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An energy-minimization calculation was performed on the Si(111)-7 X7 surface reconstruction
model proposed by Takayanagi et al. The structure contains dimers, adatoms, and stacking faults
(DAS) in the surface layer. The DAS model has 19 dangling bonds and 12 “‘top-site” adatoms per
7% 7 unit cell. Hellmann-Feynman forces were used to relax adatom and three layers of a five-layer
slab consisting of 249 atoms. The surface energy is found to be 0.40 eV per 1x1 cell lower than
that of an ideal and unrelaxed Si(111) surface, as compared to 0.36 eV for the 7-bonded chain struc-
ture for the 21 cleaved surface. This is the lowest surface energy calculated for the Si(111) sur-
face. Atomic configurations were obtained for the completely relaxed system. The calculated sur-
face electronic density of states and the atomic origin of the surface electronic structure are in good
agreement with experimental data. The results of similar calculations for Si(111)-5x 5 DAS and
Si(111)-¢ (2 X 8) dimer-chain models are compared and discussed.

I. INTRODUCTION

The reconstruction of the Si(111)-7 X 7 surface has been
a subject of continued interest for more than a quarter of
a century. Schlier and Farnsworth first observed its
reconstruction through low-energy electron diffraction
(LEED) in 1959,! and a large number of models have
been proposed since then. A few examples are the vacan-
cy model,> adatom models,>* the rippled-surface
model,>® “milk-stool” model,” the buckled model,® and
the pyramidal-cluster model.>!® Adatom models became
very appealing after Binning et al.* first observed 12 ad-
atomlike features per unit cell through the novel tech-
nique of scanning tunneling microscopy (STM). Before
STM, McRae et al.!! had suggested that half of the 7x7
unit cell underwent a stacking-sequence fault, resulting in
dimerization of atoms along the edges of the triangular
unit cell. On the basis of ion-channeling experiments
Bennett et al.'’? provided strong evidence for the
stacking-fault sequence. More recently Takayanagi et
al.’>* proposed a reconstruction model based on analyses
of transmission electron diffraction (TED) and micros-
copy (TEM) data. Their model incorporates all the
above-mentioned features: dimerization of the second-
layer atoms, 12 adatoms per 7X7 unit cell, stacking
faults, and stacking-sequence faults (DAS). The new
DAS model is very attractive because it contains only 19
dangling bonds per unit cell. There are, however, very
large angular distortions. A model total-energy calcula-
tion'® for the DAS model shows it to be energetically
favorable. In this paper, we report on the results of
energy-minimization calculations based on the semiempir-
ical tight-binding method.

The organization of the paper is as follows: Section II
is devoted to the description of the DAS model. In Sec.
ITI, the semiempirical tight-binding method is reviewed
and extended to systems with adatoms involving large an-
gular distortions. The results of our tight-binding calcula-
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tions for the Si(111)-7X7 and 5X 5 DAS models are dis-
cussed in Sec. IV. In Sec. V we report on the results of
our total-energy calculations for a Si(111)-¢2X 8 dimer-
chain model. A brief summary is presented in Sec. VL.

