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The semiempirical tight-binding method is used to construct accurate valence bands for bulk Si and Ge using
Hamiltonian parameters through second neighbors. One additional parameter is used to describe surface
relaxation (back-bond contraction). The density of surface bands and resonances associated with atomic layers
near the surface is calculated. Surprisingly, the resonances are found to contribute to the surface density of
states almost as effectively as proper surface states. Comparison with ion-neutralization, electron-energy loss,

and ultraviolet photoemission data is made.

The electronic properties of Si and Ge semi-
conductor surfaces are dominated by two kinds of
surface states: dangling-bond states, which lie
in the energy gap between valence and conduction
bands, and back-bonding states, which lie within
and below the bulk valence band. In two earlier
publications'? we have developed a semiempirical
tight-binding method (SETBM) for calculating these
states, and have claimed that the results of the
SETBM were comparable to those obtained in a
“first-principles” self-consistent calculation by
Appelbaum and Hamann® (AH). The SETBM re-
quires, in addition to the parameters used to fit
the bulk valence bands, one parameter to describe
the band broadening effects of bond shortening that
take place when the surface relaxes. In this paper
we report atomic densities of states for unrecon-
structed relaxed and unrelaxed Si (111) surfaces.
With these densities of states the “self-consistent”
character of the SETBM can be compared with that of
the AH pseudopotential calculation and with experi-
ment. The results of this comparison suggest that
while the AH calculation gives results in very
good agreement with experiment, our results
are even better. Because the SETBM is also much
more economical than the numerical methods em-
ployed by AH, we expect the SETBM to be ex-
tremely useful in describing the properties of real
(reconstructed) semiconductor surfaces. The
SETBM also makes direct connection with molec-
ular-orbital methods, especially complete neglect
of differential overlap, * and so should be extremely
useful in treating chemisorbed impurities.

The bulk energy bands are fitted by tight-binding
parameters based on orthogonalized atomic or-
bitals ¥,(f-R,), where j is an s or p atomic or-
bital and R,, is an atomic site. Each wave func-
tion in the films (here 20 atomic layers in thick-
ness) studied is represented by
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where K, is the surface wave vector, and # is a
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surface band index. The density of states p,,(E)
on the atom at the mth atomic site is given by

pu(B)= 3 laf " 0(E, - B) . @
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The values of p,(E) were obtained by sampling
a grid of 53 points k, in the Brillouin zone to de-
termine ¢ and E. The basic sample of 53 points
(not equivalent by symmetry) was augmented by a
factor of 200 by linear interpolation, and the total
sample was used to construct histograms for p,(E).
The latter was then smoothed with a half width of
0.05 eV. The bulk tight-binding parameters used
here and in earlier work® for Si and Ge are listed
in Table I. The details of the fitting procedure and
comparison with other calculations as well as ex-
periment are given in Appendix A.

We can calculate the Fermi energy from p,,(E)
by summing over all m in the film and integrating
over E from below the valence band up to E,
which is fixed by having on the average, four va-
lence electrons per Si atom in the film. The values
of E (relative to the valence band maximum) are
0.46 and 0.00 eV, for relaxed and unrelaxed sur-
faces, respectively. In Table II, the number N,
of valence electrons per Si atom in the mth layer
is given for the two surfaces. This number oscil-

TABLE I. Tight-binding parameters for bulk Si and
Ge (in eV). The subscripts 1 and 2 refer to first and
second neighbors, Note the systematic progression of
the first-neighbor parameters.

Si Ge
E, 0.00 0.00
E, 4.39 6.44
(ss)y -2,08 —1.69
(spo)y -2.12 —-2.03
(ppo)y -2,32 —-2.55
(ppm)y —0.52 —0.67
(ppo), -0.58 -0.41
(ppm)y -0.10 -0,08
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lates near four and, for a pair of atoms which are
nearest neighbors, averages almost exactly to
four. Each pair of (111) layers (which, if co-
planar, would have the graphite structure) is al-
most neutral and has a small dipole moment; the
contributions of these dipole moments to the dif-
ference between the inner and outer potentials are
0.14 and 0.57 eV (relaxed and unrelaxed, re-
spectively). This can be compared with an a priori
estimate® of an upper limit of about 2 eV.

The atomic densities of states for atoms in the
first and fourth layers of a relaxed Si (111) sur-
face (0.33 A contraction) are compared with the
bulk density of states in Fig. 1. Densities of states
were obtained for atoms in all layers of a 20-
layer (111) film with the surface layer relaxed (as
above) or unrelaxed. The density of states of the
fourth layer is shown in Fig. 1 because it contains
an intriguing (and unexpected) echo of the dangling
bond states (about t as large as the first layer)
which are negligible in other layers.

