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Mechanisms for the stability of Al and B adatoms on the Si„111…A33A3R30° surface
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The bonding of aluminium and boron adatoms on the Si(111))3)R30° surface has been investigated
using ab initio density-functional theory methods in order to understand the difference in stability between
different adatom bonding configurations. It has been found that the greater stability of theT4 configurations
compared to theH3 geometries is mainly due to stronger covalent bonding between the adatom and the
substrate in theT4 structures. The difference in stability between theT4 andS5 topologies, on the other hand,
is determined predominantly by charge redistribution.@S0163-1829~99!08503-3#
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Si~111! surfaces chemisorbed by group-III elements ha
been widely studied as prototype metal-semiconduc
systems.1 At a coverage of one third of a monolayer, chem
sorption of the group-III elements on a Si~111! surface leads
to the formation of)3)R30° structures.1 Being trivalent,
each group-III atom is expected to saturate three silicon d
gling bonds on the~111! surface. The threefold-coordinate
adatom positions on the Si(111))3)R30° surface are re
ferred to as theT4 and H3 sites. TheT4 site lies directly
above a second-layer silicon atom, while theH3 site is above
a fourth-layer Si atom. Periodic slab calculations have sho
that theT4 structures are lower in energy than the cor
spondingH3 structures for the Si(111))3)R30°-Al, -Ga,
and -In surfaces and good agreement between experim
and theory for theT4 geometries has been achieved.1–3 The
most stable structure on the Si(111))3)R30°-B surface,
on the other hand, has been found to be the so-called BS5
geometry where the boron atom substitutes for a seco
layer silicon atom directly below theT4 site, and theT4 site
is occupied by a silicon atom.1,4

While the preferred bonding sites of the group-III atom
have been well established, the question of why Al, Ga,
In prefer to bond at theT4 sites, and B atoms at theS5 sites,
has not yet been answered satisfactorily. Only some con
tures have been made with respect to this issue. Over
Tong5 suggested that the greater stability of theT4 geometry
compared to theH3 geometry is due primarily to resonan
bonding between the adatom and the Si atom directly be
it. Nicholls, Reihl, and Northrup,3 on the other hand, sug
gested that the lower total energy of theT4 geometry is
achieved by buckling of the second-layer silicon atom
which may result in a larger overlap between the adato
and the first-layer Si atoms in theT4 topology than in theH3
topology. For the boron case, several authors have sugge
that relief of surface strain is the main reason for the stab
of the B-S5 geometry.4 However, Wonget al. have argued
that the B-S5 geometry may introduce more strain into th
silicon lattice than the B-T4 geometry.6 Charge transfer from
the silicon adatom at theT4 site to the substitutionalS5 bo-
ron atom was also considered to play a role in stabilizing
B-S5 structure.4 To our knowledge, none of the above co
jectures have yet been verified by any quantitative data.

In the present work, we performab initio density-
functional theory ~DFT! cluster calculations for the
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Si(111))3)R30°-Al and -B surfaces. Quantitative da
for explaining the difference in stability between differe
geometries has been obtained. Two mechanisms have
introduced to explain the origin of the preferred bondi
sites. While a difference in covalent bonding has been fou
to be the main reason for the difference in stability betwe
the T4 and H3 geometries, a difference in the Coulomb i
teraction has been proposed to be responsible for the di
ence in stability between theT4 andS5 geometries.

TheT4 andH3 adatom bonding configurations have be
simulated by the clusters Al~B!Si14H27 and Al~B!Si16H25,
shown in Figs. 1~a! and 1~b!, respectively. The Al~B!-S5

configuration is represented by the same cluster as theT4

configuration only with the adatom being a silicon atom a
the second-layer atom directly below the adatom being
Al ~B! atom. The equilibrium geometries of the clusters we
determined by minimizing the total energy of each clus
with respect to the coordinates of the adatom and its
nearest-neighbor Si atoms~for the H3 topologies!, or with
respect to its four nearest neighbors and the underlying th
layer Si atom ~for the T4 and S5 geometries!. The all-
electronab initio DFT method at the B3LYP level has bee
employed in all of the calculations. The B3LYP option re
resents a hybrid method for exchange and correlation
incorporates an exact HF exchange energy functional, a
semiempirical combination of a local and nonlocal sp
density electron correlation functional.7,8 The moderately so-
phisticated double-z basis set 6-31G(d),8 which includes
one set ofd polarization functions for the heavy atoms, h
been used to obtain the minimum-energy configuration
the adatom binding energy for each cluster. Mulliken cha
population analyses, and molecular orbital overlap popu
tion ~MOOP! curves, have been used to analyze the el
tronic structure of each cluster. The MOOP function me
sures the bonding or antibonding character of the interac
between two orbitals weighted by their overlap populatio9

