks, Kelly, an
Car ~BKC!,11 used a unit cell consisting of twelve layers o
eight atoms each. Brockset al. reported the S site~M in their
notation! to be the global minimum, the H, T~their C!, and B
sites to be local minima, and the D site to be a transiti
state. They also concluded that Si adatom diffusion is ani
tropic with activation energies of 0.6 and 1.0 eV for diffusio
J. Chem. Phys., Vol. 102Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subject
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TABLE III. Adatom binding energy Eb~eV! at the D and D* sites calcu-
lated using the QCISD~T! and DFT methods and the Si9H12 and Si10H12

cluster models.

Method

Binding energies~eV!

D D*

QCISD~T!a 3.08 2.81

Becke3LYPb 3.34 2.99

BLYPc 3.27 3.09

BP86d 3.58 3.33

LDAe 4.33 4.04

aQuadratic CI method~Ref. 9!. dSee Refs. 27 and 34.
bSee Refs. 21 and 20. eSee Refs. 32 and 33.
cSee Refs. 27 and 21.
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1051Smith et al.: Adatom binding and diffusion
along and perpendicular to the surface dimer row, resp
tively, in good agreement with the subsequent experimen
observations.18

Our LDA slab calculations give relative energies of th
S, B, D, and T sites and of the saddle point between S an
~designated here as X! in qualitative agreement with those o
Brockset al.We also find the details of the geometries at t

TABLE IV. Adatom binding energyEb ~eV!, height above the ideal surface
z ~Å!, and dimer bond-lengthl ~Å! for various classical potentials.

SW1a SW2b T1c T2d T3e BAf

Eb 3.14 3.16 3.43 3.51 3.55 2.21
B z 1.13 1.31 1.25 1.22 1.37 1.09

l 2.69 2.53 2.51 2.47 2.53

Eb 1.23 2.37 2.31 2.87 3.05
C z 0.92 0.51 0.61 0.78 0.53

l 2.54 2.35 2.34 2.37 2.31

Eb 2.64 2.46 2.99 3.08 2.95 3.68
S z 1.70 1.92 1.69 1.67 1.93 1.05

l 2.48 2.38 2.39 2.39 2.42

Eb 2.64 1.57 2.46 2.68 2.66 3.80
H z 1.51 1.88 1.46 1.47 1.49 0.91

l 2.61 2.58 2.58 2.48 2.48

Eb 2.70 2.70 3.26 3.27 3.14 3.56
D z 1.36 1.54 1.63 1.63 1.66 1.21

l 3.80 3.65 3.40 3.67 3.71

Eb 2.16 2.27 2.57 2.47 2.27 1.96
T z 2.04 2.27 2.31 2.30 2.31 2.16

l 2.47 2.39 2.39 2.38 2.43

aFrom Ref. 12, calculated using the Stillinger–Weber potential~Ref. 45!.
bFrom Ref. 14, calculated using a modified version of the Stillinger–We
potential~Ref. 49!.
cFrom Ref. 13, calculated using the version of the Tersoff potential
scribed in Ref. 46.
dCalculated using the version of the Tersoff potential given in Ref. 48.
eCalculated using the Wang–Rockett potential~Ref. 7!.
fCalculated using the Bolding–Anderson potential~Ref. 47!.

TABLE V. Relaxed geometry at the S site according to different compu
tional methods@see Fig. 8~a!#.

Method

Bond lengths~Å!

A–D1 A–D2 A–B1 D1–D18 D1–B1

LDAa 2.35 2.34 2.38 2.36 2.39
B3LYPb 2.40 2.40 2.41 2.51 2.43
C-R 2.46 2.47 3.14 2.44 2.33
W-R 2.47 2.47 3.33 2.39 2.43
B-A 2.42 2.42 2.43 2.42 2.45

Method

Bond angles~deg!