A number of interesting features of p,(E) for
m=1 (first layer) are indicated in Fig. 1. One
can define a two-dimensional density of states for
each back-bond surface band, 2 and associated with
(maxima or minima) or saddle points in the sur-
face bands one finds step function or logarithmic
singularities in the two-dimensional densities of
states. Echoes of these two-dim=nsional singu-
larities are found in the atomic densities of states,
especially for atoms in the first layer (m=1).
These echoes are indicated in Fig. 1. We have
previously indicated? that the features in elec-
tron-energy-loss spectra (ELS) denoted by S, and
S, by Rowe and Ibach® are associated with the sur-
face band 2 and surface band 4 minima, as indi-

TABLE II.
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cated in Fig. 1. The minimum for band 3 falls
close to the saddle-point peak labeled 3 in Fig.

1, as one can see from our earlier description®

of the surface bands. The S, and S; structure is
associated with excitation of electrons primarily
in the first and second layers to final states in the
conduction band near +2.0 eV (bulk valence-band
maximum=0.0 eV). Excitation of electrons from
peak 3 in Fig. 1 to final states near +2.0 eV would
produce structure in ELS near 10.5 eV, which is
difficult to distinguish from losses caused by crea-
tion of surface plasmons.

The atomic densities of states shown in Fig. 1
refer to the relaxed but unreconstructed (111)
surface. Well defined structure in ELS has been
observed for (111) 2x1 and (111) 7X7 surfaces
(cleaved and annealed surfaces, respectively).
this reason it is perhaps not surprising that the
saddle-point peaks labeled 2 and 4 in Fig. 1 also
have not shown up in ELS. The structure asso-
ciated with these saddle-point peaks may be
broadened more than that associated with step
functions (derived from surface band minima) when
account is taken of the effects of reconstruction
and strain fields associated with surface steps,
ete.

One can define a mean electron ion energy per
atom located at f{.:ﬁm by

For

E
E,= j F pn(E)(E - Eg) dE @3)
Eg
We have measured E from the bottom of the bulk
valence band (E,=-12.5 eV relative to the top of
the valence band). Because four electrons per
atom contribute to E,,, the value of E, is about
4x$|E,l, or about 30 eV. The dependence of E,,

Variation of electron density from layer to layer in the relaxed and unrelaxed configurations.

Note that the effect of relaxation is to reduce the large excess of electrons in the first layer and replace
them with a dipolar distribution in the first and second layers, which is reflected in a weaker dipole in the

third and fourth layers.

Relaxed Unrelaxed
Layer N,(electrons/atom) E,(eV/atom) E,/N, N,lelectrons/atom) E,(eV/atom) E,/N,
Bulk 4.00 29,29 7.32 4,00 29.29 7.32
1 4.19 31.14 7.43 4,43 37.69 8.51
2 3.84 24,31 6.33 3.98 29.10 7.31
3 3.95 28.34 7.17 3.93 28.33 7.21
4 4,04 30.00 7.43 3.99 29,22 7.32
5 3.99 29,15 7.31 3.98 29,03 7.29
6 3.99 29,20 7.32 3.99 29.13 7.30
7 4.00 29,28 7.32 3.99 29.19 7.32
8 4,00 29,28 7.32 3.99 29,23 7.33
9 4,00 29.29 7.32 4,00 29,24 7.31
10 4,00 29,29 7.32 4,00 29,25 7.31
Total 40,00 289, 28 40,25 299,41

(10 Layers)
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on m is another measure of the extent to which
pn(E) differs from the bulk density of states p,(E).
Note that electron-electron energies are counted
twice in determining E, and it does not include
ion-ion energies. Thus although we have listed the
total energy E=) E,, (m=1-10) in Table II, it can-
not be simply compared to ten times the bulk
E/atom to estimate, e.g. surface energies (which
are of the order” of 0.5 eV/surface atom). We
have also listed in Table II the quantity E, /N,,,
which converges somewhat more rapidly than E,,
to the bulk value.

The value for Ep used for the unrelaxed lattice
(0.0 eV, i.e., the top of the valence band) gives
0.25 (out of 40) excess electrons, because the
dangling bond surface bands overlap the bulk va-

lence bonds. This condition could be corrected
by shifting the diagonal energy of the surface atom
upwards by about 0.1 eV (a kind of band bending
on an atomic scale). Alternatively, one can re-
move 0,25 electrons from the dangling bond sur-
face states, at an energy 12.5 eV above the bot-
tom of the valence band, corresponding to a re-
duction in the total energy Y E,, of 3.1 eV. Be-
cause the unrelaxed configuration is unrealistic,
we have not pursued this question further.

