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A new adatom structure with significantly less angular strain than the simple adatom geometry is
proposed. The model involves a rebonding of z% of surface atoms to the substrate in a manner
similar to that occurring in the 7-bonded-chain structure for the Si(111) 2XX 1 surface. The interfer-
ence between adatom and substrate reconstructions forces the smallest threefold-symmetric unit
cells to be 5X 5 and 7X 7 in size. The proposed reconstructed-adatom model gives rise to structural
features in good agreement with experiment. In particular, the inhomogeneous corrugation of the
two halves of the 7X7 unit cell seen in vacuum-tunneling microscopy and the apparent need for
stacking fault sequences in ion-channeling experiments are accounted for. The results of surface en-
ergy and structure calculations on 2X2, 3X3, 5X5, and 7x 7 adatom models are presented.

I. INTRODUCTION

The first real-space imaging of the 7 X7 reconstructed
Si(111) surface by Binnig et al.! has generated new in-
terest in the precise nature of the atomic bonding at this
surface. Vacuum-tunneling microscopy' reveals 12 maxi-
ma in the unit cell and deep holes at the corners and sides
of the unit cell with a corrugation as large as 2.8 A. Ex-
cept for a corner site, the lateral positions of the maxima
coincide with the adatoms of Harrison’s model® and the
vacancies of the Lander model.> Binnig et al.! suggested
that the deep and inhomogeneous corrugations of the sur-
face should be explainable by a simple relaxation or modi-
fication of the Harrison adatom model. The nature of the
modifications to be made has remained unclear, however,
because tunneling microscopy does not provide direct in-
formation on the surface bonding geometry even though it
yields valuable information on the surface corrugation.

Despite the fact that the adatom model gives the best
agreement of any simple structure with the vacuum-
tunneling results, it has not received universal acceptance
as the correct structure for the 7X 7 surface. This is pri-
marily because it is presently unclear whether this model
is consistent with other experimental data or with theoret-
ical considerations. For example, complementary infor-
mation on the surface atomic structure from a recent
analysis* of Rutherford backscattering experiments>® in-
dicates that the --:- ABCABC --- stacking sequence,
characteristic of face-centered-cubic crystals, may be bro-
ken at the surface. Additional evidence for stacking
faults or surface dislocations has been deduced from low-
energy-electron diffraction (LEED) data,* and from
transmission electron microscopy.” Several models®—!°
- which incorporate stacking fault sequences in the unit cell
and have structural features consistent with the observa-
tions of Binnig' et al.! have been proposed recently and
will be examined in this paper.

The acceptance of the adatom model for the 7X7 sur-
face appears difficult also from theoretical considerations.
The surface energy of the thermodynamically stable 7X7

30

surface should be lower than that of the metastable
cleaved 2Xx1 surface. In particular, the 7X7 surface
should have a lower surface energy than the 7-bonded-
chain structure.!"'? In going from a chain to an adatom
structure, the favorable energy lowering from 7 bonding
is presumably lost and, in addition, a significantly larger
lattice strain is introduced. The recent calculations of
Northrup and Cohen!? for a 2 X2 adatom model indicate,
however, that the lowering of the dangling-bond density
by a factor of 2 is sufficient to compensate for most of
this energy loss. The 2X2 adatom model is found to be
0.19 eV (per 1X1 unit area) higher in energy than the 7-
bonded structure. This energy, although comparable in
size to the magnitude of typical surface reconstruction en-
ergies, is sufficiently small that it makes further investiga-
tions of the adatom model necessary.!®

In addition to constraints from vacuum-tunneling mi-
croscopy,’ ion-channeling,* and surface-energy considera-
tions the model for the annealed (111) surfaces of Si and
Ge has to account for a large body of other experimental
data. These include nucleation of the 7X7 structure at
steps;'* the appearance of stable 5X 5 and 7X 7 periodici-
ties!® for Sn on Ge(111) and!® for Ge on Si(111) surfaces;
the similarities and differences in the photoemission!’~!°
and optical-absorption?>2! spectra of 2X 1 and 7X 7 sur-
faces; evidence for unique surface and subsurface hydro-
gen chemisorption sites on the 7X7 surface;?? the possi-
bility of magnetic ordering at low temperatures;”® and a
unique physisorption site geometry?* for Xe and Kr.

In this paper the structural and energetic aspects of the
7X7 and 5X5 reconstructions are examined via total-
energy calculations on a variety of models and on unit
cells ranging from 2X2 to 7X7 in size. Large unit cells
were used to eliminate uncertainties regarding the influ-
ence of unit-cell dimensions on the magnitude of the re-
laxation energy for any particular model, and because for
the adatom geometry proposed in this paper, the
minimum unit cell size is 5X 5.

The paper is organized as follows. The results of
energy-minimization calculations for the conventional
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type of adatom model are discussed in Sec. II. For the
particular case of a 2XX2 rectangular lattice, the results
are compared with those from ab initio self-consistent
pseudopotential calculations of Northrup and Cohen.!
The surface energy for this structure is taken as a refer-
ence for comparing the differences between various struc-
tures discussed in this and subsequent sections.

The possibility of substrate reconstruction involving a
rebonding of atoms (as opposed to simple atomic relaxa-
tion) is discussed in Sec. III. The motivation for this is
the reduction of the large angular strains present in the
conventional adatom model. The smallest structure for
which this is possible is a rectangular 2X2 lattice. For
this lattice, the results are found to be only marginally
better than the old rectangular adatom model. Surprising-
ly, as shown in this section, it is found that as a result of
the interference between the adatom and substrate recon-
structions, hexagonal 2 X2, 4 X4, and 6X 6 periodic struc-
tures are not possible for the new geometry. If the struc-
ture is required to have threefold symmetry, then the
smallest hexagonal n Xn unit cells are 5X5 and 7X7. A
3% 3 structure lacking the threefold symmetry is calculat-
ed to have a much higher surface energy than the conven-
tional adatom model. The reduced surface energy of
larger unit cells is not primarily a result of the rotational
symmetry but arises from a removal of constraints in-
herent in smaller lattices.