II. DAS MODEL FOR THE Si(111)-7xX7 SURFACE

The DAS model for the Si(111)-7x7 surface is dis-
cussed in Refs. 13 and 14. Figure 1 is a top view of this
model which illustrates its basic features. The unit-cell
boundaries are marked by dotted lines. In each cell, the
12 adatoms are represented by dotted circles, and the 42
surface-layer atoms are represented by large open circles.
The adatoms lie above second-layer atoms (represented by
small-size circles when not hidden by adatoms). As can
be seen the adatoms are not on “hollow” sites but on
“top” sites directly above second-layer atoms. Thirty-six
of the 42 surface-layer atoms are bonded to adatoms and
their broken bonds are saturated. The remaining six
surface-layer atoms which are not bonded to adatoms
maintain their threefold coordination. The second-layer
atoms dimerize along the boundaries of each triangular
subunit. Nine dimers are present in each unit cell. At the
corner of each cell a bonded ring of 12 atoms surrounding
a large “hole,” consistent with STM images of the sur-
face,* can be seen. Atoms below the second layer are re-
laxed from their normal positions but do not show recon-
structions. The wunblocked third-layer atoms are
represented by large dark circles; most third-layer atoms
are directly beneath second-layer atoms and are hidden
from view. The atoms in the adatom layer and in the first
two surface layers are approximately symmetric with
respect to the short diagonal, thus the stacking sequence
(bCcA)a /C for half of the unit cell is faulted where the
slant indicates a stacking fault, while the other half still
remains in the normal (bCcA)aB stacking sequence. (For
a more detailed description, a side view of this model can
be found in Ref. 14.) The numbered atoms in this figure
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FIG. 1. Top view of the DAS model for the Si(111)-7X 7 sur-
face is shown. Atoms on (111) layers at increasing distances
from the surface are indicated by circles of decreasing size.
Large dotted circles represent adatoms situated at top sites.
Larger open circles represent atoms in the stacking fault layer.
Smaller open circles represent atoms in the dimer layer. Solid
circles and dots represent atoms in the unreconstructed layers
below the reconstructed surface. The 77 unit-cell boundaries
are marked by dashed lines. The Cartesian coordinate system
used for specifying the atomic coordinates in Table I is also
shown.

are referred to in Table I, where the coordinates of relaxed
atoms are given.

The merit of the DAS model is not a priori clear be-
cause of the delicate balance between the energy reduction
arising from a low dangling-bond density and the energy
increase resulting from large angular strains. The number
of surface dangling bonds is reduced in two ways: (1) the
number of surface-layer atoms is 42 as compared to 49 on
the ideal surface, and (2) most surface dangling bonds (36)
are eliminated by adatoms. It has now become clear that
it is more favorable for adatoms to rest on top sites rather
than on hollow sites when the system is completely re-
laxed.'® The detailed balance between energy gain and
loss requires a total-energy minimization calculation, !’
which is described in the following sections.

III. METHOD OF CALCULATION

The semiempirical tight-binding based energy-
minimization calculation has been described previous-
ly.!!8 The method was originally designed to optimize
atomic configurations for situations in which the total
number of bonds in the system remained constant.!” The
method was later extended to deal with cases involving
changes in the number of bonds.!®* The framework of
sp3-type semiempirical tight-binding formalism is very
appealing because it can describe successfully many recon-
structed surfaces for a wide range of materials with a
small number of parameters which are predetermined
from well-established quantities with very modest compu-
tational effort. Furthermore, it is very efficient for treat-
ing large systems with hundreds of atoms per cell. There-
fore, we intend to retain this framework. The present
work shows that it is possible to extend the semiempirical

TABLE 1. Relaxed atomic positions for the adatom layer and
the first three surface layers of the DAS model are given. All
reduced coordinates (X,Y,Z) are with respect to the Cartesian
system indicated in Fig. 1, where the x axis is along the cubic
[T10] direction, the y axis is along the [T T2] direction, and the z
axis is along the [111] outward normal to the surface. The actu-
al atomic coordinates (x,y,z) are related to (X, Y,Z) by the scal-
ing relations x =aX, y =aY/V'3, z =aZ/\/2—4, where a~3.85
A is the 1X 1 surface hexagonal lattice constant, and a /V 24 is
the bulk interplanar distance of ~0.78 A. The positions for
equivalent atoms can be found via threefold symmetry opera-
tions about the lines (X, Y,Z) specified by (0,0,§), (3.5, 3.5, &),
and (7.0, 7.0, &) and from mirror symmetry about the plane
passing through the long diagonal of the unit cell. The numbers
given in column one (e.g., adatom 1, 2, etc.), correspond to the
numbered atoms shown in Fig. 1. Atoms 15, 20, 22, and 25 are
hidden from view by atoms 1, 2, 3, and 4, respectively. All
third-layer atoms, except the one associated with the dangling
bond at the corner of the unit cell, are below the appropriate
second-layer atoms, and have not been numbered in Fig. 1.