It is customary in discussing photoemission
data to interpret energy distributions of emitted
electrons produced by photons of energy 20-30 eV
in terms of an “optical density of states” (ODS) of
the valence band of the bulk crystal.® In this
picture several simplifying assumptions are made:
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first, that oscillator strengths to final states at
these photon energies vary slowly with initial energy
E,-(E), when averaged over different Bloch momenta
k, and second, that except near the top of the va-
lence band surface effects are of little importance.
The validity of the first assumption has been ex-
amined® by comparing theoretical bulk densities

of states with calculated energy distributions (in-
cluding the effects of oscillator strengths, trans-
port, and escape); overall good agreement is
found, although in the 7 electron region (- 4-0 eV,
where 0 eV is the valence-band maximum) there
are variations in peak heights.

Surface effects are the second question. Most
studies® employ unannealed natural cleavage faces,
which if metastable probably exhibit large recon-
struction effects®; similarly less stable faces may
also exhibit large surface effects, such as those al-
ready observed by Rowe and Ibach'’; the surface
effects are particularly pronounced in the 7 elec-
tron region. In order to interpret these surface
effects, and to separate them properly from bulk
effects, it is necessary to study the variation of
the electronic density of states near the surface
of the crystal. The estimated escape depths of
excited valence electrons for photons in the energy
range 15-30 eV are 7-15 A (5-10 atom layers), !1=13
and we find significant variations of the density
of states in this region.

To illustrate the effect of an average escape
depth 7 on the ODS, we have calculated the oc-
cupied density of states

Ne, )= pn(E)e?n/ 0(E-E}) @)

where Z,, is the depth below the surface of the site
located at R=R,,, with Z,; =0 and 6(x) =1 for x<0
and 0 for x>0. The behavior of N(E, I) for two
values for [, 3 and 13 10\, is shown in Fig. 2 after
smoothing by 0.2 eV. Overall the differences are
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FIG, 2. Weighted averages of the atomic densities of

states with different escape depths [see Eq. (4)].
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FIG. 3. Comparison of valence band density of states

obtained from well cleaved, annealed, oxygen-free Si
(111) reconstructed 7 x7 surfaces. !¥'1¢ The experimental
spectra in the region near —2 eV have been aligned. !°
Differences in the features Cy, Dy, and D, are discussed
in the text.

significant, but they are considerably less than
the observed!? differences between Si (111) 2x1
and 7X7 reconstructed surfaces. This suggests
that the lateral motion of atoms in the first and
second layers associated with the cleaved 2X1
and annealed 7X7 patterns must be quite large.®
For this reason comparison of our calculated
curves of N(E, [) with experimental photoemission
distributions, or ODS, is not yet particularly
meaningful, The sensitivity of the ODS to surface
conditions is discussed in Appendix B.

In analyzing results of this kind, the reader may
find it tempting to compare the strength of the
dangling bond shoulder near E=0 (the valence-band
maximum) with the bulk valence band structure
which lies below it in the range — 4 eV<E<0. [In
constructing N(E, I) we have used the value of the
Fermi energy, E =0.46 eV mentioned above,
corresponding to one electron per dangling bond. |
We have not made such a comparison because we
feel that the localization of electrons in the dan-
gling bond states is sufficiently great that effects
of the Franck-Condon-type may reduce the oscil-
lator strength for excitation of dangling bond elec-
trons in the energy range of interest.

Because ion-neutralization spectroscopy
(INS) is more sensitive than ultraviolet-photo-
emission spectroscopy'®'® (UPS) to the density of
states in the surface layer, the two kinds of spec-
tra are compared in Fig. 3. In the 7 electron re-
gion (- 4 eV<E<O0) the two curves are quite
similar, At lower energies several differences are
apparent. The UPS peak near — 6.8 eV and labeled
C, in Fig. 3 seems to be shifted downwards in energy

14,15
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in INS to about — 7.8 eV; a similar shift can be
seen in the energy of peak 3 in the bulk p(E) and
in the first layer p,(E) in Fig. 1, or by comparing
N(E, 3 A) with N(E, 13 A) in Fig. 2. An additional
feature of INS is the shoulder near —5.5 eV and
labeled D, in Fig. 3. There is only a valley in the
bulk density of states near this energy, but in
py(E) there is an edge associated with the minimum
of surface band 2. It is possible that this edge,
which we have also associated with the ELS struc-
ture labeled S,, can account for D, as well.
Similarly the sharp peak in the UPS near — 1.5 eV
may be associated with the peak in the density of
states at the third and fourth layers due to a sur-
face resonance.

The calculations presented here are the first
(to our knowledge) which give densities of states
for Si near the surface with sufficient accuracy
to make comparison with experiment meaningful.
A moment method has been combined with an un-
satisfactory bulk band structure to yield unrelaxed
local densities of states.!” The weakness of the
moment method is that it does not treat with suf-
ficient accuracy the analytic singularities!® in p,,(E)
that are associated with step functions, logarithmic
singularities, etc., which are important in analyz-
ing experimental data and which are evident in the
results shown in Fig. 1.