The results of calculations on the new 5X5 adatom
geometry and a discussion of experimental results on the
5X 5 and 7X 7 structures are presented in Sec. IV where it
is shown that the model gives the following.

(i) A surface corrugation consistent with that observed
in vacuum-tunneling experiments.! It provides an ex-
planation for the inhomogeneous corrugation of the sur-
face by having different relaxations and reconstructions
on the two halves of the unit cell.

(ii) Structural elements resembling those arising from
stacking faults at the surface.* These come about directly
as a consequence of the rebonding occurring in the sub-
strate layer and are in good agreement with structural
features deduced from ion channeling.

(iii) A lowering of the surface energy making the new
structure energetically competitive with the w-bonded-
chain model'!"'? for the 2 X 1 surface.

(iv) An explanation for the striking similarity in polari-
zation and angular dependence of normal photoemission
spectra for the surface states at ~0.8 eV below the Fermi
energy Er in both the 2X 1 and 7 X7 surfaces.'”!® Mea-
sured relative to the valence-band maximum? instead of
Ep, this state is ~0.3 eV more bound in the 2X 1 surface
than in the 7X7 surface. The new adatom model pro-
vides a simple explanation for this energy difference.

(v) Specific surface sites where hydrogen chemisorption
is most likely to occur. It is proposed that hydrogen
chemisorption at these sites leads to a large decrease of
the surface energy.

(vi) A greatly enhanced interaction among distant dan-
gling bonds as compared to the simple adatom model.
This suggests that a magnetic ordering of spins should
make a small but non-negligible contribution to the stabil-
ity of 55 and 7X 7 structures.

The results of calculations for Himpsel’s trimer model®
are discussed in Sec. V. The tight-binding-based method
of calculation® is reviewed briefly in Sec. VL.

II. SIMPLE ADATOM MODELS

A. Angular strains

Two adatom models with rectangular and hexagonal
22 unit cells are shown in Fig. 1. In the “ideal” config-
uration where all bond lengths are equal to those in the
bulk, the adatom is one interlayer spacing (~0.78 A in Si)
above the substrate. The large angular strains in this sim-
ple adatom configuration can be appreciated by consider-
ing the distributions of angles 0 at the fourfold-
coordinated surface atoms capped by the adatom. At
each one of these second-layer atoms, there are three an-
gles with the values of

6,=180° and 6,=60;=70.53° (1)

which deviate sharply from the ideal tetrahedral angle of
109.47°.

The adatom models shown in Fig. 1 are for the situa-
tion where the adatom is on a “hollow” site. If the ad-
atom is placed on a site above a second-layer atom, then
larger angular strains in addition to large bond-length

(a)

© Adatom
O Surface atom

@ Second-layer atom

FIG. 1. Top views of simple adatom models with rectangular
and hexagonal 2 X 2 periodicities are shown in (a) and (b). In the
unrelaxed geometry, the adatom falls on the intersection of the
three straight lines joining surface atoms to second-layer atoms.
The resulting 180° angles go to 160°—165° after relaxation.
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strains develop. The surface energy of the top-site
geometry is sufficiently higher than the hollow-site con-
figuration'® that it will not be considered in this paper.
The top-site geometry is also 1ncons1stent with the results
of vacuum-tunneling microscopy.!

It may be argued that relaxation of surface atoms will
result in a large decrease of the angular strain energy.
However, the present calculations for lattices from 2X2
to 77 in size show that the angles in Eq. (1) relax at best
to values of 160° and 81°, respectively. The angular relax-
ation is achieved at the cost of increasing the adatom-
substrate bond length by ~4.5% over the bulk bond
length. For a 2 X2 hexagonal lattice, the reduction in to-
tal energy resulting from relaxation is about 1.4 eV per
adatom.

Considerations based on the angular strain energy of
the adatom model suggest that this energy can be de-
creased appreciably if the equilibrium adatom-substrate
bond length is larger than the underlying bulk bond
length. A larger bond length prevents the adatom from
falling on a straight line with surface and second-layer
atoms, thus decreasing 6; from 180°. For the Ge(111)-Sn
and Si(111)-Ge systems where the Ge-Sn and Si-Ge bond
lengths are both larger than substrate bond lengths, other
possibilities for the optimization of the angular distribu-
tions exist if an intermixing of the different atomic
species takes place. The Ge(111)-Sn adatom model is dis-
cussed below in Sec. C. The role of misfit strain energies
in the reconstruction of annealed surfaces has been dis-
cussed by Phillips.26

B. Surface energy of the rectangular 2 X2 adatom
model from tight-binding and pseudopotential calculations

Northrup and Cohen!® have recently calculated the
total-energy and atomic structure of a rectangular 22
adatom model [see Fig. 1(a)] using the self-consistent
pseudopotential method. They find that the relaxed ad-
atom geometry has a surface energy lower by 0.17 eV/
(1% 1 unit cell) relative to the unrelaxed ideal 1X1 sur-
face and higher by 0.19 eV/(1X1 unit cell) as compared
to Pandey’s m-bonded-chain geometry.!"'> The removal
of the lateral strains and frustrations inherent in the rec-
tangular 2 X 2 lattice, which can be achieved, for example,
by going to a hexagonal lattice, was proposed to lead to an
even more stable adatom geometry. The present calcula-
tions, as described in more detail below, confirm this pic-
ture and show that a reduction of 0.05 eV/(1X1 unit cell)
occurs in going from the rectangular to the hexagonal
adatom geometry.

