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Mechanisms for the stability of Al and B adatoms on the Si111) 3% \/3R30° surface
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The bonding of aluminium and boron adatoms on the Si(#3X)v3R30° 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 Bf twnfigurations
compared to theH; geometries is mainly due to stronger covalent bonding between the adatom and the
substrate in thd& , structures. The difference in stability between Theand S; topologies, on the other hand,
is determined predominantly by charge redistributic30163-182899)08503-3

Si(111 surfaces chemisorbed by group-lil elements havesj(111)/3xv3R30°-Al and -B surfaces. Quantitative data
been widely studied as prototype metal-semiconductofor explaining the difference in stability between different

systems. At a coverage 0‘; one third of E;Slmonmayer'l‘:hgmi'geometries has been obtained. Two mechanisms have been
sorption of the group-Iil elements on a(§11) surface leads i qqyced to explain the origin of the preferred bonding

to the formation OW.X‘GRB’OO structures. Being ‘f"’?!'e”" sites. While a difference in covalent bonding has been found
each group-lll atom is expected to saturate three S|I|<_:on dant-o be the main reason for the difference in stability between
gling bonds on the11l) surfac]%Tr‘l/g threefold-coordinated the T, andH; geometries, a difference in the Coulomb in-
adatom positions on the Si(133)Xv3R30° surface are re- . ' . .
ferred to as thel, and Hj sites. TheT, site lies directly Ler:?gt:gnsthaatlasi’li?yete;gt\?vrgg:?ﬁgtgnt:jesge;ggl:]z?rliisfor the differ-

above a second-layer silicon atom, while the site is above , ) .
a fourth-layer Si atom. Periodic slab calculations have shown 1h€Ta andHsz adatom bonding configurations have been

that the T, structures are lower in energy than the corre-Simulated by the clusters M8)SijHz; and AlB)SizeHss,
spondingH 5 structures for the Si(11¥8 xv3R30°-Al, -Ga,  Shown in Figs. &) and Xb), respectively. The AB)-Ss
and -In surfaces and good agreement between experimef@nfiguration is represented by the same cluster asTthe
and theory for théT, geometries has been achievedThe  configuration only with the adatom being a silicon atom and
most stable structure on the Si(1¥3)Xv3R30°-B surface, the second-layer atom directly below the adatom being an
on the other hand, has been found to be the so-call&j B- Al(B) atom. The equilibrium geometries of the clusters were
geometry where the boron atom substitutes for a secondietermined by minimizing the total energy of each cluster
layer silicon atom directly below th&, site, and theT, site  with respect to the coordinates of the adatom and its six
is occupied by a silicon atorn? nearest-neighbor Si aton{for the H, topologies, or with
While the preferred bonding sites of the group-lll atomsrespect to its four nearest neighbors and the underlying third-
have been well established, the question of why Al, Ga, anthyer Si atom (for the T, and S; geometries The all-
In prefer to bond at th&, sites, and B atoms at tH#& sites, electronab initio DFT method at the B3LYP level has been
has not yet been answered satisfactorily. Only some conje@mployed in all of the calculations. The B3LYP option rep-
tures have been made with respect to this issue. Over anésents a hybrid method for exchange and correlation that
Tong suggested that the greater stability of fiegeometry  incorporates an exact HF exchange energy functional, and a
compared to théd; geometry is due primarily to resonant semiempirical combination of a local and nonlocal spin-
bonding between the adatom and the Si atom directly belowlensity electron correlation functionaf The moderately so-
it. Nicholls, Reihl, and Northrup,on the other hand, sug- phisticated doublé- basis set 6-3&(d),® which includes
gested that the lower total energy of tig geometry is one set ofd polarization functions for the heavy atoms, has
achieved by buckling of the second-layer silicon atomsbeen used to obtain the minimum-energy configuration and
which may result in a larger overlap between the adatomshe adatom binding energy for each cluster. Mulliken charge
and the first-layer Si atoms in thg, topology than in théH 4 population analyses, and molecular orbital overlap popula-
topology. For the boron case, several authors have suggestédn (MOOP) curves, have been used to analyze the elec-
that relief of surface strain is the main reason for the stabilitytronic structure of each cluster. The MOOP function mea-
of the B-S; geometry* However, Wonget al. have argued sures the bonding or antibonding character of the interaction
that the BS; geometry may introduce more strain into the between two orbitals weighted by their overlap populafion.
silicon lattice than the BF, geometry? Charge transfer from The integral of the MOOP function up to the highest occu-
the silicon adatom at th&, site to the substitutiongl; bo-  pied molecular orbitalHOMO) gives a measure of the net
ron atom was also considered to play a role in stabilizing thdonding(antibonding character of a particular pair of orbit-
B-Ss structure® To our knowledge, none of the above con- als. The set of-function peaks yielded by our finite cluster
jectures have yet been verified by any quantitative data. calculations are artificially broadened by a Lorentzian of
In the present work, we perfornab initio density- width 0.1 eV in order to yield continuous functions. In a
functional theory (DFT) cluster calculations for the separate study we have found that the use of $il®and
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(b) H;site A(T) TABLE Il. The integrated MOOP function for bonds between
pairs of surface atoms.
Si(1)
Si(111)-Al Si(111)-B
S T« H S T, Hy S