Another comparison of interest concerns our
results and the first-principles calculation of
Appelbaum and Haman.? In determining E FWe
have assumed that each film of N atoms contains
4N valence electrons. This condition of charge
neutrality is equivalent to assigning one electron
to each dangling bond, ® whereas AH find 0.7 elec-
trons/dangling bond. It is possible that this dis-
crepancy arises from their use of a matching
condition between bulk and surface between the
second and third layers. In Fig. 1 we saw that
there is a substantial density of dangling bond
states associated with the fourth layer.

One may also note that our dangling bond band
width Ansatz,? which used 48a=3.5,

Hy(R,,) = Hy(R o) €xp BRS, ~ R ) (5)

places the Fermi energy E (with one electron per
dangling bond) at approximately the correct energy
(about 0,47 eV above the top of the valence band)
in the relaxed configuration. In this configuration
our results are in good agreement with AH who
would with one electron/dangling bond place Ep

at 0.35 eV. In the unrelaxed configuration (semi-
infinite lattice) our value of E, is 0.0 eV, whereas
the AH E (both with one electron per dangling
bond) is about 0.25 eV. Part of this much larger
discrepancy arises from the lack of self consis-
tency of the preliminary AH calculations in the un-
relaxed configuration; more recent AH results for

the latter configuration agree with ours to within
0.05 eV.

The crucial feature of Eq. (5) is that while the
first- and second-neighbor interactions are al-
tered near the surface, the intra-atomic energies
E,; and E, are the same for atoms at the surface
as for atoms in the bulk. In a homonuclear crystal
this assumption is quite plausible, for it cor-
responds to assuming (approximately) that no
charge accumulates near the surface (flat band
condition). This picture is not exactly equivalent
to the one of small oscillations in p, which are ob-
served in Table II, however, because of the over-
lap of atomic charge densities; if p, were con-
stant at p, (the bulk value), then this would cor-
respond to neutral pseudoatoms. A superposition
of neutral pseudoatom potentials does not give a
good approximation to the self consistent pseudo-
potential near the surface.? If we were to assign
a chemical potential u,, to each atom (analogous
to an electronegativity parameter), then in the
tight-binding method this would depend on some
weighted average of E,(m) and E,(m). Keeping
E,(m) and E,(m) constant is sufficient to make
1L, nearly constant. This latter condition is much
more appropriate (in the sense of the Feynmann-
Hellman theorem) for a relaxed, self-consistent
configuration than it is for a.nonequilibrium con-
figuration such as the semi-infinite lattice. This
may explain why our results agree much bettér
with those of AH in the relaxed case than in the
unrelaxed one. Moreover, our result is indepen-
dent of numerical approximations or rounding
errors (such as those associated with a choice of
matching plane), so that (as was mentioned ear-
lier) it is quite possible that our results are more
accurate than those of AH. Certainly in the homo-
nuclear case we can approach the problem of self-
consistency in the presence of lateral motions as-
sociated with surface reconstruction with confi-
dence.

In conclusion, in this paper we have presented
a variety of material to indicate the directions
which we believe theory should follow in attempting
to construct a realistic picture of the electronic
structure of the relaxed surface of a covalent crys-
tal such as Si(111). We have shown that not only
surface states, but also (and perhaps surprisingly)
surface resonances make the surface density of
states very different from the bulk density of states
for a degree of relaxation which appears to be
realistic. We have connected several experi-
mental observations (by INS'* and ELS, ® as well
as UPS!™!!) with features of the surface density of
states of relaxed Si. Further comparison of theory
and experiment will, however, await the inclusion
not only of relaxation but also of reconstruction
effects as well,
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APPENDIX A: BULK TIGHT-BINDING PARAMETERS

The semiempirical approach to the determina-
tion of parameters in a tight-binding or linear
combination of atomic orbitals representation has
been widely used in solids, 2! and earlier and more
extensively in molecules as the Hiickel theory,??
The theory has undergone many refinements, es-
pecially in molecular calculations, for example
the extended Hiickel method, 2*~%¢ in which allow-
ance is made explicitly for nonorthogonality of
orbitals situated on different atoms.

In all semiempirical methods it is essential to
reduce the number of adjustable parameters to a
minimum, If one desires to fit both valence and
conduction bands of a bulk semiconductor near the
energy gap, the pseudopotential method, which
employs three parameters per element in the unit
cell, is most economical and most accurate. The
dangling and back-bond surface states that we have
considered are derived primarily from bulk va-
lence band states. Thus we are concerned with
achieving a good fit to the entire bulk valence
band, and a fairly good fit to the lowest conduction
band. Because of the localized nature of the sur-
face states, atomic orbitals are a natural basis
set for this problem.