The integral of the MOOP function up to the highest occ
pied molecular orbital~HOMO! gives a measure of the ne
bonding~antibonding! character of a particular pair of orbit
als. The set ofd-function peaks yielded by our finite cluste
calculations are artificially broadened by a Lorentzian
width 0.1 eV in order to yield continuous functions. In
separate study we have found that the use of STO-nG and
1594 ©1999 The American Physical Society
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STO-nG(d) basis functions8 can produce reasonable Mu
liken populations and MOOP curves for silicon systems10

We have therefore chosen to use the STO-6G(d) basis set8

in all of our calculations of the Mulliken charge and MOO
distribution functions.

The calculated results for the optimized geometries
the adatom binding energies are presented in Table I. C
pared with theH3 geometries, theT4 topologies exhibit
much larger downward displacements of the second and
third-layer silicon atoms. The movement of the first-lay
silicon atoms along the~111! plane is also significantly
larger in theT4 geometries than in theH3 topologies. The
main difference between the Al-T4 and Al-S5 geometries is
the larger downward displacement of all of the first thre
layer atoms in the Al-S5 topology. Movements of the first
layer silicon atom in the B-S5 geometry is seen to be muc
larger than in the B-T4 topology, while the second and third
layer atoms show less movement in the B-S5 geometry than
in the B-T4 geometry, with the third-layer silicon atom in th
B-S5 geometry remaining essentially at the bulk positio
The only currently available experimental data for the bin
ing energies of the adatoms is for the Al-T4 structure. The
desorption energy of the Al adatom on the Si(111))

FIG. 1. The clusters used to simulate the adatom bonding c
figurations on the Si(111))3)R30° surface,~a! Al ~B!Si14H27 for
the T4 andS5 topologies;~b! Al ~B!Si16H25 for the H3 geometries.
The hydrogen atoms that have been used to saturate the bulk
gling bonds are not shown. The adatom, its first-, second- and th
layer nearest-neighbor silicon atoms, and the second layer ato
the S5 site are denoted byA(T), Si~1!, Si~2!, Si~3!, and A(2),
respectively.

TABLE I. The interatomic distances~in Å!, the substrate-atom
displacements from their ideal positions~in Å!, and the binding
energies~BE! of the adatoms~in eV!, for the T4 , H3 , and S5

geometries. The direction of thez axis, the threefold symmetry axi
of each of the clusters, is that of the surface normal, which is p
pendicular to the~111! plane. Ther coordinate is the perpendicula
distance to thez axis.

Si~111!-Al Si~111!-B

T4 H3 S5 T4 H3 S5

dA(T)-Si(1) 2.56 2.57 2.49 2.15 2.28 2.40
r A(T)-Si(1) 2.12 2.18 2.13 2.00 2.06 1.95
dA(T)-A(2) 2.51 3.15 2.43 2.05 2.91 2.20
Dr Si(1) 20.10 20.04 20.08 20.22 20.16 20.27
DzSi(1) 20.02 0.03 20.07 20.04 0.03 20.31
DzSi(2) 20.31 20.04 20.43 20.53 20.07 20.32
DzSi(3) 20.20 0.01 20.35 20.36 0.03 0.01
BE 3.73 3.53 4.33 4.68 3.46 5.33
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3)R30°-Al surface has been estimated to be 3.8 eV.11 Our
calculated binding energy of 3.73 eV for the Al adatom
the T4 site is in excellent agreement with this experimen
result. The total energy of the Al-S5 cluster has been deter
mined to be 1.55 eV higher than that of the Al-T4 cluster.
The total energy of the B-S5 cluster, on the other hand, ha
been found to be 1.75 eV lower than the B-T4 cluster. We
can thus conclude that the B-S5 and Al-T4 geometries are
more stable than the B-T4 and Al-S5 topologies, respec-
tively. The T4 andH3 clusters include different numbers o
the atoms, and hence we cannot use the total-energy di
ence to determine the preferred adatom bonding sites. H
ever, using the adatom binding energies as a measure o
relative stability of theT4 and H3 geometries suggests tha
theT4 topologies are more stable than the correspondingH3
geometries. Combining all of the above results leads us
conclude that the Al-T4 and B-S5 structures are the mos
stable configurations on the Si~111!)3)-Al and
Si~111!)3)-B surfaces, respectively. This is in agreeme
with the experimental data and previous theoretical resu1