D1–A–D2 D1–A–B1 A–D1–D18 A–D1–B1 D1/28 –D1/2–B1

LDAa 97 61 125 60 94/119
B3LYPb 99 61 125 60 104
C-R 87 47 103 82 105
W-R 88 47 108 86 103
B-A 104 61 117 60 107

aCalculated using the slab model.
bCalculated using the cluster model.
J. Chem. Phys., Vol. 102Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subject
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S and T minima to agree with those reported by Brockset al.
However, since we used a finer grid~0.3830.77 Å initially,
with additional points added in ‘‘interesting’’ regions! to ex-
plore the irreducible region, we were able to discern some
details apparently missed by these authors. In particular, we
find a local minimum P between the H and D sites and a
local minimum A between the B and C sites. We also find
that the B and H sites are first-order saddle points rather than
minima as reported by Brockset al. The binding energies
from these calculations are summarized in the first column of
Table II. In this table we also include results for the D* site,
the structure of which~in theab initio treatments! is identical
to that of the T site@see Fig. 8~c!#, but which is accessed
through a dimer-breaking process at the D site rather thanvia
the S–T path.

As may be seen from Fig. 8, several of the low-energy

er

e-

a-

TABLE VI. Relaxed geometry at the local minimum closest to the unbroken
dimer site~either the P site or the D site depending on the computational
method! @see Fig. 8~b!#.

Method

Bond lengths~Å!

A–D1 A–D18 D1–D18 D1–B1

LDAa ~P! 2.28 2.32 2.55 2.32
B3LYPb ~P! 2.33 2.33 2.73 2.36
C-R ~D! 2.42 2.42 2.34 2.35
B-A ~D! 2.40 2.40 2.48 2.39

Method

Bond angles~deg!

D1–A–D18 A–D1–B1 A–D1–D18

LDAa ~P! 67 89 57
B3LYPb ~P! 72 105 54
C-R ~D! 58 122 61
B-A ~D! 62 125 59

aCalculated using the slab model.
bCalculated using the cluster model.

TABLE VII. Relaxed geometry at the broken dimer D site@see Fig. 8~c!#

Method

Bond lengths~Å!

A–D1 A–D18 A–B1 D1–D18 D1–B1

LDAa 2.19 2.31 2.59 4.48 2.52
B3LYPb 2.23 2.23 3.20 4.43 2.45
C-R 2.43 2.43 3.84 3.89 2.34
W-R 2.31 2.31 3.85 3.67 2.32
B-A 2.24 2.24 3.74 3.71 2.36

Method

Bond angles~deg!

D1–A–D18 D1–A–B1 A–D1–B1 B1–A–B2 B1–D1–B2

LDAa 169 63 66 94 97
B3LYPb 170 50 86 74 103
C-R 106 36 106 60 110
W-R 105 88 113 58 108
B-A 112 37 109 62 109

aCalculated using the slab model.
bCalculated using the cluster model.
, No. 2, 8 January 1995¬to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1052 Smith et al.: Adatom binding and diffusion
configurations contain 3-membered rings of bonded atom
with near-60° bond angles~see Tables V–VIII!. These con-
figurations also often involve fivefold coordination of a sub
surface atom.

TABLE VIII. Relaxed geometry at the B site according to different compu
tational methods@see Fig. 8~c!#.

Method

Bond lengths~Å!

A–D1 A–D2 D1–D18 D1–B1

LDAa 2.35 2.58 2.39 2.40
C-R 2.55 2.55 2.52 2.31
W-R 2.39 2.39 2.47 2.34
B-A ~1! 2.50 2.50 2.53 2.37
B-A ~2! 2.68 2.68 2.47 2.41

Method

Bond angles~deg!