X Y V4
Adatoms 1 1.497 1.497 1.634
2 4.494 4.494 1.538
3 6.002 6.002 1.528
4 9.007 9.007 1.564
First-layer 5 1.026 1.026 —0.067
atoms 6 1.962 0.990 —0.041
7 2.480 2.480 0.369
8 4.019 4.019 —0.144
9 4.980 4.047 —0.108
10 5.983 5.051 —0.122
11 6.479 6.479 —0.134
12 8.020 8.020 0.380
13 9.028 8.052 —0.080
14 9.478 9.478 —0.121
Second-layer 15 1.504 1.504 —1.536
atoms 16 1.163 0.005 —1.094
17 1.794 0.007 —1.102
18 2.493 1.499 —0.945
19 2.969 2.969 —0.940
20 4.496 4.496 —1.600
21 5.404 4.779 —1.090
22 6.004 6.004 —1.606
23 7.530 7.530 —0.928
24 8.505 7.509 —0.925
25 8.998 8.998 —1.569
Third-layer 26 0.000 0.000 —3.978
atoms 27 1.501 1.501 —4.559
28 1.005 —0.002 —4.044
29 1.991 —0.001 —4.018
30 2.500 1.500 —4.020
31 2.997 2.997 —4.015
32 4.499 4.499 —4.578
33 5.497 4.511 —4.022
34 6.000 6.000 —4.575
35 7.500 7.500 —4.001
36 8.503 7.498 —4.003
37 9.000 9.000 —4.544
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tight-binding method to describe surface systems with
adatoms successfully. In the following paragraph, we
quote the basic parameters used in previous calculations.

The nearest-neighbor four states per atom tight-binding
model used in the calculations on Si is specified by the
following parameters'’ (in eV):

Vio=—1.9375, V,,,=3.050,

(1)
Vipo=1.745, Vppr,=—0.1075,
and
E,=-5.25,
(2)
E,=1.20.

The choice of E; and E, sets the zero of energy at the
bulk valence-band maximum. These parameters provide a
reasonable description of the bulk occupied bands and an
approximate description of the conduction bands. The
variation of the total energy with atomic displacements
and with changes in the number of bonds in the system is
expressed as

ADy= 3 AE,(k)+ 3 (Uj€;+ Use) + Up(ANpongs) »
nk it,>j
3)

where the sum in the first term is over occupied one-
electron states, and where the second term represents a
semiempirical correction for the double counting of
electron-electron interaction in the first term and includes
the ion-ion interaction energy. The subscript 7 or j in Eq.
(3) denotes a bond, and ¢;; is the fractional change in bond
length between atoms i and j from its reference value in
bulk Si. The two empirical “spring” constants U; and
U, were obtained by fitting the bulk elastic modulii and
phonon frequencies!’ and are given by

U =—16.36¢eV,
U,=55.60 eV .

4)

The last term of Eq. (3) is important only when compar-
ing systems with different number of bonds N, 4. Up
can be determined from the cohesive energy of the solid,
i.e., from the change in total energy in going from the free
atom to a bulk atom.'® The value of U, in Si is calculat-
ed to be (in eV)

Up=4.1. (5)

Equation (3) has been tested to be a good description
for many systems of interest as long as the angular distor-
tions and fractional bond changes from the appropriate
bulk values are small. However, for some systems, in par-
ticular, for surfaces containing adatoms which involve
large angular distortions, Egs. (1)—(5) need to be modi-
fied. Several issues need to be considered. (1) The sp°-
type tight-binding matrix does not include d orbitals, so
that discrepancies in the binding energy of adatoms can be
seen when comparison with results obtained from other
more accurate methods, e.g., density-functional calcula-
tions is made. (2) Within the sp?® framework, the atomic

levels E,E, in Eq. (2) may not be a constant; they are
likely to depend on coordination. (3) Since the previous
systems of physical interest treated by the tight-binding
method do not involve large angular distortions, it is legi-
timate to ask whether this formalism can treat systems
with adatoms. Comparisons of tight-binding and ab initio
local-density-functional results for “test” cases involving
2x2 and V3x V'3 adatom structures' indicate that the
tight-binding method provides a good description of the
surface and electronic structure but we have to go beyond
Egs. (1)—(5) in calculating the total energy.