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 —0.01 0.22
FIG. 1. The clusters used to simulate the adatom bonding consj(1)-a(2) 065 069 054 058 071 0.69

figurations on the Si(111B X v3R30° surface(a) Al (B)Si;H,- for Si(1-Si(1) -0.02 —0.02 —002 —0.02 -0.03 —0.02

the T, and Sy topologies;(b) Al(B)Si;gH,5 for the H; geometries. .

The hydrogen atoms that have been used to saturate the bulk daﬁgz)_SI(s) 0.78 0.77 0.70 0.85 0.81 0.80

gling bonds are not shown. The adatom, its first-, second- and third-

layer nearest-neighbor silicon atoms, and the second layer atom iQ V3R30°

the S5 site are denoted bA(T), Si(1), Si(2), Si(3), and A(2),

respectively.

-Al surface has been estimated to be 3.8€@ur
calculated binding energy of 3.73 eV for the Al adatom at
the T, site is in excellent agreement with this experimental
result. The total energy of the Ay cluster has been deter-
STO-nG(d) basis function can produce reasonable Mul- mined to be 1.55 eV higher than that of the AJ-cluster.
liken populations and MOOP curves for silicon systefhs. The total energy of the BS; cluster, on the other hand, has
We have therefore chosen to use the STG(6) basis s€t  peen found to be 1.75 eV lower than theTB-cluster. We
in all of our calculations of the Mulliken charge and MOOP can thus conclude that the 8 and Al-T, geometries are
distribution functions. more stable than the B, and Al-Sg topologies, respec-
The calculated results for the optimized geometries andively. The T, andH; clusters include different numbers of
the adatom binding energies are presented in Table I. Comhe atoms, and hence we cannot use the total-energy differ-
pared with theH; geometries, theT, topologies exhibit ence to determine the preferred adatom bonding sites. How-
much larger downward displacements of the second and thever, using the adatom binding energies as a measure of the
third-layer silicon atoms. The movement of the first-layerrelative stability of theT, and H; geometries suggests that
silicon atoms along thg11l) plane is also significantly the T, topologies are more stable than the correspontiing
larger in theT, geometries than in thel; topologies. The  geometries. Combining all of the above results leads us to
main difference between the Al and Al-S; geometries is  conclude that the AlF, and B-Ss structures are the most
the larger downward displacement of all of the first three-stgple configurations on the (SLL)V3XV3-Al and
layer atoms in the AlS; topology. Movements of the first-  5j(111)v3xv3-B surfaces, respectively. This is in agreement
layer silicon atom in the BS; geometry is seen to be much wjith the experimental data and previous theoretical redults.
larger than in the BF, topology, while the second and third-  Table Il presents values of the integrated MOOP function
layer atoms show less movement in theSBgeometry than  for the different surface bonds. These values provide us with
in the B-T, geometry, with the third-layer silicon atom in the an estimate of the bond strength between pairs of atoms
B-Ss geometry remaining essentially at the bulk position.within each cluster. The overlap population of the bond be-
The only currently available experimental data for the bind-tween the Al or B adatom and one of the first-layer silicon
ing energies of the adatoms is for the Al-structure. The  atoms in theT, geometry{denoted ag\(T)-Si(1) with A(T)
desorption energy of the Al adatom on the Si(38l) being the Al, B, or Si adatojrhas been calculated to be 0.47
(Al-T,) or 0.70 (B-T,), whereas the corresponding bond in
TABLE I. The interatomic distanceén A), the substrate-atom the Hz topology has overlap population of 0.43 (Al3) or
displacements from their ideal positiofi;m A), and the binding 0.54 (B-Hj3). This suggests that thA(T)-Si(1) bond is
energies(BE) of the adatomg(in eV), for the T,, H;, and Sg stronger in ther, structure than in thél; geometry. Com-
geometries. The direction of tieaxis, the threefold symmetry axis pared with the BH 4 topology, the significantly shorter com-
of each of the clusters, is that of the surface normal, which is perponent of the B-Sil) bond along thg(111) plane, and the
pendicular to th€111) plane. Ther coordinate is the perpendicular significantly shorter overall B-8I) bondlength, produces