D1–A–D2 A–D1–D18 A–D2–D28 A–D1–B1

LDAa 178 177 165 72
C-R 116 143 143 103
W-R 123 155 155 103
B-A ~1! 125 149 149 99
B-A ~2! 134 157 157 66

aCalculated using the slab model.
J. Chem. Phys., Vol. 102,Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subject¬
s,
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As noted above, Brockset al. considered the path
S–D–S for diffusion along the dimer rows and the path
S–B–S for diffusion perpendicular to the dimer rows, ob-
taining from LDA calculations barrier heights of 0.6 and 1.0
eV, respectively. Our LDA calculations give a barrier of 0.63
eV, close to that of Brockset al., for the S–D–Spath, al-
though the barrier we find is at the U position—the full path
is S–U†–P–D†–P–U†–S @see Fig. 1 and Fig. 5~a!#, where
the ‘‘†’’ denotes a first order saddle point. We also find that
the alternative path, S–X†–T–X†–S, has a barrier of 0.54
eV, which is slightly lower than that for theS–D–Spath, in
contradiction to the results of Brockset al. The energy dif-
ference of 0.09 eV between the two paths is less than po
sible inaccuracies in these calculations however and so th
disagreement may not be significant. The lowest energ
paths for perpendicular diffusion have an overall barrier
height of 0.71 eV, determined by the Z† saddle point. The
full path for perpendicular diffusion requires crossing the
H–D line, and we find two such paths: S–Z†–A–Z†–S–U†

–P–U†–S and S–Z†–A–Z†–S–X†-T–Q†–T–X†–S where
Q† is the symmetric transition state~0.66 eV! for intercon-
version of two asymmetric T5D* sites, and so this second
path actually involves an exchange process with two atom
in a surface dimer. These calculations thus indicate that ac

-

Tables
FIG. 8. Geometries of some local minima and saddle-point sites from the LDA slab calculations, with the labeled angles and bond distances listed in
V–VIII. The adatom and surface dimer atoms are designated as ‘‘A’’ and ‘‘D,’’ respectively. Subsurface atoms are denoted by ‘‘B.’’ These are~a! the S site,
~b! the P site,~c! the T~or broken dimer D! site, and~d! the B site. In the broken dimer site, atoms A and D1 are switched relative to the T site. Lines are drawn
to signify bonds between atoms separated by less than 2.7 Å.
No. 2, 8 January 1995to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1053Smith et al.: Adatom binding and diffusion
cording to the LDA, Si adatom diffusion is nearly isotropic
having activation energies of 0.54–0.63 eV for diffusion i
the parallel direction, and 0.71 eV in the perpendicular dire
tion. In Sec. IV C it is shown that upon the inclusion o
nonlocal exchange correlation corrections the calculatio
predict a stronger anisotropy in the adatom diffusion, mo
consistent with the experimental results18 ~see also Fig. 5!.

B. Cluster models

Before discussing the LDA results obtained using th
cluster models, we first consider the problem of the adequa
of cluster models for describing geometrical relaxation. If th
errors due to incomplete treatment of relaxation are differe
at different sites, this will cause errors in the relative energi
of these sites. We are not aware of any prior systematic stu
addressing this problem.

There are basically two approaches that can be taken
estimating the errors associated with the use of the clus
models. One is to repeat the cluster calculations with mu
larger clusters. This would be a very computationally expe
sive undertaking. The alternative approach, and that adop
here, is to repeat the slab model calculations, but with t
geometrical relaxation being constrained approximately as
the cluster models. Such constrained slab model optimiz
tions were carried out on the D, H, P, T, and S sites. In the
calculations the positions of most of the Si atoms are ke
frozen in their positions optimized for the clean Si~100!231
surface; only those Si atoms, that are allowed to relax
Si16H16 cluster model, are allowed to relax in the constrain
slab model calculations. The differences between the Si a
tom binding energies obtained from the constrained and u
constrained slab model calculations provide estimates of
neglected relaxation energy in the cluster model.

These calculations show that due to incomplete trea
ment of geometry relaxation, the cluster model LDA calcu
lations underestimate the binding energies at the D, P, H,
and S sites by 0.04, 0.09, 0.10, 0.12, and 0.20 eV, resp
tively. The same procedure, but with the relaxation corre
tions estimated using the PW91 exchange-correlation fun
tional gave cluster relaxation corrections of 0.05, 0.08, 0.1
0.15, and 0.14 eV for the same sites. These results indic
that the Si16H16 cluster model gives a better description o
some sites~D, P, and H for example! than of others~T and
S!, and that the errors in the relative energies introduced
incomplete treatment of geometrical relaxation are as lar
as 0.16 eV~or 0.11 eV in the NLDA case!. For the calcula-
tion of potential energy surfaces for use in studies of th
dynamics, it is desirable to reduce the errors in the relati
energies to 0.1 eV or less. Our calculations therefore sh
that the cluster models employed here are almost lar
enough to meet this criterion, but larger cluster models a
desirable. In spite of this shortcoming, moderate size clus
models are especially valuable because they can be use
carry out QCI or other calculations that would not be feasib
for the slab models.