The atomic and electronic structure of the adatom
geometry obtained from the two calculations are in gen-
erally very good agreement. However, the tight-binding
calculations presented here for various adatom geometries
predict the relative surface-energy differences between
various adatom geometries more accurately than the
differences between dissimilar geometries such as the ideal
surface and the adatom geometry. This is because the
limited sp? basis set used in the calculations is too small
to adequately account for the large angular strains present
in adatom models. Compared to pseudopotential calcula-
tions,,13 the energy of the optimized rectangular adatom
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model is calculated to be 0.03 eV/(1X1 cell) higher than
that of the unrelaxed ideal surface instead of 0.17
eV/(1 X1 cell) lower. Despite this problem of the tight-
binding method in underestimating the binding energy of
an adatom, it is expected to be more useful and accurate
in comparing the relative energy differences between simi-
lar types of adatom structures considered in this paper.
Defining y as

vy =surface energy (in eV/1X 1 unit cell) (2)

and taking the rectangular 2X 2 lattice as reference, in the
following sections the changes Ay in surface energy rela-
tive to the value for this lattice are given. On the basis of
Northrup and Cohen’s calculations,'® a decrease in ¥ of
greater than 0.19 eV/(1X1 cell) should make the adatom
geometry more favorable than the 7-bonded-chain model.

C. Results of calculations on Si(111) adatom models

1. Rectangular 2 X2 cell

The adatom and three substrate layers were allowed to
relax. The optimum atomic geometry was calculated
from a minimization of Hellmann-Feynman forces. % In
the unrelaxed geometry the adatom is approximately 0.78
A above the surface layer. After relaxation, the adatom
moves away from the surface by an extra 0.39 A. This is
in good agreement with the 0.33 A calculated by North-
rup and Cohen.'®> The present tight-binding calculations
give a bond-length stretching of 4.9% at the surface as
compared to 3.4% obtained previously.”> Some angular
distributions, with the pseudopotential values given in
parentheses, are

0=94.7°, 94.7°, 97.5° (98°) (3)
about the adatom, and
6=163°, 165°, 81°, 78° (165°, 169, 79°, 79°) 4)

around the surface atoms capped by the adatom. Much
smaller maximal angular deviations of +12° and —5°
from the ideal tetrahedral value occur about atoms on the
second and third layers at the surface, respectively. The
rectangular lattices lead to lateral strains and frustrations
which are expected to be less severe in the hexagonal 2 X2
cell discussed below.

2. Hexagonal 2X2 cell

The use of a hexagonal instead of a rectangular cell is
calculated to lead to an energy lowering of 0.2 eV/adatom
or equivalently to a change in surface energy of

Ay=—0.05 eV/(1X1 unit cell) . (5)

This can be attributed to a slight decrease of the angular
and bond-length strains on this surface. The adatom-
surface bond length is stretched by ~4.4% (as compared
to ~4.9% before) and the angular distributions are

6=95° (6)

about the adatom, and
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6=160.4°, 81.4° ‘ )

around the surface atoms capped by the adatom. Smaller
deviations of +10° and —4° from the ideal tetrahedral
value are also found in the second and third layers below
the surface.

The 0.05-eV drop per 1X1 unit cell in the energy of the
22 hexagonal cell relative to the rectangular geometry
brings the energy of this structure to within 0.14 eV/atom
of the m-bonded-chain structure. The question, therefore,
arises as to whether the use of larger unit cells will lead to
a further reduction of this energy.

3. Ge(111)-Sn: 2X2 adatom model

The addition of a fraction of a monolayer of Sn to the
Ge(111) surface is known?’ to result in a metastable 2 X2
structure before the formation of stable 5X5 and 7X7
patterns.'>?’ The larger covalent radius of Sn compared
to Ge reduces the angular strains. For the optimum hex-
agonal 2 X2 geometry, the Sn adatoms are calculated to be
1.6 A above the Ge surface. The optimization of struc-
ture leads to a Sn—Ge bond length of 2.73 A which is 4%
larger than the sum of the respective covalent radii. The
angular distributions are

6=288.6° (8)
on the adatoms, and
0=157.3°, 83.2° 9)

on the substrate atoms capped by Sn. As shown in Sec.
IV, a reconstruction of the subsurface leads to a lowering
of the energy and results in a larger unit cell. This is con-
sistent with the observed’’ metastability of the 2X2
reconstructed Ge(111)-Sn structure.

4. 5X5 and 7X 7 adatom models

Simple adatom models with 5X5 and 7X7 unit cells,
with, respectively, 6 and 12 adatoms per cell, were exam-
ined to test whether the greater degrees of freedom for
atomic relaxation would lead to a lower surface energy.
No restrictions on the atomic displacements were im-
posed. Each surface atom was moved in the direction of
the Hellmann-Feynman forces®® acting on it by an
amount proportional to the force. New forces were then
calculated and the process was repeated. The most exten-
sive tests were made on 5X5 lattices. The adatoms as
well as the first three atomic layers at the surface (i.e., a
total of 81 atoms per cell) were allowed to relax. After
many iterations, the surface energy of the 5X5 adatom
structure was calculated to be ~0.04 eV/atom lower than
that of the hexagonal 2X2 structure. About 10 iterations
were also made for the 7X7 structure. Because of the
large size of the unit*cell, only the 12 adatoms and the
first surface layer were allowed to relax. From the magni-
tude of the Hellmann-Feynman forces acting on the
atoms, it can be estimated that the structure and surface
energy of the 7X7 lattice will be nearly the same as that
of the 55 lattice. It appears that an increase in unit-cell
size will not result in a sufficiently large decrease in the
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surface energy of the adatom model to explain the oc-
currence of such superstructures on annealed surfaces.
For the simple adatom model, a 4X4 unit cell should be
nearly as likely to occur as a 5X 5, 6X6, or a 7X7 cell.