distance to the axis. larger overlap between the B adatom and its nearest first-
- : layer atoms in the BF, structure than for thél; structure.
Si(11D-Al Si(111-8 The stronger bonding in the Al-, geometry mainly origi-
T, Hs S T, Hg S nates from the shorter component of the A{d$ibond along

the (111) plane, which increases the overlap between the
daem-sica) 256 257 249 215 228 240 3p,, orbital of the Al adatom and the orbitals of the

F A(T)-Si(1) 2.12 2.18 2.13 2.00 2.06 1.95 first-layer silicon atoms.

dam-A) 251 315 243 205 291 220 The interaction between the adatom and its underlying
Arsiy) -0.10 -0.04 -0.08 -0.22 -0.16 -0.27 second-layer silicon atom in thE, geometry[hereafter re-
Azgiy) —-0.02 0.03 —0.07 -0.04 0.03 -0.31 ferred to asA(T)-Si(2)] has a net bonding character. How-
Azgiz) —-0.31 —-0.04 -043 -0.53 -0.07 -0.32 ever, this bond is much weaker than the€T)-Si(1) bond as
Azgyg —0.20 001 —-035 -0.36 0.03 0.01 the overlap population is significantly small@.14 vs 0.47
BE 3.73 3.53 4.33 4.68 3.46 5.33 for the Al case, 0.37 vs 0.70 for the B cas€heA(T)-Si(2)

bond in theH; topology is close to nonbonding with an
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TABLE Ill. Mulliken charge for the surface atoms, and the Cou-
lomb potential energieR, (in units of eV}, for theT,, H;, andS;
_ geometries.
s
g Si(111)-Al Si(111)-B
5 Ty Hj Ss Ty Hj Ss
E P meenen BSs o) +020 A(T) 0.366 0.415 0.073 —0.183 —0.089 0.064
a ’ ; BT, Si(1) —0.083 —0.093 —-0.091 0.031 0.012 0.064
S I ﬂ i 1010 A(2) —0.091 —0.035 0.206 —0.07 —0.012 —0.375
= . J‘ﬁ, 0.00 Si(3) 0.021 —-0.002 —-0.043 0.034 —0.004 0.099
16 12 3 IR I Ec —050 -058 -021 -0.08 -0.01 —0.69
Energy (eV)

overlap population of 0.65 vs 0.h6However, this effect
would appear to be largely cancelled by the larger overlap

overlap population of almost zero. TR&T)-Si(2) distances between the Al atom _and the first-layer silicon atoms in the
in the T, geometries are slightly smaller than the correspondAl- Ss geometry than in the AT, topology (0.54 vs 0.47.

ing A(T)-Si(1) bondlengths. The prediction of much weaker The o_verall picture suggested by the coyalent bonding, there-
A(T)-Si(2) bonding is thus somewhat surprising. Thefore, is that the A, and Al-Sg topologies may be nearly
MOOP curves for theA(T)-Si(2) bonds shown in Fig. 2, equal in stab|I|'§y. This, _ho_wevgr, is in contrast to the total-
however, show that unlike th&(T)-Si(1) bonds for which €nergy ca_lcula'uons. A similar situation occurs fo.r the B case.
bonding character has been found to be predominant amonig'® bonding between the boron atom and the first-layer sili-
all of the molecular orbitals, there are significant antibondington atoms in both thd, and S; geometries is of similar
contributions to theA(T)-Si(2) bonds. These antibonding Magnitude(0.70 vs 0.69. The strength of the &1)-Si(2)
contributions partly cancel the bonding contributions, and®onds in the BT, geometry(0.58, and the Sif)-Si(1)

result in an overall weakening of t&(T)-Si(2) bonds. The Ponds in the BS; geometry(0.59, are almost the same.
possible origin of this antibonding can be seen by considertiowever, the overlap between the B adatom and the second-