Table II reports Si adatom binding energies obtaine
from the various DFT calculations and from the CR sem
empirical calculations. All cluster results, except those l
beled LDA* , include the relaxation corrections discusse
J. Chem. Phys., Vol. 102,Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subject¬
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above, with the NLDA results using the corrections est
mated from the PW91/slab calculations. In the ensuing d
cussion cluster results will include the relaxation correction
unless stated otherwise.

The LDA/slab binding energies are, on average, 0.36 e
lower than the LDA/cluster energies. This discrepancy c
be attributed to the use of different basis sets in the two s
of calculations and to the use of pseudopotentials in the s
model calculations. However, the relative energies of ind
vidual adsorption sites for the slab and cluster models in t
LDA are in excellent agreement~see Fig. 4!.

C. NLDA and QCI calculations

The inclusion of gradient corrections lowers the bindin
energy significantly, as can be seen from Table II. Th
changes are 0.3–0.7 eV in the slab model when using
PW91 functional, and 0.8–1.0 and 1.1–1.8 eV in the clust
model when using the BP86 and Becke3LYP functiona
respectively. These results indicate that the inclusion of g
dient corrections in density functional theory is needed
improve the binding energies, and also has a significant
fect on the relative energies between different points on t
potential energy surface.

In order to evaluate the various correlation functional
we have calculated the binding energies for the D and D*
sites at both the QCISD~T! and DFT levels of theory and
using a Si10H12 model. The results of these calculations ar
summarized in Table III. As found in earlier studies,37 the
DFT calculations with the Becke3LYP functional give th
best agreement with the QCISD~T! binding energies. Using
the QCISD~T! results as the best estimates of the true bin
ing energies, we conclude that the LDA calculations overe
timate the binding energies by up to 1.2 eV. The calculatio
with the BLYP functional~comprised of the exchange func-
tional of Becke27 and the LYP correlation functional! give
binding energies within 0.1 eV of the Becke3LYP value
whereas calculations with the BP86 and PW91 functiona
give binding energies 0.2–0.3 eV larger. The D/D* energy
difference is nearly the same for all~both local and nonlocal!
DFT calculations as well as for the QCISD~T! calculations.
However, from examination of Table II, it is seen that th
inclusion of nonlocal corrections to the LDA energies is im
portant for some of the other energy differences. Comparis
of the results of the various DFT calculations leads to th
conclusion that it is the choice of the nonlocal correlatio
functional rather than the choice of the nonlocal exchan
functional that is primarily resposible for the differences be
tween the PW91 and Becke3LYP results.

The inclusion of the PW91 gradient corrections to th
energies leads to significant changes in the diffusion barrie
although the paths remain unchanged. In the PW91 s
model the lowest energy path for diffusion along the surfa
dimer row is again theS–T–Spath with barrier at X† of 0.60
eV ~see Fig. 6!. The barrier at Z† is increased to 0.91 eV and
the barrier at U† is increased to 0.71 eV. The Z† barrier is
again the highest barrier in the low energy pathways for d
fusion in the perpendicular direction in the PW91 slab ca
culations. The anisotropy is then 0.31 eV, as opposed to 0
No. 2, 8 January 1995to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1054 Smith et al.: Adatom binding and diffusion
eV found in the LDA calculations, very close to the exper
mental value of 0.33 eV.

The cluster calculations were carried out only for som
of the stationary points and only addressed diffusion alo
the dimer rows. The relative energies obtained with the BP
functional agree with the PW91/slab results to within 0.1 e
except at the T site. The differences between the cluster a
slab results at the T site are attributable to differences in t
bonding geometries—in the cluster calculations the cent
atom at this T/D* site had only the two surface bonds, while
in the slab calculations the corresponding atom was bond
to two underlying atoms also@see Fig. 8~c! and the A–B1
distance in Table VII#. Since the cluster T site was already
symmetric, there is no need for a Q site barrier between
opposite T sites, and the cluster results are shown at the
site position in Fig. 5.