Our procedure for fitting the bulk energy bands
was to calculate forty energy levels throughout the
Brillouin zone using a pseudopotential interpola-
tion scheme. The pseudopotential parameters
were adjusted to fit the experimental valence band
energies marked in Figs. 4(a) and 4(b). These
energies represent averages determined in a
variety of recent photoemission experiments, They
differ but slightly from the values which have been
obtained in many pseudopotential calculations over
the last 15 years. The more accurate input values
have almost no effect, e.g. on surface parame-
ters such as the dangling bond bandwidth. How-
ever, because surface structure in the density of
states is always measured relative to allowed and
forbidden energy intervals of the bulk band struc-
ture, comparison with photoemission experiments
is greatly facilitated by an accurate fit to the bulk
valence band. Our fit is somewhat more accurate
than AH’s fit,® and this is one of the reasons that
our calculated spectra have been found to yield
consistently better agreement with experiment
(by 0.1-0.3 eV). Our fit is accurate to 0.2 eV
(0.3 eV) for Ge (Si) valence bands (rms error).

ENERGY (eV)

! tionT BinoinG \
/ - —— PSEUDO POTENTIAL
¢ EXPERIMENT
—.— PREVIOUS FIT

ENERGY (eV)

—— TIGHT BINDING

=== PSEUDO POTENTIAL
(NON-LOCAL)
—" = PREVIOUS FIT
(D&D)

FIG. 4. (a) Present tight-binding fit to the energy
bands of Si using seven first- and second-neighbor
parameters is compared with pseudopotential energy
bands (cf. Ref. 1) and an earlier 13-parameter first-
and second-neighbor fit, (Dresselhaus and Dresselhaus,
Ref, 32.) The latter, in spite of its abundance of ad-
justable parameters, is unsuitable for surface calcula-
tions for reasons described in the text. (b) Present
tight-binding fit to the energy bands of Ge is compared
to a recent nonlocal pseudopotential calculation [K. C,
Pandey and J. C. Phillips, Phys. Rev. B 9, 1552 (1974)],
and an earlier thirteen-parameter tight-binding fit
(Ref, 32).

The determination of tight-binding parameters
by a least-squares relaxation procedure is not
unique. We searched for two months before set-
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tling on the parameterslisted in Table I. First we
surveyed several alternative parametrization
schemes, including d states as well as nonorthog-
onality parameters (see below). When we finally
settled on the seven parameters listed in Table

I, we did so because we felt our search had in-
dicated that we had reached a point of abruptly
diminishing returns, i.e., these parameters gave
a distinctly better fit than could be obtained with
fewer parameters, whereas additional parameters
did not reduce the rms error appreciably. How-
ever, even with seven parameters one can easily
find different local minima in the parameter space.
We found many of these, with typical rms errors
twice as large as those for the set shown in Table
I. The key step which enabled us to find the
parameters in Table I was the assumption that the
starting parameters (in the least-squares relaxa-
tion process) satisfied the relation

(s8)1(ppo)y = (spo)i , (A1)

which is approximately satisfied by the final pa-
rameters shown in Table I. While we have not
been able to prove that the deep minimum is uni-
que, our search never uncovered a parameter set
with comparable accuracy. We regard Eq. (Al) as
a useful supplement to the usual two=-center ap-
proximation, 2!

A general aspect of our results was the fact
that we could never obtain an accurate fit to the
conduction bands. (In practice, to obtain good
results for the dangling bond states we found it
necessary to include the lowest conduction band
energy levels in our set of fitted levels, but they
were assigned only half the weight of the valence
band states. This was consistent with the fact
that our rms error for the lowest conduction band
levels was about 0.5 eV, i.e., about twice as large
as for the valence band states.)

We believe that there are several intrinsic rea-
sons for this. First, there is the traditional
argument based on the uncertainty principle and
Wannier states. One argues that the omitted higher
states in the conduction band mix with the lower
conduction-band states to such an extent that
localized basis functions, i.e., pseudoatomic or-
bitals are difficult to form for the conduction band.
For the valenceband, however, it is easier to
form Wannier states because they are separated
from the omitted states by an energy gap.

This argument is qualitatively correct, but it does
not describe the central result commonto all our fitted
band structures. These gave a reasonably good fit
tothe lowest conduction band, butthe total conduction
bandwidth is always toosmall. One canunderstand
why this is the case by constructing bond (+) and
antibonding (~) s and p states, and ordering the
energies E(s+), E(p+), E(p-), and E(s-). De-
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fine the pseudo-Fermi energies by 2E3=E(s+)

+ E(s—) and 2E%=E(p+)+ E(p-). Suppose ES=E?%;
in this case the conduction bandwidth E(s =) - E(p —)
is approximately equal to the valence bandwidth
E(p+)—=E(s+). Inthe isolated atoms Ej and E%
are the (transition state) s and p energies, E® and
E?, Inthe real crystal, however, the actual s-
and p-like states contain large admixtures of
higher plane-wave-like states, and because the
conduction and valence bands contain equal num-
bers of electrons, the conduction band (where the
free-electron density of states is higher) must

be somewhat narrower. In practice the true con-
duction bands are not actually so narrow as is
implied by E$=E° and E%=E?. To compensate for
this discrepancy within the TB framework, one
must take Ef- E§<E®— ES and at the same time
let the conduction band be still too narrow; in this
way one obtains the best over-all fit to the valence
bands and the lowest conduction band.