III. NEW ADATOM MODEL

A. Rectangular 22 cell

The simple adatom model leads to three highly strained
180° angles per adatom in the ideal structure where all
bond lengths are equal to the bulk value. As shown in
Sec. II, atomic relaxations lead to somewhat reduced an-
gular strains and to values of around 160° for:these angles.
A reconstruction mechanism that leads to a further reduc-
tion in the strain energy resulting in angles of ~135° is
demonstrated in Fig. 2 for the case of a rectangular 2X2
lattice. The reconstruction involves a rebonding of the
“rest” atom (i.e., the surface atom not capped by the ad-
atom) to the substrate in a manner similar to that occur-
ring for the m-bonded-chain model.'>!?> The reconstruc-
tion results in a reversal of the coordinations of the rest
atom and a second-layer atom: The rest atoms become
fourfold coordinated by becoming, in essence, a second-
layer atom bonded to a third-layer atom, and the second-
layer atom becomes like a threefold-coordinated first-layer
atom. The top views of the ideal and reconstructed sur-
face are depicted schematically in Figs. 2(a) and 2(b); the
corresponding side views are shown in Figs. 2(c) and 2(d).
It can be seen that the reconstruction improves the values
of two out of three ~180° angles at the surface. There
does not appear to be any simple way of reducing all the
strains via reconstruction. The reconstruction shown in
Fig. 2(b) improves the bonding of the adatom to the sub-
strate by forcing two of the dangling bonds to become
better aligned with the adatom. An optimization of the
structure also shows reduced bond-length strains. The
adatom substrate bond length is calculated to be ~3.5%
longer than the bulk value (instead of ~4.9% before the
reconstruction). The model has mirror reflection symme-
try through a plane passing through the adatom.

The constraints on atomic relaxations inherent in a rec-
tangular 2 X 2 rectangular lattice are found to limit the en-
ergy reduction from rebonding to ~0.06 eV/adatom. The
energy of the new structure is, therefore, still ~0.14
eV/adatom higher than that of the simple hexagonal 2X2
adatom structure discussed in Sec. II. One reason for the
relatively high energy of the new structure is that the
release of the strains at the surface creates additional
stress at subsurface layers. The 22 lattice does not al-
low a satisfactory relaxation of these layers that will lead
to a significant reduction of the surface energy. The new
adatom geometry leads to an enhanced interaction be-
tween the dangling bonds on adatoms and rest atoms. For
the particular case of the rectangular 2 X2 geometry, this
does not lead to a lowering of the electronic energy be-
cause the term involving this interaction has a zero sum
over the two-dimensional Brillouin zone. The predicted
higher surface energy of rectangular versus relaxed or
reconstructed hexagonal 22 cells is consistent with the
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(a)

(b)

© Adatom
| QO Surface atom

@ Second-layer atom
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FIG. 2. Arrows in (a) show the top view of the directions of surface atomic displacements leading to a reconstruction of the simple
22 rectangular adatom model. The resulting structure is shown in (b). The rebonding is similar to that occurring in the 7-bonded-

2

chain reconstruction of the Si(111) 21 surface. It transforms § of the ~165° angles to ~135°. The corresponding side views of the

ideal and reconstructed surfaces are shown in (c) and (d).

experimental observation?’ of only the latter periodicity
for the Ge(111)-Sn 2 X 2 system. ’

B. Hexagonal 2X2, 4X4, and 6X6 cells

The new reconstructed type of adatom model, surpris-
ingly, rules out hexagonal 2XX2, 4X4, or even 6X6 unit
cells. This results from the requirement that the adatom
should always be kept threefold coordinated. As shown in
Fig. 3 for the hexagonal 2X2 case, this condition is in-
compatible with the periodicity of the unit cell. The re-
bonding of the rest atom (i.e., atom 3 in Fig. 3) to the sub-
strate does not lead to relaxation of any of the ~180° an-
gles created by the adatom. To reduce these angles, it is
necessary to rebond a type-1 atom to the substrate. This,
however, would result in the adatom becoming twofold
coordinated, raising the surface energy considerably. It is
simply not possible to keep the adatom threefold coordi-
nated and, simultaneously, relax the angular strains in a
hexagonal 2 X 2 lattice. Exactly the same type of problem

persists for the larger 4X4, 6X6, and possibly other

2n X2n hexagonal cells. This aspect of the new adatom
model is in sharp contrast to the conventional ad-

atom geometry where 2n X 2n periodicities can be easily
achieved.