Use of the Becke3LYP functional, however, significantl
reduces the relative energy differences between the S site
the P and T local minima, and also the D site barrier, su
gesting that the associated barriers are also significan
lower. In fact a parallel diffusion barrier as low as 0.15 eV i
not excluded by the Becke3LYP results~see Fig. 5!.

A three-dimensional plot and contour plot of the poten
tial energy surface for the PW91 gradient-corrected slab c
culations is given in Fig. 6. This figure also demonstrates th
diffusion in the T–S channel to the side of the dimer row
rather than over the top of the dimer via the D site, is pr
ferred.

Based on these NLDA results we believe that the diffu
sion on the Si~100!231 surface is anisotropic with a diffu-
sion barrier of 0.4–0.6 eV for diffusion along the surfac
dimer rows, and about 0.9 eV for perpendicular diffusion.

D. Semiempirical calculations

Both sets of semiempirical calculations predict the S si
to be the global minimum and correctly obtain other qualita
tive features of the energy landscape. Quantitatively, the C
calculations in the FDB approximation give S–D† and
S–D* energy differences in fair agreement with the PW91
slab model results. This is quite different from the results
all the empirical potential calculations discussed below
However, the CR–FDB semiempirical calculations find th
B site to be too low and the T, H, and C sites to be too hig
in energy ~relative to the S site, and comparing with the
PW91/slab model results!, and produce incorrect geometries
for the S and T sites~see Table II! with the adatom sitting
much too high above the surface. Also, in the CR calcul
tions the D* and T sites are inequivalent with the latter lying
about 0.9 eV higher in energy. The CR–FDB calculation
also found two distinct local minima at the H site separate
by 0.2 eV, depending on which of the neighboring atoms th
adatom binds to, and this may be related to signs of simi
multivalued behavior in the energetics of theab initio calcu-
lations.

The inclusion ofp bonds in the CR method allows othe
geometries and coordinations, partly because the equilibriu
dimer position is closer to the surface. For example, the
site has a local minimum similar to that found with the FDB
approximation, with the adatom high above the surfac
J. Chem. Phys., Vol. 102,Downloaded¬16¬Feb¬2001¬to¬128.95.128.146.¬Redistribution¬subject¬
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However, withp bonding included there is a second loca
minimum with the adatom much closer to the surface an
bonded to a second layer atom, although in this model hig
coordinations are excluded and this second layer atom is th
forced to break a bond with an atom in the third layer. Thi
modified S site adatom configuration leads to a geomet
similar to the DFT calculations, although the energy is highe
than that of the other S site local minimum.

Previously published results based on the semiempiric
tight-binding CNDO technique17 are also shown in Fig. 4
and correspond somewhat more closely to theab initio
calculations—in particular finding a higher B–S energy dif
ference and lower energies at the H and T sites than do t
CR results. However, the CNDO calculations again give
geometry for the S site with the adatom too high above th
surface. In addition the CNDO calculations found only th
broken dimer D* site with apparently no barrier to dimer
breaking.

When compared to the classical potential results r
viewed below, the semiempirical calculations make qualita
tive improvements in describing the potential energy surfac
for the adatom, but do not seem to significantly improve th
geometric description of most of the binding sites. A possib
cause for this problem in both sets of calculations is th
neglect of slightly higher coordination environments for th
Si atoms, which may require the use of d-orbitals. Highe
coordination is also possible by includingp bonding inter-
actions between three distinct atoms. In general, the incl
sion of p bonds between a pair of atoms remains pairwis
additive; inclusion of 3-orbital interactions between three a
oms would represent a higher order calculation. An adde
difficulty in the CR approach is the need for additional off
diagonal parameters in the modified Hu¨ckel matrices.

E. Classical potentials

Figure 7 shows the relative energies for the various cla
sical potential models, with the PW91 slab results shown f
reference. The path is again around the region given in F
1. Table IV lists the binding energies and vertical heights o
the adatom on the labeled sites above the ideal 231 surface.

