PHYSICAL REVIEW B VOLUME 56, NUMBER 3 15 JULY 1997-I

The reconstruction of the S{110 surface and its interaction with Si adatoms
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The reconstruction of the @i10 surface and the chemisorption of the Si atom on this surface are investi-
gated using a tight-binding molecular-dynamics scheme incorporating Green’s-function methods. The present
method belongs to a more general class of the embedding methods that have the advantage of allowing an
efficient embedding of a finite subspace in an infinite or semi-infinite substrate. Our results support the
rotational model for surface reconstruction of tihg 1(n=1) type. The reconstruction of the($10 surface
was found to be removed, in general, upon chemisorption with Si adatoms and selectively in the presence of
surface vacancie$S0163-182607)05228-4

The unreconstructed @il0) surface consists of parallel substrateS:'!In the present work we make use of the tight-
zigzag chains, widely separated by deep valleys. Until rebinding molecular-dynamic§sFBMD) scheme, incorporating
cently, the reconstruction of this surface had not been clarireal-space Green’s-function methddsp investigate the re-
fied with any certainty. Earliet? and recent experimental construction of the S{110) surface and its interaction with
works>® suggest various reconstructions fof1i0), that in-  Si adatoms.
clude the X1, 5x1, 7X1, 9x1, 4x5, 5x4, 16xX2, and The Green’s-function approach is ideally suited for the
32X2 phases whose appearance depends, in most cases, tmratment of infinite systems with reduced symmésych as
the temperature and on the Ni contamination of thissurfaces and isolated defect¥he technique consists of re-
surface®=® Studies of Ni contaminated surfadé$ suggest placing the original infinite Hamiltonian by a relatively small
impurity contamination of the surface to play a dominanteffective Hamiltonian, called the subspace Hamiltonian
role in the surface reconstruction. Ni atoms, for instance(SH),}? embedded in a frozen semi-infinite crystal, called the
have been found to induce many of the reconstructions of theubstrate. The atoms belonging to the subspace are allowed
Si(110 surface, although they were not included directlyto move; they are treated using the same TBMD approach as
into the unit cell of these reconstructed surfat€ghe in-  used for the free clustef*The subspace Hamiltonian con-
terpretation of the observed reconstructions has been the sutains the Hamiltonian for the free cluster and an additional
ject of various model descriptions. They include the follow-term describing the interaction of the subspace with the rest
ing: (i) the surface rumpling modél,proposed for the of the semi-infinite crystal. The embedding Hamiltonian is
interpretation of the 182 phase;(ii) the adatom-dimer obtained from the Green’s function of the “unperturbed”
model® proposed for the explanation of most the reconstrucsubstrate. As a result, the SH becomes energy dependent.
tion phases, andiii) the rotational model? suggested for Essentially, the SH method is the tight-binding analogue of
the description of a X1 phase, which, however, has not the embedding method of Inglesfiéftias shown by Baraff
been observed experimentally. According to the rotationaAnd Schiutet® The SH method has been successfully em-
model, the X1 and, as will be shown in the present work, ployed in describing the interactions of semiconductor and
thenx 1 reconstructions with=2, n being an integer, may metal atoms with semiconductor surfatéss well as the
be described by alternate inward-outward displacements afxcited states of embedded atoms in jellitim.
atoms that result in a rotatiof@ccompanied by a small dis- The size of the subspace is determined by the range of the
placement of each chain of thé€110 surface. defect potential rather than the range of defect wave func-