Table II presents values of the integrated MOOP funct
for the different surface bonds. These values provide us w
an estimate of the bond strength between pairs of ato
within each cluster. The overlap population of the bond b
tween the Al or B adatom and one of the first-layer silic
atoms in theT4 geometry@denoted asA(T)-Si(1) with A(T)
being the Al, B, or Si adatom! has been calculated to be 0.4
(Al- T4) or 0.70 (B-T4), whereas the corresponding bond
the H3 topology has overlap population of 0.43 (Al-H3) or
0.54 (B-H3). This suggests that theA(T)-Si(1) bond is
stronger in theT4 structure than in theH3 geometry. Com-
pared with the B-H3 topology, the significantly shorter com
ponent of the B-Si~1! bond along the~111! plane, and the
significantly shorter overall B-Si~1! bondlength, produces
larger overlap between the B adatom and its nearest fi
layer atoms in the B-T4 structure than for theH3 structure.
The stronger bonding in the Al-T4 geometry mainly origi-
nates from the shorter component of the Al-Si~1! bond along
the ~111! plane, which increases the overlap between
3pxy orbital of the Al adatom and the 3pz orbitals of the
first-layer silicon atoms.

The interaction between the adatom and its underly
second-layer silicon atom in theT4 geometry@hereafter re-
ferred to asA(T)-Si(2)# has a net bonding character. How
ever, this bond is much weaker than theA(T)-Si(1) bond as
the overlap population is significantly smaller~0.14 vs 0.47
for the Al case, 0.37 vs 0.70 for the B case!. TheA(T)-Si(2)
bond in theH3 topology is close to nonbonding with a
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TABLE II. The integrated MOOP function for bonds betwee
pairs of surface atoms.

Si~111!-Al Si~111!-B

T4 H3 S5 T4 H3 S5

A(T)-Si(1) 0.47 0.43 0.56 0.70 0.54 0.59
A(T)-A(2) 0.14 0.01 0.22 0.37 20.01 0.22
Si(1)-A(2) 0.65 0.69 0.54 0.58 0.71 0.69
Si~1!-Si~1! 20.02 20.02 20.02 20.02 20.03 20.02
A(2)-Si(3) 0.78 0.77 0.70 0.85 0.81 0.80
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overlap population of almost zero. TheA(T)-Si(2) distances
in theT4 geometries are slightly smaller than the correspo
ing A(T)-Si(1) bondlengths. The prediction of much weak
A(T)-Si(2) bonding is thus somewhat surprising. T
MOOP curves for theA(T)-Si(2) bonds shown in Fig. 2
however, show that unlike theA(T)-Si(1) bonds for which
bonding character has been found to be predominant am
all of the molecular orbitals, there are significant antibond
contributions to theA(T)-Si(2) bonds. These antibondin
contributions partly cancel the bonding contributions, a
result in an overall weakening of theA(T)-Si(2) bonds. The
possible origin of this antibonding can be seen by consid
ing just a single molecular orbital. Figure 3 shows t
HOMO charge distribution for the Al-T4 geometry. The
main contributions of the adatom and the second-layer
con atom to this molecular orbital come from the 3pxy orbit-
als. We observe that there is no bonding overlap betw
these two orbitals but rather an antibonding contribution d
to the sign of the 3pxy orbital of the Al adatom being every
where opposite to that of the underlying second layer at
This is in agreement with the MOOP curve in Fig. 2~a!
where an antibonding contribution to the Al-Si~2! bond from
the HOMO is clearly seen.

Table II reveals that overlap between the first- a
second-layer atoms is less for theT4 structures than for the
H3 geometries. However, the larger overlap of the adat
and the first-layer silicon atoms, and bonding between
adatom and the second-layer silicon atom directly below
more than compensates for this effect in theT4 structures
and results in greater stability of theT4 topologies than the
correspondingH3 topologies.

The Si~1!-Si~2! bonds in the Al-T4 geometry are stronge
than the Si(A)-Si(1) bonds in the Al-S5 geometry ~with

FIG. 2. MOOP distribution functions of theA(T)-Si(2) bonds.