Both the Stillinger–Weber and Tersoff potentials~with
modifications! produce qualitatively similar descriptions of
the adatom potential energy surface. Both sets of potenti
find the global minimum at the epitaxial B site, and find tha
the underlying dimer bond is readily broken with anothe
local minimum at the other epitaxial~D! site. Using the
Stillinger–Weber potential~SW1 in the table and figures!,
Zhang et al.12 identified local minima at B, near-B, S, H,
near-H, D, and T sites, but not at the C site—all these loc
minima are depicted in Fig. 7. With a modified SW
potential49 ~SW2!, Toh and Ong14 obtained qualitatively
similar results, except at the H site, which they found to be
saddle point separating two adjacent D sites, and without t
near-B and near-H sites. Their local minima and the C and
saddle point energies are also given in the figures. The c
culations using the Tersoff potential and its modified
versions13,7 give energy differences similar to those obtaine
with the Stillinger–Weber potential, although the C site i
found to be a local minimum rather than a saddle point.
No. 2, 8 January 1995to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1055Smith et al.: Adatom binding and diffusion
The potential energy surfaces obtained with t
Stillinger–Weber and Tersoff potentials are quite differe
from those found in theab initio calculations. The global
minimum and some of the local minima determined with t
classical potentials are in fact not local minima but sadd
points in theab initio calculations. This seems to be most
attributable to overbinding of the epitaxial sites by the cla
sical potentials, which are designed to prefer tetrahed
bonding geometries. At the B site, which the Stillinger
Weber and Tersoff potentials find as a global minimum b
the ab initio results find to be about 1 eV above the min
mum, the classical potentials also allow too great a rel
ation of the neighboring dimers towards the adatom.

In general the classical potentials give quite differe
geometries for the local minima than those obtained from
ab initio calculations. The most striking difference in geom
etry is at the epitaxial site directly above a surface dim
where all the classical potentials~except the Bolding–
Andersen potential, discussed separately below! predict the
dimer bond to break with no~or an extremely low! barrier, so
that the D site consists of the adatom bonded to the unde
ing dimer atoms which are no longer bonded to each oth
The ab initio calculations, in contrast, find a barrier of a
least 0.8 eV to the breaking of the dimer bond by dire
insertion of the adatom, and give a broken-dimer~D* ) struc-
ture very different from that obtained by the classical me
ods ~see Table VII!. In theab initio calculations the adatom
is able to bond to the fully bonded dimer, although it prefe
to be at a low-symmetry position~the P site! while doing
this, and does open the dimer bond slightly~see Table VI!.

The classical potentials, again aside from the Boldin
Andersen potential, also share with the semiempirical
proaches a failure to describe the S site geometry corre
@see Fig. 8~a! and Table V#. The T site as described by th
classical potentials is also very different from that of theab
initio calculations. The classical potentials, not surprising
put the adatom at an angle about 109° from the dimer
which it bonds, while theab initio calculations place it al-
most at the same height above the surface as the dimer a
~i.e., a 180° angle!, and bonded to several underlying atom
in a configuration that is identical to the broken dimer D*
site, but with two of the atoms switched.

Previous reviews1 of the classical potentials have sug
gested that it may be impossible to construct a totally glo
or transferable potential, but it seems clear that the curr
potentials have several artifacts that must be corrected
particular the penalization of bond angles below 90 degr
found to be the cause of errors in modeling small
clusters.1

The Bolding–Andersen potential gives a somewhat d
ferent picture of the Si adatom interactions. In particular,
adatom approaching a dimer does not spontaneously b
the dimer bond—the energy barrier to bond breaking is ab
1 eV. On the other hand, close to the B site, in the direct
of the C site, the adatom sinks below the surface and bo
with numerous subsurface atoms, while a local minimum
the B site above the surface~similar to that found with the
other classical potentials! has the adatom bonded to the su
face dimer atoms, and has a much higher energy. For
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second B site the energy is in relatively good agreement wi
theab initio results~see right-hand side of Fig. 7!. Excluding
the unphysical B site, the H site is the lowest energy site fo
the B–A potential, which may be due to an excessiv
p-bonding contribution. In addition the B–A potential does
somewhat better job describing the binding geometries, pa
ticularly at the S site~see Table V!.