The description of the §110) surface relaxation properly tions as in the supercell case. In the present applications the
is an important first step in the study of its interaction with short-ranged nature of the defect potential allows use of rela-
various adatoms and adclusters. Of particular interest is thiévely small subspaces for obtaining reasonably accurate re-
study of interactions between Si adatoms with the Si sursults. In order to simulate the reconstruction of thél 50
faces, providing a crucial first step in the understanding ofurface, we choose a 28-atom subspace embedded in a semi-
the fundamental growth mechanism of Si on Siinfinite substrate. Twelve of these atoms belong to the sur-
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alternate Si atoms move outward and inward, respectively, in
the direction perpendicular to the surface. The atoms that
move inward reduce the orbital hybridization frosp® to
sp? (more planar. The glide plane symmetry of the unrecon-
structed surface is removed by this type of reconstruction.
The relaxed configuration is similar to the one proposed in
Ref. 7 and 8 and our values fef, Ay, andAz are in very
good agreement with those reported by CHaui.the 2<1
z rotational relaxation, the relaxation of individual zigzag
chains is identical to the X1 relaxation, but each chain is
rotated and translated in the direction opposite its neighbor-
ing chain [Fig. 1b)]. Consequently, valleys between the
chains are broadened and narrowed alternately. The glide
y plane symmetry is preserved, but the translational symmetry
is reduced to 1. The initial Si-Si bond length of 2.35 for
all nearest nejghbors now gives way to bond alternations of
2.35 and 2.40 Aalong the zigzag chain on relaxation for both
types of reconstructions. We find thex2 reconstruction to
be almost isoenergetic with the<1 reconstruction. No sur-
© face dimer formation is obtained for either th& 2 or the
1X1 reconstruction and therefore our results do not support
FIG. 1. The(@ 1x1 and(b) 2x1 reconstructions of the @10  the dimer model proposédo explain the SiL10) structural
surface showing the first three substrate layers. Most of the relaxPhase transitions.
ation is confined to the first two layers. The alternate Si surface The choice of our subspace, however, does not allow us to
atoms move outward and inward, respectively, in the direction perexclude thenX 1 relaxed configurationsn¢&2, n being an
pendicular to the surfacéc) The most stable chemisorption site for intege) as possible relaxational phases of th€l$d) sur-
a Si adatom on thex1 reconstructed surface. As seen in the figure,face, all of them attributable to the rotational mechanism.
the Si atom forms four bonds with the substrate atoms. Some of these configurations require the use of larger sub-
spaces. It is of interest to find out if the presence of an
face layer and twelve belong to the subsurface layer. Thadatom(i.e., a Ni atom or of a vacancy can cause any alter-
remaining four atoms are from the third layer. The subspacation of the rotation of the surface zigzag chain or change its
is constructed in such a way that two surface atoms per zigohase of rotation. We have examined the effects of a vacancy
zag chain are allowed to move along with all their firstin a surface chain and find that when a vacancy is created in
neighbors on the surface and subsurface layers. No symm#ie atoms that move outward, the nearest-neighbor atoms on
try constraint is imposed on the atoms that are free to movehe same chain that had initially moved inward upon relax-
Using a combination of annealing and molecular-dynamicsation now move outwards with ther coordinates reaching
relaxation, we find two isoenergetic configurations for sur-the same value as those of the atoms that had moved out-
face relaxation. Both indicate a rotation of the surface zigzagvard. This can be attributed to the tendency of the vacancy
chains either in phase or in antiphase, thus giving rise to th&o induce a local change in the phase of rotation of the chain.
1x1 and 2<1 reconstructions for the &i10) surface. In our No such effect was found when a vacancy is created in the
calculations we use the universal tight-binding parameters asurface atoms that moved inward on relaxation. These results
Harrison! which give a good band structure for the bulk can be easily understood by observing the charge state of the
diamond phase of Si. The parameters, however, are taken smrface atomgfound by calculating the projected electron
have an exponential distance dependence. The remaining pdensity of stateDOS)], which shows that surface atoms
rameter, describing the pairwise repulsion term, is obtainethat move outward during reconstruction exhibit occuped
by fitting to the experimental lattice spacif®43 A) for the  valence states, while the atoms that move inward exhibit
bulk diamond structur&'* When applied to the $idim- empty p states. These results, which support earlier
mer, these parameters gave a bond length of 2.28 fery  models’® proposed for the reconstruction of Si surfaces, al-
good _agreement with the experimental bond length olow one to expect the vacancy in the outward moving atoms
2.24 A ensuring transferability. Furthermore, the presento induce stronger effects on the surface reconstruction than
model also has been used to obtain low-energy structures foine vacancy in the atoms that move inward. This is because
small Si clusterd® in good agreement withab initio  the former case corresponds to a vacancy in occupied orbit-
19,20 als. Thus, if these orbitals are removed, as a result of the