FIG. 3. Charge distributions of the HOMO in the Al-T4 con-
figuration.
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overlap population of 0.65 vs 0.56!. However, this effect
would appear to be largely cancelled by the larger over
between the Al atom and the first-layer silicon atoms in
Al- S5 geometry than in the Al-T4 topology ~0.54 vs 0.47!.
The overall picture suggested by the covalent bonding, th
fore, is that the Al-T4 and Al-S5 topologies may be nearly
equal in stability. This, however, is in contrast to the tot
energy calculations. A similar situation occurs for the B ca
The bonding between the boron atom and the first-layer
con atoms in both theT4 and S5 geometries is of similar
magnitude~0.70 vs 0.69!. The strength of the Si~1!-Si~2!
bonds in the B-T4 geometry ~0.58!, and the Si(A)-Si(1)
bonds in the B-S5 geometry~0.59!, are almost the same
However, the overlap between the B adatom and the sec
layer atom in the B-T4 structure~0.37! is obviously larger
than the corresponding bond in the B-S5 geometry~0.22!.
The overall covalent bonding in the B-T4 geometry thus
seems somewhat stronger than that in the B-S5 geometry.

In the above discussions, we have not considered the
sible effects of ionic bonding. The interaction of an Al or
atom with the silicon surface may result in charge transfer
that a purely covalent description of the bonding may not
sufficient. In Table III we have presented data derived from
Mulliken charge population analysis of our various cluste
The general picture is that some charge is transferred f
the Al atom to its neighboring silicon atoms, while the bor
atom always acquires some charge. The actual amoun
charge transfer, however, differs from geometry to geome
A rough estimation of the difference in ionic bonding b
tween theT4 , H3 , andS5 configurations can be obtained b
calculating the Coulomb potential energies using the M
liken charge populations. These values are given in Table
Only interactions between the adatom and its close neigh
have been considered as the charge on more distant a
are almost the same as the bulk value. The difference
Coulomb potential energy between the Al-T4 and Al-H3 ge-
ometries, and between the B-T4 and B-H3 topologies, are so
small that we can safely conclude that ionic bonding do
not significantly contribute to the difference in stability b
tween theT4 andH3 geometries. The above covalent mod
should thus be sufficient to explain the difference in stabi
between these two competing geometries.

In the Al-T4 geometry the Al adatom transfers charge
its four nearest-neighboring silicon atoms. This results in
attractive Coulomb force between the adatom and its ne
bors. In the Al-S5 topology, both the Si adatom and the A
atom, which is now at theS5 site, transfer some charge t

TABLE III. Mulliken charge for the surface atoms, and the Co
lomb potential energiesEc ~in units of eV!, for theT4 , H3 , andS5

geometries.

Si~111!-Al Si~111!-B

T4 H3 S5 T4 H3 S5

A(T) 0.366 0.415 0.073 20.183 20.089 0.064
Si~1! 20.083 20.093 20.091 0.031 0.012 0.064
A(2) 20.091 20.035 0.206 20.07 20.012 20.375
Si~3! 0.021 20.002 20.043 0.034 20.004 0.099
Ec 20.50 20.58 20.21 20.08 20.01 20.69
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other atoms. This produces a substantial electrostatic re
sion between the silicon adatom and the subsurface Al a
and results in the Coulomb energy for the Al-S5 cluster be-
ing 0.29 eV higher than for the Al-T4 cluster. The ionic
model thus predicts the Al-T4 geometry to be more stabl
than the Al-S5 topology. In the B-S5 geometry, the boron
atom obtains a significant charge from its five neare
neighbor silicon atoms and thus forms five attractive bon
Both the B adatom and the underlying second-layer silic
atom in the B-T4 topology obtain charge, which results in
Coulomb repulsion between them. The boron adatom at
T4 site does give rise to attractive interactions with its th
nearest first-layer silicon atoms but these are less signifi
than the corresponding forces in the B-S5 geometry because
the amount of the charge transfer in the B-S5 geometry is
much larger than in the B-T4 topology. Summing all of the
contributions, the Coulomb energy of the B-S5 topology is
estimated to be 0.61 eV lower than the B-T4 geometry. This
e
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m

t-
s.
n

e
e
nt

ionic model is thus consistent with the total-energy calcu
tions in predicting that the B-S5 geometry will be more
stable than the B-T4 geometry.

In conclusion, we have investigated the bonding char
teristics of three different bonding configurations of Al and
atoms on the cluster modeled Si(111))3)R30° surface.
We have shown that while a model based solely on con
erations of covalent bonding provides an adequate expla
tion for the greater stability of theT4 structures over the
correspondingH3 geometries, an ionic bonding model
needed to show the difference in stability between theT4 and
S5 geometries.
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