Thus the B–A potential seems to do well for geometrie
with up to five well-distributed bonds on an atom, or up to
three bonds on one side of the atom, where the effecti
coordination is reasonably low. However, at the H site with
bonds on one side of the adatom, or at the unphysical B s
with 6 or more bonds on the adatom, the B–A potentia
obtains an energy that is far too low. A ‘‘very high coordina
tion’’ penalty to exclude the unphysical B site and raise th
energy at the H site should significantly improve its behavio

V. CONCLUSIONS

We have considered a wide variety of techniques for th
interaction of a silicon adatom with the Si~100!231 surface.
In the density functional calculations, gradient correction
proved to be important for the relative energies of the variou
stationary points on the potential energy surface, causi
changes of up to 0.7 eV. In the local density approximation
the relative energies calculated in the slab and cluster mod
agree to within 0.1 eV. There are additional differences of u
to 0.2 eV for some surface binding sites due to insufficien
relaxation of the geometries with the cluster models use
The slab calculations with PW91 gradient corrections giv
barriers of 0.60 and 0.91 eV for parallel and perpendicula
adatom diffusion, respectively, both in good agreement wi
the experimental estimates.18 The low energy pathways~see
Fig. 5! are found to be S–X†–T–X†–S for parallel diffusion
and either S–U†–P–U†–S–Z†–A–Z†–S or
S–X†–T–Q†–T–X†–S–Z†–A–Z†–S for perpendicular dif-
fusion, where the second perpendicular diffusion path in
volves an exchange process with one of the surface dime
The cluster calculations were unfortunately not able to d
rectly address the diffusion barriers, but the effects on th
binding site energies suggested that with B3LYP exchang
correlation the parallel diffusion barrier could be consider
ably lower than 0.6 eV. The LDA slab calculations find the
same diffusion paths as the PW91 slab calculations, but w
lower barriers and less anisotropy, and so indicate that t
NLDA is needed to obtain an anisotropy as large as th
observed experimentally.

Comparison with existing classical interaction potential
demonstrated that they are inadequate for describing the
ergetics and the geometrical arrangements of the bindi
sites of a silicon adatom on the Si~100!231 surface. There
appear to be two fundamental areas of discrepancy betwe
the standard classical andab initio results. First, the classical
potentials overbind the epitaxial B site, and second, they fa
to find the three-membered rings and fivefold coordinate
atoms that are important in several of theab initio structures.
The geometries are improved with the Bolding–Anderse
potential, but even this potential does not provide a goo
qualitative description of the energetics. The semiempiric
calculations give qualitatively better energies, but also fail t
, No. 2, 8 January 1995¬to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcpyrts.html
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1056 Smith et al.: Adatom binding and diffusion
give highly coordinated bonding geometries. It may be po
sible to modify the Bolding–Andersen potential~by inclu-
sion of a larger penalty for overcoordination! and the semi-
empirical methods~by inclusion of d orbitals! to obtain
better agreement with theab initio results.

Our conclusion that existing classical potentials d
poorly in describing the interaction of a Si adatom with the
Si~100! surface is disturbing because of the great deal o
effort that has already gone into classical simulations o
growth processes on the Si surface. It is possible that t
deficiencies of the classical potentials are less significant f
the later stages of growth when the adatoms have started
cluster and most atoms have relatively high coordination e
vironments. Otherwise fullab initio quantum mechanical
treatments may be essential to reliably describe the crys
growth of silicon.

Note added in proof.After these calculations were com-
plete we discovered that the VWN functional used in th
cluster DFT calculations actually used parameters fitted
the random phase approximation~RPA! rather than to the
Ceperley–Alder data~both parametrizations are given in
Ref. 33!. Our more recent calculations find that this change
the relative energy differences for Si structures by no mo
than 0.05 eV, and is therefore unlikely to have any significan
effect on the results in this work.
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