C. Hexagonal 3 X 3 lattice

The smallest hexagonal nXn lattice for the recon-
structed adatom model is 3X 3 in size, as shown in Fig. 4.
The directions of surface atomic displacements leading to
the reconstruction of the substrate are indicated by arrows
in Fig. 4(a) and the resulting structure is shown in Fig.
4(b). The optimized structure is calculated to have a sur-
face energy 0.5 €V/(3X 3 unit cell) higher than for the re-
laxed but unreconstructed adatom geometry. One reason
for this is the extremely large bond-length strains (~6.4%
and 5.7%) at the surface resulting from reconstruction.
These are the largest strains for any of the adatom models
examined. Another reason for the hi%h surface energy is
that reconstruction transforms only § of the 160°—180°
angles to ~135° as opposed to 2 of such angles in the rec-
tangular 22 case. In addition, the reconstructed 33
adatom model cannot be made to have the threefold sym-
metry of the underlying substrate.
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FIG. 3. This top-view figure illustrates that a rebonding of
atoms, of the type shown in Fig. 2 for the rectangular 2 X2 cell,
is not possible for the hexagonal 2X2 cell. In order to get a
reduction in the angular strain energy, it would be necessary to
move atom 1 in the direction shown and make it a second-layer
atom while making atom 2 a first-layer atom. This would result
in the adatom becoming twofold coordinated, leading to an in-
crease in the surface energy. It can be seen that the rebonding
of “rest” atom 3 does not lead to any lowering of the strain en-

ergy.

IV. 5X5 AND 7X7 RECONSTRUCTED (111) SURFACES

A. Reconstructed adatom model

The smallest unit cells for which the reconstruction of
the adatom model can be made to have threefold rotation-
al symmetry are 5X5 and 7X7 in size. The presence of
this symmetry is accompanied by the removal of frustra-
tions encountered in smaller unit cells. The directions of
motion of surface-layer atoms (i.e., rest atoms) which
bond to the substrate to form the modified adatom model
are shown by arrows in Figs. 5(a) and 6(a). The fraction
of surface atoms participating in the reconstruction of the
adatom model is nearly 3 in both the 5X5 and 7X7
structures. The rebonding of each atom transforms two
160°—180° angles into ~134° angles. The lateral positions
of the adatoms on the left triangular region of the 5X5
structure are calculated to be modified by ~0.05 A rela-
tive to their ideal values as a result of this rebonding. No
such change occurs on the right triangular section.

The requirement that every adatom should be close to a
boundary of the unit cell (such that a reconstruction of
the underlying surface similar to those for the 5X5 and
7X7 surfaces can occur) rules out adatom models with

marginally larger (e.g., 9X9) unit cells. For the 5X5 and’

7X7 structures, the short diagonal of the unit cell is
equivalent to a boundary line of the cell as a result of
threefold rotational symmetry. All the adatoms within
these structures are, therefore, adjacent to a boundary.
For larger cells, a number of adatoms would be forced to
the interior of the unit cell and away from the boundaries.
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FIG. 4. Top views of the Si(111) 33 surface are shown.
The reconstructed 3 X 3 adatom model has a mirror plane going
through the long diagonal but it lacks threefold rotational sym-
metry. The directions of atomic motions leading to a recon-
struction of the substrate is shown in (a) and the resulting struc-
ture is shown in (b). Only one ~165° angle is transformed to a
~135° angle for each rebonding, as opposed to twice as many in
5% 5 and 7X 7 lattices. The atomic designations are the same as
in Figs. 1-3.

This would raise the surface energy since comparable
reconstruction of the substrate could not occur for these
atoms.

The release of strain energy associated with the recon-
struction of the substrate is calculated to be large locally.
Each rebonding is calculated to release ~0.7 eV in energy.
This value is obtained by comparing the total energy for
the optimized conventional 5X 5 adatom model with that
obtained for the new 5X 5 structure. The latter has a sur-
face energy which is lower than the reference rectangular
2 X 2 lattice (see Sec. II) by

Ay~—0.14 eV /(1 X1 unit cell) . (10)

The simple reconstruction of just the left half of the 55
lattice goes a long way towards the ~—0.19 eV/atom
needed to make the adatom model competitive with the
chain model for the 2X 1 cleaved surface. Because of the
depth of the reconstruction, it is not presently feasible to
do any meaningful calculations on the new 7 X7 structure.
It is assumed here that the results of the calculations on
the 5X5 surface are applicable for the most part to the
7% 7 surface.
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FIG. 5. A top view of the ideal 5X 5 adatom model is shown
in (a). The directions of atomic motions leading to a reconstruc-
tion of the substrate are indicated by arrows. The resulting
reconstructed structure is shown in (b), and the point of large
stress in the right triangular region is indicated by an arrow.
The atomic designations are the same as in Figs. 1—3.

The 5% 5 and 7X7 structures shown in Figs. 5(b) and
6(b) have a reconstructed adatom geometry on the left
half of the cell and a conventional type of adatom struc-
ture on the right half. The presence of an adatom at the
corner of the unit cell is energetically unfavorable since it
leads to a locally V3X V3 structure. Adatom structures
with this periodicity have a higher surface energy than
those with a 22 lattice. From Figs. 5(b) and 6(b) it can
be seen that-the relation of equivalent sets of adatoms in
the 5X5 and 7X7 lattices [e.g., the adatoms in the left
half of the unit cells in Figs. 5(b) and 6(b)] with respect to
the centers of their respective triangular regions is re-
versed in the two structures.

Several possibilities for the reconstruction of the right

triangular section of the unit cell, as well as for the

corner, were considered. Three of the reconstructions for
the corner are shown in Fig. 7. The last two reconstruc-
tions preserve the threefold symmetry of the unit cell,
whereas the first one breaks this symmetry. For the 5X5
lattice, none of these reconstructions is found to lower the
energy; in fact, they all result in an increase of the total
energy. Other types of atomic rearrangements at the
corner cannot be ruled out. A comparison of the calculat-
ed structural and electronic properties of the 5X5 struc-
ture with the available experimental data is given in the
following sections.
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FIG. 6. Ideal and reconstructed adatom models for the 7X7
surface are shown in (a) and (b), respectively. The arrows in (a)
give the directions of atomic displacements leading to the re-
bonding. The points of high stress in the left and right triangu-
lar regions are indicated by arrows in (b). As discussed in the
text, hydrogen chemisorption at these sites would enhance the
stability of the structure. The atomic designations are the same
as in Figs. 1-3.