results.
In the IX1 rotational relaxation, we find that each zigzag creation of the vacancy, the electrons from the neighboring
surface chain is rotated by an angle 6£27.6° about an atoms that were present in the doubly occumestate now
axis in the surface plane along witty and Az translations return to their parent atoms and seek other bonding configu-
of the center of mass of each zigzag chain. Thetransla-  rations.
tion moves the chain 0.35 Along the surface plane and  We have performed exhaustive tests to check for the con-
perpendicular to the axis of rotatidfrig. 1(a)], while the  vergence of our results. In particular, the subspace used is
Az displacement moves it 0.13 Along thez axis (perpen-  one of the largest employed in order to keep the calculations
dicular to the surfadeinto the interior of the crystal. The within the available computational resources. While the
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short-range nature of the interactions gave us confidence in a1
our choice of the number of layers in thalirection, the size
along the surface plane had to be tested further for adequacy
With this in mind, we first tested for the convergence of our
results for the reconstructed geometry by employing sub-
spaces of various surface sizes, keeping the number of
layers the same. Our tests included subspace sizes of 16—25
atoms. The values ap, Ay, and Az were found to change
from 27.2°, 0.38 Aand 0.10 Ato 27.6°, 0.35 Aand 0.13 A
respectively, in going from 16-atom to 28-atom subspace
clusters. In a subsequent test we investigated also the accu
racy of our results by checking the projected electron DOS
before and after the relaxation. It was found that for the
central surface atoms of our 28-atom subspace cluster, the g 2 Two-dimensional projection of the surface layer of the
molecular-dynamics relaxation removed, as expettall, 11 reconstructed §110 surface with various positions of a
the electronic gap states associated with the Si danglingingle Si adatom sites. The open circles denote substrate atoms that
bonds for the unreconstructed(510) surface. This test is & moved inward upon relaxation, while the solid circles denote atoms
significant check of our method, ensuring that the presenthat moved outward on relaxation. The vertical bars denote relative
scheme provides a realistic model to study the surfaceenergies for these sites. Sites labeled(x=1,5) denote bonding
adatom bonding interactions. positions in which Si adatoms bond only to a single surface zigzag
Having described the bare($1L0) surface to a good ap- chain. Sites labeledxo(x=1,3) correspond to adatom bonding po-
proximation, we next proceed with the problem of the inter-sitions where Si forms bonds to substrate atoms belonging to two
action of Si adatoms with this surface. We have investigatedeighboring zigzag chains. The most stable posifgown in Fig.
several chemisorption sites for an isolated Si atom by placind(c)] for the adatom is site b1.
it initially at a distance of about 2.5 Above the surface

plane, in various positions of both Fhe<1 and X1 recon- position, the adatom loses 0.31 electrons to the substrate with
§tructe_d S110 sunfaces o determme the most stable CONyhich it makes four bonds. Three of the bonds are developed
figuration for chemisorption. Starting from any of these ini- ith three consecutive substrate atoms belonging to the same
tial positions, the external Si atom always finds anzig;aq chain. Two of these bondsf lengths 2.45 and 2.48
equilibrium site close to it, this position being a local energy) are formed with the chain atoms that moved inward upon
minimum for the system. The relative energies and positionsg|axation, while the third bontbf length 2.72 A is formed

of the equilibrium bonding configurations of the Si adatomwith the chain atom that moyed outward upon relaxation.
on the Ix1 reconstructed §110) surface are shown in Fig. The fourth bondof length 2.55 A is formed with a substrate

2. All equilibrium sites are above the outer atomic plane ofatom that moves outward on reconstruction but belonging to
the substrate. Similarly, several equilibrium bonding con-a neighboring chaifisee Fig. 1c)]. Thus we find the same
figurations were also obtained for Si adatoms on thel2 bonding tendency for the adatom when forming bonds with
reconstructed surface, which also included an interstitial sitelistant substrate atoms as was also found in the case of the
with the adatom bonding to six substrate atoms. It is wortrchemisorption of a Si adatom on the(BI0) surface’

noting that for the bonding sites studied, the Si adatom al- In summary, we have presented an exhaustive investiga-
ways changes the reconstruction as it bonds to the substraféon of the surface reconstruction of the(Bi0) surface and
Both the coordination number of the adatom and the removdfS interaction with Si atoms using a TBMD scheme. Our
of surface reconstruction due to its presence were found tEeSults support the rotational model for the surface recon-
correlate with the charge state of the adatom. The net charq:éruc'“on and rule out the dimer model for its description.
of the Si adatom is found to depend on the bonding posiYPOn chemlsorptlon of Si adatoms, the rgconstructlon of the
tions, ranging from+0.30 electrongat the most stable bond- Si(110 surfac_e is removed. Our calcula_tlonal results are in
ing site to —1.04 electrongat the less stable sitesThus the agree_ment with results of other theoretical works and with
type of bonding between the adatom and the surface ma§XPeriment.

change from covalent to ionic as the adatom moves on the The present work was supported by the European Com-
surface. The Si adatom bonds above the reconstructed sununity Grant No. ECUS-007-9825, by NSF Grant No. OSR
face at heights that vary from 0.6 to 2.0 At its most stable  94-52895, and by the University of Kentucky Center for
position[bl on 1x1 Si(110)], the Si adatom bonds about 1.0 Computational Sciences.
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