The main problem with the original formalism Eq. (3)
is that it assumes that the ion-ion repulsive energy param-
eter U, is a constant between any pair of atoms. Al-
though this assumption is legitimate for bulklike atoms, it
is not necessarily true between surface atoms and ad-
atoms. Because of the neglect of d states, the tight-
binding method underestimates the binding energy of ad-
atoms. The underestimation is larger for the top site than
for the hollow site. This is to be expected since the angu-
lar distortions are much larger for the top-site geometry.
In order to make tight-binding and density-functional re-
sults for the total energy consistent with each other, it is
necessary to separate U, into three catagories: (1) U, for
bonds between atoms other than adatoms, with Uy=4.1
eV as originally calculated in Eq. (5), (2) U¥ for the bond
between an adatom and an associated surface atom, and
(3) U{ for the bond between an adatom and the second-
layer atom directly under it. In order to compensate for
the underestlmatlon of adatom binding energies, the
repulswe energies UO and UO should be smaller than U,.
vl o can be determined from the energy change in going
from an ideal unrelaxed surface to a surface with an ad-
atom placed at a hollow site. UOT can then be similarly
determined from the energy change when the adatom is
moved from the hollow site to a top site. The energy shift
resulting from the placement of a Si adatom at a hollow
site or at a top site has been calculated through self-
consistent pseudopotential density-functional calcula-
tions. 1620 Followmgr the procedure outlined above, the
values of U§ and U{ for Si(111) surface are calculated to

be (in V)
vi=3.7,
T (6)
Uy=2.6.

The differences of Uf and UJ from Uy=4.1 eV give an
indication of how much the sum of the one electronic en-
ergies would have changed if d states had been included in
the calculations.

Equation (3) can now be generalized to

AEqo=3 AE,(K)+ 3 (Usey;+ Usel)
n‘k .,.
i>j

+A(UgNo+UHNy +UIN,) )

where N, is the change of total number of bonds joining
any atoms other than adatom. Ny is the change of total
number of bonds joining any adatom and the associated
surface layer atoms. N7 is the change of total number of
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bonds joining an adatom and the second-layer atom right
below that adatom. It is worth emphasizing that the ex-
tension from Eq. (3) to Eq. (7) only provides a better way
of calculating the total energy; the surface electronic
structure and the relaxation of the atomic structure are in-
dependent of Uy, U, and U I and come out exactly the
same for the two approaches.

This method can be applied to other systems where d
states are not crucial and do not dominate the electric
structure. As long as we have reliable results available for
“small” systems (e.g., 2X2 or V3 x V'3 surfaces), we can
determine the new parameters in the semiempirical tight-
binding formalism from these results. We can then carry
out tight-binding calculations for much larger systems of
up to a few hundreds of atoms.

IV. RESULTS OF CALCULATIONS

Calculations were carried out for two surfaces. The
first one was for the ideal unrelaxed Si(111)-7 X7 surface.
We used a four-layer slab with hydrogen atoms at the bot-
tom surface to saturate the Si dangling bonds. This sys-
tem consists of 196 silicon atoms and 49 hydrogen atoms.
If we consider s and p states for silicon atoms and only s
states for hydrogen atoms, the tight-binding matrix to be
diagonalized is 833 833. Since the superlattice unit cell
is sufficiently large, one special point in the first Brillouin
zone should be sufficient in the summation of the first
term in Eq. (7). We have used the I point of the Brillouin
zone for this purpose.