B. Vacuum-tunneling microscopy

The presence of two different adatom structures on
each triangular half of the cell is consistent with results
from vacuum-tunneling measurements?® on the Si(111)-
7% 7 surface. The present calculations on a 5X 5 surface
show that the adatoms on the two halves of the unit cell
differ in their heights relative to a reference (111) plane by
Az~0.19+0.03 A, with the adatoms on the left half being
higher. This is reversed for the conventional adatom
model, where the difference is calg:ulated to be —0.03 A
for the 55 surface and —0.02 A for the 7X7 surface.
Recent_tunneling measurements®® indicate a difference of
~0.3 A. The sign of the difference is in agreement with
that calculated for the new adatom geometry. The atomic
rebonding occurring along the boundaries of the unit cell
leads to depressions along the edges and the short diago-
nal of the unit cell which are consistent with those ob-
served in tunneling microscopy.

The maximum difference between the height of an ad-
atom to a second-layer atom at the corner is calculated to
be ~1.9+0.3 A. The experimental' value of the corruga-
tion is ~2.8+0.3 A. The rest atoms at the corner would
have to relax more deeply towards the bulk for the mea-
sured corrugation to be this large. For the particular case
of the rectangular 2X2 lattice, the tight-binding method
(as compared to the pseudopotential method'®) may un-
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FIG. 7. Three possible modes of atomic displacements at the corner of a 5X5 or a 7X 7 unit cell are shown in (a), (b), and (c). The
corresponding structures resulting from reconstruction are shown in (d), (e), and (f), respectively. Structures (b) and (c) preserve the
threefold symmetry of the unit cell whereas (a) breaks this symmetry but maintains mirror reflection symmetry. All three types of
reconstruction are found to result in an increase in energy. The atomic designations are the same as in Figs. 1—3.

derestimate this inward relaxation. Applying the results
of the calculations for the 5X 5 lattice to the 7 X7 struc-
ture, the height difference between adatoms on the left
(right) and the central atom of the left (right) triangular
region is 1.55£0.2 A (0.94+0.2 A) as compared to the
values of 1.2+0.3 A (0.7£0.2 A) from vacuum tunnel-
ing.! With the possible exception of the corner where fur-
ther atomic relaxations may occur, the modified adatom
provides a satisfactory overall description of the experi-
mental results on the 7 X7 surface corrugation.

C. Rutherford backscattering

The proposed 5X5 and 7X 7 structures have structural
features, arising from reconstruction, resembling those
from stacking faults at the surface. On the ideal (111)
surface, the projection of the three bonds made by a sur-
face atom with its three nearest-neighbor second-layer
atoms onto a (111) plane forms either a Y pattern or an
“inverted” Y pattern which is rotated by 180° from it. If
stacking fault sequences occur at the surface,* then both
patterns are simultaneously present. The modified ad-
atom model demonstrates that such a feature can also
arise as a result of reconstruction even in the absence of
stacking faults. The rebonding of a surface atom to the
substrate causes a reversal of the Y pattern next to it. An
examination of the calculated atomic structure and lattice
spacings of the modified adatom model shows it to be in
good agreement with the structural features deduced by
Bennett et al.* from recent Rutherford backscattering ex-

periments.>® The new adatom model is expected to be
consistent with the results of impact-collision ion spec-
troscopy of Aono et al.?’ which give evidence for an ad-
atom geometry but, at the same time, rule out the conven-
tional, unreconstructed adatom model.

D. Magnetic ordering

The reconstruction of the simple adatom model greatly
enhances the interactions between neighboring dangling
bonds by bringing them much closer together. The in-
teraction between the dangling bonds on the 5X5 surface
is estimated to make a small [~0.05 eV/(1X 1 unit cell)]
but non-negligible contribution to the lowering of the total
energy. This is in contrast to the situation for the 21
m-bonded chain structure where second-nearest-neighbor
interactions make no contribution to the stabilization of
the structure because the phase constraint on the wave
function resulting from the Bloch condition leads to a
cos(ka) term in the electronic energy with a zero integral
over the Brillouin zone. For the proposed 5X5 and 7X7
structures spin-polarization effects similar to those con-
sidered previously**—32 for smaller lattices are also expect-
ed to make a further (=0.04 eV/interacting dangling
bond) contribution to the stability of the structure. Possi-
ble evidence for a magnetic ordering on the 7 X7 surface
resulting in a very small gap in the electronic excitation
spectrum has been obtained recently from low-
temperature measurements.?>
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E. Photoemission

Strong indirect evidence for the adatom reconstruction

proposed in this paper is provided by normal photoemis- -

sion spectra!’~! on Si(111) 2X 1 and 7X 7 reconstructed
surfaces. These measurements show a surface state at 0.8
eV below the Fermi energy Ep on both surfaces with
nearly identical polarization and angular dependence of
photoemission intensity at normal emission.'”!*" Mea-
sured relative to the bulk valence-band maximum instead
of Ep, the two states lie at —0.7 eV and —0.4 eV for the
2% 1 and 7X 7 surfaces, respectively.!® The present calcu-
lations of the electronic structure for the 5X35 structure
shown in Fig. 5(b) and for the 2X1 reconstructed -
bonded-chain model'!? predict a binding-energy differ-
ence of 0.24 ¢V and show the common origin of the two
states. The sharply localized and multiply degenerate
state at —0.4 eV for the 5X 5 surface is calculated to arise
primarily from the dangling bonds of the threefold-
coordinated surface atoms that were initially second-layer
atoms before the (2X2)-like reconstruction. The lower
binding energy of this state relative to the one on the 2 X1
surface is a consequence of the absence of nearest-
neighbor 7 bonding on the 7X7 surface. The reduced
emission intensity for the 7 X7 surface is consistent with
the smaller density of these type of atoms on this surface.
The similarity between the 2X 1 and 7X 7 surfaces is ex-
pected to hold only near normal emission where the phase
of the wave function is invariant over all equivalent dan-
gling bonds on the 2 X 1 surface.