ing just a single molecular orbital. Figure 3 shows thelayer atom in the B, structure(0.37) is obviously larger
HOMO charge distribution for the AF, geometry. The than the corresponding bond in the &-geometry(0.22.
main contributions of the adatom and the second-layer siliThe overall covalent bonding in the B; geometry thus
con atom to this molecular orbital come from thp,3orbit- ~ S€emMS somewhat stronger than that in th&;Bgeometry.
als. We observe that there is no bonding overlap between_In the above discussions, we have not considered the pos-
these two orbitals but rather an antibonding contribution dugible effects of ionic bonding. The interaction of an Al or B
to the sign of the B,, orbital of the Al adatom being every- atom with the silicon surface may result in charge transfer so
where opposite to that of the underlying second layer atomthat & purely covalent description of the bonding may not be
This is in agreement with the MOOP curve in Figap sufficient. In Table Il we have presented data derived from a
where an antibonding contribution to the Al®ibond from  Mulliken charge population analysis of our various clusters.
the HOMO is clearly seen. The general picture is that some charge is transferred from
Table Il reveals that overlap between the first- angthe Al atom to its neighboring silicon atoms, while the boron
second-layer atoms is less for tiig structures than for the &om always acquires some charge. The actual amount of
H, geometries. However, the larger overlap of the adatonfharge transfer, however, differs from geometry to geometry.
and the first-layer silicon atoms, and bonding between thé* rough estimation of the difference in ionic bonding be-
adatom and the second-layer silicon atom directly below jt?Ween theT,, Hs, andSs configurations can be obtained by
more than compensates for this effect in fhig structures calculating the Coulomb potential energies using the Mul-

and results in greater stability of th, topologies than the liken _charge populations. These values are_given in Ta_bIe [l
correspondingH; topologies. Only interactions between the adatom and its close neighbors

The S{1)-Si(2) bonds in the AIT, geometry are stronger have been considered as the charge on more distant atoms

than the SiA)-Si(1) bonds in the AIS- geometry (with are almost the same as the bulk value. The differences in
0)-Si(1) 5 9 y( Coulomb potential energy between the Al-and Al-H; ge-

ometries, and between the Br and B-H 5 topologies, are so
small that we can safely conclude that ionic bonding does
not significantly contribute to the difference in stability be-
tween theT, andH; geometries. The above covalent model
should thus be sufficient to explain the difference in stability
between these two competing geometries.
& —ftj_‘ In the AI-T, geometry the Al adatom transfers charge to
é its four nearest-neighboring silicon atoms. This results in an
attractive Coulomb force between the adatom and its neigh-
FIG. 3. Charge distributions of the HOMO in the Al con-  bors. In the AlSs topology, both the Si adatom and the Al
figuration. atom, which is now at th&; site, transfer some charge to

FIG. 2. MOOP distribution functions of th&(T)-Si(2) bonds.
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other atoms. This produces a substantial electrostatic repuienic model is thus consistent with the total-energy calcula-
sion between the silicon adatom and the subsurface Al atontions in predicting that the B5; geometry will be more
and results in the Coulomb energy for the 8J-cluster be-  stable than the BF, geometry.

ing 0.29 eV higher than for the Al cluster. The ionic In conclusion, we have investigated the bonding charac-
model thus predicts the Al geometry to be more stable teristics of three different bonding configurations of Al and B
than the AlS; topology. In the BS; geometry, the boron  atoms on the cluster modeled Si(1¥3)<v3R30° surface.
atom obtains a significant charge from its five nearestyye have shown that while a model based solely on consid-

neighbor silicon atoms and thus forms five attractive bondsgrations of covalent bonding provides an adequate explana-
Both the B adatom and the underlying second-layer siliconjon for the greater stability of thd, structures over the
atom in the BII'4.topoIogy obtain charge, which results in a correspondingHs geometries, an ionic bonding model is
Coulomb repulsion between them. The boron adatom at thgeegeqd to show the difference in stability betweerthand

T, site does give rise to attractive interactions with its threes5 geometries.

nearest first-layer silicon atoms but these are less significant

than the corresponding forces in theB-geometry because S. Wang would like to thank the Australian Government
the amount of the charge transfer in theSB-geometry is and the University of Newcastle for financial support. We
much larger than in the B, topology. Summing all of the would also like to acknowledge the Supercomputer Facility
contributions, the Coulomb energy of the 8-topology is  of the Australian National University for the provision of
estimated to be 0.61 eV lower than theTB-geometry. This computing time during the course of this work.
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