The second surface was the reconstructed DAS model
of the Si(111)-7 X 7 surface as described in Sec. II. For a
four-layer slab plus the adatom layer, we have 12 ad-
atoms, 42 surface-layer atoms, 48 second-layer atoms, and
49 atoms for each of the remaining two layers.!> Thus
there are a total of 200 silicon atoms and 49 hydrogen
atoms per unit cell. The corresponding secular matrix is
849 849. Hellmann-Feynman forces®"!® were calculated
in each step of the iteration process to determine the
direction of motion of atoms which would result in a
lowering of the total energy.

Table I gives the final geometry of the completely re-
laxed DAS model for the first three surface layers and for
the adatom layer. It can be seen that all adatoms move
substantially out towards the yacuum. The normal dis-
placements are 0.41—-0.50 A away from the ideal
tetrahedral positions. The bonds joining adatoms and
surface-layer atoms are stretched by about 5.0—5.7 % in
comparison with the normal silicon-silicon bond length of
2.35 A. The second-layer atoms beneath the adatoms are
pushed down about 0.42—0.48 A away from their ideal
positions. The bond length between an adatom and the
second-layer atom below it is stretched by about
4.4—57%. Third-layer atoms beneath the adatom are
also seriously affected. This indicates that the present cal-
culation can be improved if a larger unit cell is chosen so
as to allow the deeper layers to relax also. The bond
length between each pair of dimers along the boundaries
of the triangular subunit cell is also stretched by 2—3 %.

The surface energy of the completely relaxed Si(111)-
7x7 DAS model is 0.403 eV per surface area lower than
that of an ideal, unrelaxed Si(111) surface. A similar cal-

culation was carried out for a Si(111)-5X5 DAS model;
the corresponding energy shift is 0.395 eV per surface
area.

Figure 2 shows the local density of states (at T') for the
adatoms, the first two layers of surface atoms and the ex-
posed third-layer atom at the corner of the unit cell (total
103 atoms). The zero of energy is at the bulk valence-
band maximum. The Fermi energy is calculated to be at
~0.3 eV, as compared with the experimental value of 0.6
eV.22 A larger sampling of the Brillouin zone is needed to
calculate Er more accurately. We can see from Fig. 2
that this surface is metallic, as predicted by experiment.?
Figure 3 shows the local density of states of the above 103
surface atoms projected into atomic p,, s, and p,+p,
states. Three prominant peaks can be seen from the pro-
jected p, and p, +p, states: Ep, Er—1.5 eV, Ep—3.1
eV. In these plots the individual states at I' have been
broadened by the Gaussian function exp(—E 220?),
where 0=0.3 eV.

Recently a novel technique, current-imaging-tunneling
spectroscopy (CITS), was reported.?> This method uses
real-space images of the tunneling current to measure
directly the spatial distribution of surface states. There-
fore it is now possible to identify the correspondence be-
tween surface electronic states and local geometrical con-
figurations. CITS data were obtained for several impor-
tant local geometrical configurations, such as adatoms,
surface free atoms, adatom backbonding, corner atom as-
sociated with a dangling bond; the measured energies as-
sociated with these geometrical configurations are listed
in Table II, for comparison with the calculated energies
from the present work. The agreement between the two is
very good. The different plots in Fig. 4 show the local

-
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FIG. 2. Local density of states of 103 surface atoms (12 ad-
atoms + 42 surface layer atoms -+ 48 second-layer atoms +
one-third—layer atom with a dangling bond) is shown. The zero
of energy is at the bulk valence-band maximum. The calculated
Fermi energy is at ~0.3 eV.
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FIG. 3. Local density of states of the 103 surface atoms
described in Fig. 2 caption projected into atomic p, and s states
is shown in (a); the projection into atomic p, +p, states is shown
in (b).

TABLE II. Experimentally measured binding energies associ-
ated with four different local geometrical configurations are
shown for comparison with the calculated energies for the same
configurations from the present work.