By recognizing these difficulties we have been
able to find an accurate fit to the valence bands
and a reasonably accurate fit to the lowest con-
duction band. Our entire procedure seems to
differ essentially from what is commonly done in
molecular calculations, because we have not used
Slater functions to calculate matrix elements, and
obtained energy levels from these. (Instead we go
directly to the energy levels, and work inductively
to find the matrix elements.) We have given
serious consideration to the molecular approach,
in part because we intend to extend these calcula-
tions to cases of chemisorption. In what follows
we make a brief comparison of our methods with
the more traditional molecular ones.

Some successful Hiickel theories?® have been
based on very careful fits to the valence levels of
CH, and C,H; obtained either spectroscopically or
from ab initio molecular orbital calculations.?’

In the case of ethane (C,H;) to obtain a good fit to
the s and p valence levels it is necessary, if the
wave functions are also reasonable, to use an ex-
tended Hiickel method,?® i.e., to include the ef-
fects of nonorthogonality of atomic orbitals. The
difficulties are especially great for the splitting

of the two lowest valence levels, which have s bond-
ing and antibonding symmetry. In the CNDO meth-
od (which neglects nonorthogonality) this splitting®®
is about 12 eV; in ab initio®® extended Hiickel cal-
culations?%29 it is about 5 eV, and experimentally30
it is about 3.5 eV.

We have re-examined this problem by treating
the matrix elements of the Hamiltonian and the
overlap matrix S as adjustable (rather than derived
from Slater functions) and have otherwise made
approximations of the two-center, extended Huckel
type. The results are similar to those obtained
by previous workers, i.e., it is necessary to in-



clude nonorthogonality to obtain good results for
tetrahedrally bonded ethane. On the other hand,
a similar approach to the energy bands of tetra-
hedrally bonded Si led us to conclude that the non-
orthogonality terms (S;,#0 for i#3) did not mate-
rially improve our results, i.e., the approxima-
tion S;,;=6,, is appropriate for the valence bands
of Si. The following discussion attempts to ex-
plain qualitatively why the nonorthogonality terms
are necessary in the molecular context but are not
useful as adjustable parameters in fitting to the
bulk crystalline energy bands.

The central difference between overlapping C
atomic orbitals in C,Hg and the same overlapping
effects for C orbitals in diamond is that in the
latter structure each C atom has four nearest
neighbor C atoms (rather than one, as in ethane).
Thus in the crystal certain elements of S;; (i #j)
become larger than unity when calculated using
conventional Slater orbitals, whereas with the same
approximations S;, is well-behaved in molecules.
(This problem has been previously discussed by
Slater®! and Inglis®! who described it as a “non-
orthogonality catastrophe. )

The difficulties associated with large overlap
terms can be circumvented formally by using as
basis functions orthogonalized atomic orbitals.
This mathematical procedure does not, however,
explain why a good fit to the energy levels of
disilane (Si,Hg) requires S;,#0 (i#j), whereas a
good fit to the valence bands of Si can be achieved
with S diagonal. What is needed is a qualitative
physical argument. One such argument is the
following: In the molecule a large part of the solid
angle around each atom “looks” like vacuum, and
hence the optimized local orbital, i.e., that which
gives the lowest energy for the system, will be
only slightly contracted relative to the free atom,
because, e.g. of the C-C covalent bond in ethane.
At the same time, S;,=<3(i#j) so that the off-
diagonal elements of S are useful fitting parame-
ters. In the crystal, these off-diagonal elements
become so large that inversion of S is not well
defined, and the optimized local orbitals are not
obtainable simply from atomic orbitals, for in-
stance by a scaling contraction. Nevertheless, the
equilibrium lattice constant in diamond or Si is
determined primarily by nearest-neighbor inter-
actions, so that the lowest energy in a covalently
bonded system is achieved by maximizing the ef-
fect of the nearest-neighbor Hamiltonian overlap
terms H;, (i#7, ¢ and j centered on nearest neigh-
bors) on the valence bands. Interaction with the
more distant neighbors has only a secondary ef-
fect on the valence bands and on the covalent en-
ergy gap between valence and conduction bands
(e.g., it determines the energy differences be-
tween zincblende, chalcopyrite, and wurtzite struc-
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tures). Thus it is reasonable to fit the valence
bands with general first neighbor terms. Because
the atomic p energy is higher than the s energy,
the only correction terms needed are p-p interac-
tions between second neighbors.