F. LEED

Additional strong evidence in favor of some 2 X 1-type
reconstruction on the 7 X7 surface is provided by LEED.
Defining the effective “+-order” spectra of the 7X 7 sur-
face to be the average of the + and + fractional-order
spectra, Yang and Jona® have found remarkable similari-
ties in the 5 spectra of the 21 and 7X 7 surfaces. They
have also shown that the 7X7 surface possesses at least
one mirror plane along the doubling direction of the 21
surface. These results of LEED are in agreement with the
modified adatom model proposed in this paper. The
question of whether the 7 X7 surface possesses only one
mirror plane or three such planes leading to threefold ro-
tational symmetry was also raised by the LEED measure-
ments. Surface reconstruction leading to a reduced sym-
metry can lead, in principle, to a reduction in the total en-
ergy. The present calculations show that the removal of
threefold symmetry on the 5X5 surface, by additional
2 1-like reconstructions at the corner atoms, Figs. 7(a)
and 7(b), which still maintain mirror symmetry along the
[211] direction, results in an increase in the surface ener-
gy. The present calculations indicate that the threefold
symmetry of the 7X7 LEED pattern is intrinsic and not
the result of an averaging over three single domain pat-
terns.

G. Hydrogen chemisorption

The 5X5 and 7X7 unit cells contain points of high
stress at the positions of second-layer atoms marked by

D. J. CHADI 30

arrows in Figs. 5(b) and 6(b). The stress is caused by the
passage of three ~180° angles through these sites. The
surface minimizes its energy by exerting a large outward

‘force on these second-layer atoms which moves them up

by ~0.35 A, reducing the 180° angles to ~163°. The large
stress at these points increases the probability of bond
rupture upon exposure to hydrogen. The breaking of the
second- to third-layer bonds at these points, together with
the chemisorption of one hydrogen atom at each of the re-
sulting dangling bonds, should lead to a very large de-

" crease in energy. The recent high-resolution infrared

spectroscopy of Chabal et al.?? on Si(111) 7X7 surfaces
covered by a few percent of a monolayer of hydrogen has
provided evidence for unique chemisorption sites at the
surface and the subsurface. For the 7 X7 model proposed
here [Fig. 6(b)] this would suggest a greater probability
for hydrogen chemisorption on the left half of the unit
cell (at the position of the arrow) than on the right tri-
angular region.

Evidence for the formation of SiH, and SiH; complexes
in the early stages of hydrogen chemisorption on the
Si(111) 7x 7 surface has been obtained by Wagner et al.3*
from electron-energy-loss studies. The most probable
atomic sites to form such complexes are the adatoms
where the strained adatom-surface bonds are most likely
to break upon exposure to atomic hydrogen. Hydrogen
chemisorption leads to a lowering of the surface energies
of 5% 5 and 7 X7 adatom structures. Experimentally, it is
known>® that hydrogen chemisorption does not remove
the seventh-order periodicity of the Si(111) surface.

H. Optical absorption

In the energy range of ~0.4—1.0 eV, the strength of
optical absorption between surface states on the Si(111)
7X7 surface is at least an order of magnitude smaller
than on the 2 X1 surface. For the latter case, two recent
optical studies’®3” have provided strong evidence for the
m-bonded-chain model.!! For this structure, the magni-
tude of the optical transition matrix element can be shown
to be proportional to the nearest-neighbor 7-bonding in-
teraction between dangling bonds. The weakness of the
optical-absorption intensity on the 7X 7 surface is related
to the more distant and much weaker hopping matrix ele-
ment between dangling bonds. The calculations for the
5X5 structure show narrow empty sp,-symmetry
surface-state bands at 0.13—0.28 eV and at 0.39—0.45 eV
at above the valence-band maximum (VBM) which are
strongly localized on the adatoms. The highest filled sur-
face states are calculated to be ~0.4 eV below the VBM.
These states are also sp, in character and are localized on
the fourfold atoms which become threefold coordinated as
a result of reconstruction. Transitions between these
states are expected to be very weak as a result of the small
hybridization between the orbitals. At higher excitation
energies (1—3 eV), differential external reflectivity mea-
surements>® show a surface-state transition at 1.76 eV.