Experimental Present
data® calculation
Adatoms Er—0.2 eV Er
Er+0.5 eV Er+0.8 eV
Six surface-free Er—0.8 eV E;—0.9 eV
atoms
Adatom Er—1.7 eV Er—1.5 eV
backbonding
Corner atom Between Ef—1.0 Er—0.7 eV

associated with a and Er—0.6 eV

dangling bond

2Reference 23.

density of states originating from the following groups of
atoms: the 12 adatoms, the 12 adatoms and their back-
bonds, the 6 free-surface atoms, the 18 dimer atoms, and
the special corner atom. Table II and Fig. 4 identify the
origin of the three surface states**? for the Si(111)-7x7
surface: the state at Er—0.2 eV is due to adatoms, the
one at Ex —0.8 eV arises from the free surface atoms, and
the state at Er— 1.8 eV is localized on the backbonds of

5 (a)

4

3

2 A
(o)

N W A OO
T

3
N

LOCAL DENSITY OF STATES (ARBITRARY UNITS)
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FIG. 4. Local density of states of (a) 12 adatoms (solid line);
dashed line corresponds to 12 adatoms plus all the backbonds
(60 atoms in total); (b) 6 surface-free atoms (i.e., the surface-
layer atoms associated with dangling bonds); (c) 9 dimers; (d) the
corner atom associated with the dangling bond.
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FIG. 5. Top view of the Si(111)-¢2X 8 dimer-chain model.
Atoms on (111) layers at increasing distances from the surface
are indicated by circles of decreasing size. Largest open circles
represent adatoms located on top sites. The ¢2X8 unit cell
boundaries are shown by dashed lines.

the adatoms. These plots also indicate other states with
energies further away from the Fermi energy.

V. CALCULATIONS OF Si(111)-c2X8
DIMER-CHAIN MODEL

A similar calculation was also carried out for the
dimer-chain model of the Si(111)-¢2X8 reconstructed
surface proposed recently by Takayanagi and Tanishiro.?
The atomic structure of this surface is shown in Fig. 5,
where the large open circles represent adatoms, medium-
size open circles represent surface atoms, and small open
circles represent second-layer atoms. In each ¢2X 8 unit
cell, there are 4 adatoms and 12 surface-layer atoms. All
adatoms are on top sites as in 5X5 or 7X7 DAS model
but the local environment is not the same. Thus the total
number of dangling bonds is reduced from 16 to 4. How-
ever, the energy reduction resulting from the lowering of
the dangling-bond density is balanced by an increase in

the lattice strain energy. A tight-binding energy-
minimization calculation indicates that the energy reduc-
tion of the completely relaxed ¢2X 8 dimer-chain model
of Si(111) surface from an ideal, unrelaxed Si(111)-2< 8
surface is only 0.18 eV per 1X 1 surface area. The rela-
tively high surface energy of the new dimer-chain model
for the ¢2 X8 surface (0.22 eV per 1X 1 cell higher than
for the 77 DAS structure) suggests that other structures
need to be investigated for this surface.

VI. SUMMARY

In summary, we have presented the results of the first
energy-minimization calculations on the 7X7, 5X5 DAS
models and ¢2X 8 dimer-chain model of Si(111) surface.
The surface energies per 1< 1 unit cell are calculated to be
—0.403, —0.395, and —0.18, respectively, relative to the
Si(111) ideal, unrelaxed surface. The surface energy of the
DAS model is 0.04 eV (per 1X1 cell) lower than the -
bonded chain structure for the cleaved surface. Relaxa-
tion of a larger number of subsurface layers should make
the 7X 7 surface even more favorable energetically. The
Si(111)-7x7 DAS model has the lowest surface energy
ever calculated for a (111) surface. The completely re-
laxed atomic configurations and the local densities of sur-
face states for this surface (which show excellent agree-
ment with experimental measurements on the energy and
atomic origin of the states) were also given.
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