The significance of the preceding qualitative re-
marks can best be brought out by comparison with
the approaches of other workers, which have been
based on considerations of mathematical complete-
ness rather than physical relevance. For example,
one occasionally sees it claimed that Wannier
functions (or some generalization of them) can be
profitably utilized as basis functions. In mon-
atomic cases a Wannier function is essentially
nothing more than an orthogonalized atomic or-
bital. In diatomic cases the Wannier function is
localized in some unit cell, and if in the diamond
lattice the unit cell is centered midway between
two atoms, then it is easy to see that a Wannier
valence-band function will be quite peculiar in the
bonding regions connecting one atom in the unit
cell to a nearest neighbor outside the unit cell,
This appears to be a general defect of the Wannier
prescription for constructing basis functions for
covalent systems, or indeed for any crystal with
more than one atom per unit cell.

It is of interest to compare the results of our
fitting procedure, based on seven parameters,
overdetermined in a statistical manner, with 13-
parameter fit% based on algebraic relations be-
tween the parameters and valence- and conduction-
band experimental data. In the thirteen-parame-
ter fit all first- and second-neighbor parameters
H,, allowed by crystal symmetry are included,
without regard to the two-center approximation,?!
For the first-neighbor interactions, the two-center
approximation leads to no simplifications, but for
second neighbors several terms vanish, It is in-
teresting that in the 13-parameter fits®® to Si and
Ge several of the largest second-neighbor terms
are those which vanish in the two-center approxi-
mation. This unphysical behavior arises from the
use of conduction-band experimental data; as we
have seen, the SETBM does not give a good fit to
the conduction bands. However, it might be
argued that more parameters always give a better
fit. That this is far from being the case is shown
in Figs. 4(a) and 4(b), which compare our over-
determined seven-parameter fits with the 13-pa-
rameter fits for Si and Ge. The latter are very
poor, especially towards the bottom of the valence
band. Again, it might be argued that because the
data which we fitted concerned primarily the highest
valence band and the first two conduction bands,

a fair test of the 14-parameter fit would involve
primarily only those bands.3 The dangling bond
states apparently fit this prescription. We there-
fore compare in Table III the energies of the
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dangling bond levels for Es at several symmetry
points for the unrelaxed (111) surface calculated
with our seven-parameter fit with those obtained
with the 13-parameter fit.** Because our results
in the relaxed case agree with self-consistent cal-
culations® (whose approach reproduces the bulk
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FIG. 5. (a) Comparison of dN/dE obtained from a
photoemission study (Refs. 10 and 36) with Zw=21,2 eV
and a cylindrical acceptance geometry on cleaved Si(111)
samples with low-step densities, but different ratios of

primaries to secondaries, after subtraction of the latter,

(b) Similar to (a), except that a low-step-density sample
has been annealed (7 X7 reconstruction pattern), and is
contrasted with a high-step-density sample.

TABLE III. Dangling-bond energies in eV for unrelaxed
(semi-infinite) Si based on the present seven-parameter
fit to the bulk bands and a thirteen-parameter fit (see
Refs. 32 and 34). Both cases include first and second
neighbor interactions, but the bulk parameters differ
because of the differences in the fitting procedure dis-
cussed in the text,

ks SETBM(7) SETBM(13)
T 0.30 0.60
J -0.28 ~0.40
K -0.28 ~0.64

band structure by the pseudopotential method,
which is wholly different from the SETBM) to with-
in 0.1 eV, we naturally ascribe the differences
in a dangling bond energies for the unrelaxed case
to the over-all poorness of the 13-parameter fit
to the bulk energy bands. Indeed, because the per-
turbation at the surface is of order 10 eV, i.e.,
about half the total s-p band width, a good fit to the
highest bulk valence and lowest conduction bands
is not sufficient to produce good dangling bond
bands, even though these bands lie between the afore-
saidbulkbands. Noteinparticular thatthe 13-pa-
rameter fit gives a dangling bond surface band width
which is too large by about a factor of two. This dis-
crepancy canbe traced to an unphysical choice of pa-
rameters, which gives rise tospurious interactions
which are manifested when one component of k be-
comes imaginary, i.e., k=k,+ik,. Inparticular, the
thirteen-parameter value of the most basic parame-
ter E,- E, in Si is 11.8 eV, about two and a half
times our value of 4.4 eV. By contrast, the value
of E, - E; used in semiempirical molecular or-
bital calculations®® is 6.8 eV. Ceterus paribus,
one would expect the apparent s-p splitting in the
crystal to be somewhat smaller (the stronger in-
teratomic interactions in the crystal quench the
orbital angular momentum somewhat more ef-
fectively than in the molecule), in agreement with
our choice of E,~ E,. (For Ge the 3d case states
hybridize slightly in the crystal with the 4p valence
states, giving rise to a repulsive p-d interaction
and a somewhat larger s-p splitting. In recent
molecular work, 3° the value of the s-p energy dif-
ference in Ge is quoted as 7.35 eV, which exhibits
the same trend relative to Si as our values do.)
(See Note added in Proof.)