I. Nucleation at steps

"A study of the phase transition between the Si(111)
7% 7 and 1X 1 structures at T,~830°C via reflection elec-



tron microscopy'* reveals that the 7X7 structure nu-
cleates preferentially at steps. From the observation that
the shapes of the steps change spontaneously and continu-
ously above T,, it was concluded that the 7X7 recon-
struction involved an ordering of either adatoms or vacan-
_cies.'* In the context of the new adatom model for the
7% 7 surface, the role of steps in the nucleation process is
to force initially a linear ordering of adatoms along the
step. If the binding energy of adatoms near the step is
larger than that of adatoms on the terrace so that they
remain effectively pinned at the step while the other ad-
atoms can move, then a two-dimensional ordering of
atoms should eventually result. A greater binding energy
near a step is reasonable because of the greater freedom
for atomic relaxation at such a site. The 7X7 to 1X1
order-disorder transition3® probably results when all ada-
toms become mobile. At lower temperatures ( T <425 °C),
where surface atomic mobilities are smaller, steps tend to
increase the 2X 1 to 7X 7 transition temperature.*’

J. Adsorption of closed-shell atoms

Recent studies?**! of Ar, Kr, and Xe adsorption on the
Si(111) 7X 7 surface have provided useful information on
the atomic structure of this surface. The measurements
provide evidence for a unique chemisorption site at the
surface which is most probably associated with the deep
hole at the corner of the unit cell seen in tunneling mi-
croscopy. By measuring the amount of adsorbed Kr and
Xe as a function of temperature at fixed pressure, Conrad
and Webb?* were able to demonstrate inadequacies in
nearly all the structural models that have been proposed
for this surface. More recently Demuth and Schell-
Sorokin*! have reported ultraviolet photoemission mea-
surements of the coverage-dependent electron binding en-
ergies of adsorbed Ar and Xe on Si(111) surfaces. Their
results favor the Harrison-Binnig!? type of adatom model
for the 7X7 surface to the exclusion of most other
structural models. The three types of adsorption sites in-
ferred from the measurements are indicative, however, of
a structure more complex than the simple adatom
geometry. This is consistent with vacuum-tunneling re-
sults! and with the reconstructed adatom model presented
in this paper.

V. TRIMER MODEL

In addition to adatom models, Himpsel’s trimer model®
for the 7X7 reconstruction was examined in detail. The
model is similar to the m-bonded-chain model for the
Si(111) 2X 1 surface except that only one-half as much re-
bonding of atoms is required to create it. Furthermore, in
common with the models proposed by McRae® and Ben-
nett,'® stacking-fault sequences are explicitly included in
the structure. This leads to bonding between second-layer
atoms along the boundaries of the unit cell leading to a
~16% reduction in dangling-bond density from the 11
surface. It was suggested® that the reduction in the num-
ber of broken bonds together with 7 bonding would stabi-
lize the trimer model against the 2 X 1 chain model.

Using a 5X5 lattice, the atomic structure of the trimer
model was fully optimized. The calculations show that
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the model has a higher surface energy than either the ideal
1x1 surface or the simple adatom model. The surface
energy is calculated to be ~0.3 eV/1X1 unit cell higher
than the reconstructed adatom model. The 7 bonding in
the trimer model is found to be not as effective as in the
2% 1 chain model. Calculations for an optimized 2X2
trimer model (which replaces the large strains associated
with the stacking-fault sequences of the 5X5 structure
with other unavoidable strains) give an identical surface
energy when corrections for a 16% lower dangling-bond
density are made. For 5X5 and 7X7 lattices, the results
of the calculations indicate that the bonding between
second-layer atoms which is required in stacking-fault
models of the surface reconstruction leads to large strains
which are energetically unfavorable.

VI. METHOD OF CALCULATION

The use of the empirical tight-binding method in force
and energy-minimization calculations is discussed in de-
tail in Ref. 25. In this section, the approach employed in
calculating the surface energies for the large unit cells dis-
cussed above is examined.

As in previous calculations, a slab geometry infinitely
periodic in two dimensions was used. The criterion for
choosing the thickness of the slab is that the relaxations
or reconstructions on the two ends of the slab should
remain independent of each other. To reduce the need for
a large number of layers in the present calculations, the
dangling bonds on one end of the slab were eliminated by
the addition of hydrogen for all the surfaces studied. To
account for the effects of hydrogenation on the total ener-
gy, an additional calculation in which hydrogen was add-
ed to both ends of an ideal slab had to be made. One-half
of the total energy of the latter geometry was subtracted
from the energy of the structure with hydrogen on only
one side of it, to determine the total energy E,, of the
remaining N atoms. The surface energy ¥ was then cal-
culated by dividing the energy

AE=E,,(N)—NE, (11

by the area of the surface unit cell. In Eq. (11), E is the
binding energy per atom in the crystalline, diamond-
structure environment. ,

The calculations on 5X5 adatom geometries were done
with a 131-atom unit cell consisting of six adatoms, four
complete (111) layers (100 atoms), and 25 hydrogen
atoms. The hydrogen layer and the Si layer adjacent to it
were held fixed in nearly all the calculations. The remain-
ing 81 atoms were allowed to relax. The relaxed atomic
geometries were determined by moving each atom along
the direction of the Hellmann-Feynman force acting on it.
The calculation of this force within the tight-binding
method is straightforward and has been previously dis-
cussed.?’> The modified adatom model proposed in this
paper leads to a relaxation extending deeper into the bulk
than is the case for the simple adatom model. For this
reason, it was not possible to test the new adatom model
for the 7 X 7 surface. For the conventional adatom model,
however, a calculation of the atomic structure was made.
In these calculations, a 159-atom unit cell consisting of 12
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adatoms, two full (111) layers (98 atoms), and 49 hydro-
gen atoms was used.

VII. CONCLUSIONS

A new adatom model differing from the conventional
model by a reconstruction of the substrate is proposed.
The new adatom structure provides an explanation for the
7x7 and 5X5 size of the unit cells seen on annealed
Si(111) and Si(111)-Ge surfaces, respectively. The model
is consistent with structural information from vacuum-
tunneling microscopy. It also provides simple explana-
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tions for stacking-fault-type features expected from Ruth-
erford backscattering experiments and for similarities in
the LEED and photoemission spectra of 2X1 and 7X7
surfaces.
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