APPENDIX B: VALENCE-BAND DENSITIES OF STATES

FROM PHOTOEMISSION

There is a growing body of experimental evi-
dence® ! that indicates that the apparent density
of states of the valence band obtained in an ultra-
violet photoemission experiment can change sub-
stantially with surface conditions (good cleave with
low step density, poor cleave with high step densi-
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TABLE IV. Listing of peak energies in dN/dE. The
labels identify the following (in order): the theoretical
curve with 2=3 & in Fig. 2; similarly with =13 &; the
dashed curve in Fig. 5(a); the solid curve in Fig. 5(a);
the dashed curve in Fig. 5(b); the solid curve in Fig,
5(b); and a photoemission curve at 25 eV (Ref. 37). The
abbreviations LSD and HSD refer to samples cleaved with
low- and high-step densities, respectively.

3 A& 0.3 -2.86 -7.4 —~10.6
134 0.3 -2.4 —7.2 ~10.0
LSDA  -0.5 -2.9 -6.7 —-10.4
LSDB  -0.5 -2.9 —-6.9 —11.1
LSD7  -0.5 ~1.6 -7.0 -10.9
HSD -0.9 -2.9 ~7.1 -11.6 -13.6
25 —-0.9 -3.4 -7.3 -11.3

ty, and of course different cleavage faces, cleaved
or annealed surfaces, as well as surface con-
tamination). Because Si oxidizes so readily, a
satisfactory survey of the remaining factors has
not yet been made, but in this appendix a beginning
of the discussion is made. The significance of

the theoretical calculations of the surface density
of states can be assessed more accurately when
the various experimental factors are also illus-
trated.

The first problem that one must deal with in
obtaining an ODS is to subtract the secondary back-
ground. In Fig. 5(a) we compare experimental
results® on different samples which gave different
amounts of secondary compared to primary emis-
sion, There are differences in the apparent densi-
ty cf states below — 10 eV because in this region the
secondary background is very larger. However,
above — 10 eV the two curves are in generally good
agreement and the differences between them repre-
sent the kinds of variations between Si(111) samples
that are obtained with different cleaves. Overall
these differences are small.

In Fig. 5(b) we show how the results change
from Fig. 5(a) when the cleaved, low-step-density
Si.(111) 2x1 surface is annealed to produce the
7X17 structure. The main change is that the
height of the peak near — 7.5 eV is now com-
parable to that of the peaks near — 3 eV, whereas
the 2X 1 low-step-density structure of Fig. 5(a)
gave a ratio of nearly 2 to 1. The same adjust-
ment of peak heights can also be achieved with a
cleaved surface using a poor cleave with a high
step density, as illustrated in the figure. Note

that with a high-step density there is strong evi-
dence that very deep back-bonding states are
formed® near the steps for energies near — 13,4
eV. Near steps the density of dangling bonds in-
creases, and one would expect stronger back-bond-
ing effects.

The theoretical ODS shown in Fig. 2 exhibits a
ratio of peak heights near — 7.5 eV compared to
-3 eV of less than one. The emphasis on the
- 7.5 eV peak appears to decline with increasing
photon energies® up to %w =25 eV, at which energy
a poorly cleaved (111) surface with a high-step
density gives®” a peak height ratio of about 0. 8.
This is consistent with the results® of Figs. 5(a)
and 5(b), taken at a photon energy of 21.2 eV.

One can observe that the back-bonding effects
near steps seem to change the shape of the spec-
trum primarily by adding a new peak near - 13.5
eV. Itis possible, therefore, that the primary
cause of the variation in peak heights (- 7.5 eV
compared to — 3 eV) between low-step-density
and high-step-density cleaved surfaces shown in
Figs. 5(a) and 5(b) arises from angular anisotropy
of the escape probability.3® With surface vacancies
anisotropy would come into play in much the same
way as one could obtain with high-step density,
and thus the Lander model for the 7X7 surface is
made more plausible, *

Although peak heights are found to vary sub-
stantially with surface conditions, on clean sur-
faces the peak locations are always very similar, 3
We have therefore collected in Table IV certain
peak energies in the valence band IN/dE, and com-
pared these with those of the theoretical curves
in Fig. 2.

Nole added in proof:. After this paper was sub-
mitted for publication, some tight-binding calcula-
tions were reported [D. J. Chadi and M. L. Cohen,
Phys. Status Solidi B 68, 405 (1975)] with substan-
tially different values of E,-E (7.2 and 8.4 eV, in
Si and Ge, respectively). However, in Figs. 6
and 8 of this paper the comparison between tight-
binding and pseudopotential energy bands for high-
symmetry directions seems to be as favorable as
we show in our Fig. 4. This is because of their
addition of a second-neighbor interaction which
does not satisfy the two-center approximation,
but which does improve the fit along (only) these
special directions. Without this artificial term
errors of an order of 1 eV are found with the first-
neighbor parameters only.
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