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Density-of-states calculations are presented based on band structures computed using the empirical
pseudopotential method. Data from recent measurements of x-ray photoemission spectra and ultraviolet
photoemission spectra are used to obtain the theoretical parameters. It was necessary to include a
nonlocal pseudopotential to obtain consistency with experiment. Results for the density of states,
including critical-point assignments and band structures, are given for Si, Ge, GaAs, InSb, GaP, ZnSe, and

CdTe.

I. INTRODUCTION

With the advent of high-resolution photoemission
spectroscopy, i.e., x-ray photoemission spectro-
scopy (XPS) and ultraviolet photoemission spectro-
scopy (UPS), detailed information is now avail-
able!™® about the lowest-lying valence bands in
semiconductors. In this paper we identify the
structure in those spectra and associate it with
structure in the valence-band density of states.
To do this we have calculated the band structures
and density of states for Si, Ge, GaAs, GaP, InSb,
ZnSe, and CdTe using the empirical pseudopoten-
tial method (EPM). #°

The EPM uses experimental data to fix the form
factors of the crystalline potential. In the past,
reflectivity data were the main source of experi-
mental input. It was found that a completely local
potential was sufficient to explain most of the re-
flectivity data. On purely theoretical grounds the
pseudopotential should be nonlocal and energy de-
pendent, but local approximations suffice for a
limited energy range. This is the situation for the
reflectivity case where the predominant structure
results from transitions between the top valence
and bottom conduction bands. When we extend the
early calculations to lower energies into the valence
bands, comparisons with XPS and UPS data show
discrepancies. In addition, reflectivity assign-
ments fit direct transitions. When XPS or UPS
data are used, itis possible to fix indirect splittings.
It was found that even regions of the second-high-
est valence bands were in disagreement with experi-
ment. A nonlocal pseudopotential scheme com-
pletely removes the discrepancies above. In this
paper we take the simplest approach to get the
lowest-order corrections by allowing the electron
mass to vary, i.e., m-m*, A more traditional
(and theoretically pleasing) approach* would be to
include a specific nonlocal potential (e.g., for d
waves). We have done such calculations for the den-
sity of states, and we find results which are simi-
lar to those obtained using m*. We therefore have
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chosen the former scheme because it is simple.

We begin by calculating the density of states with
a local potential and then fit the nonlocal parameter,
i.e., m* and the form factors of the potential, by
comparing the density of states with XPS and UPS
data. One of the most striking features of the XPS
and UPS spectra is that they both mimic the valence -
band density of states. Inaddition, the agreement be -
tween the two (XPS and UPS) is excellent. Consider-
ing that the bulk penetvation of electrons is diffevent
in the two cases this adds support to the idea that
both XPS and UPS measure bulk properties.

After the density-of-states fits are obtained (re-
flectivity data are also used as a constraint), a
critical-point (cp) analysis is done. The sharp
structure is identified with the My, M,, M,, M,
cp’s? in the energy-band structure. The band struc-
ture itself is given for each crystal studied.

The over-all agreement is good and the major
discrepancies between experiment and the local
EPM calculations have been removed especially for
the highest valence bands. The lowest band is the
least reliable; this stems partially from the ap-
proximate manner in which we have included non-
local effects.

In the text, comparison is made between the pres-
ent calculation using the nonlocal potential, experi-
mental results, and the original calculations using
the EPM by Cohen and Bergstresser® (CB). More
recent EPM calculations since CB have been done
which give better agreement with experimental re-
flectivity spectra. However, in these calculations
again very little attention is given to fitting the
valence-band densities of states. Despite this, the
adjustment to fit optical data sometimes yielded a
band structure which gave density-of -states spec-
tra closer to the XPS value. We have not, how-
ever, included these results here, as it is more
straightforward and simpler to use the CB values
since this reference contains all the crystals of in-
terest and the form factors are not too different
from the more recent work.
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TABLE 1. Form factors (in Ry), effective-mass parameter, and lattice con-

stants (in A).

V5 (3) vi®) vl v4AB) VAWl VALY m/m* a
Si -0.211 0.040 0.080 eoe 5.43
Ge —0.269 0.038 0.035 e 1.089 5.65
GaAs -0.252 0.000 0.080 0.068 0.066 0.012 1.138 5.64
GaP -0.249 0.017 0,083 0.081 0.055 0.003 1.075 5.45
ZnSe -0.261 -0.011 0.113 0.151 0.130 0.016 1.291 5.65
InSb -0.250 0.010 0,044 0.049 0.038 0.010 1.192 6.47
CdTe -0.245 -0.015 0.073 0.089 0.084 0.006 1.228 6.48

1II. METHODS OF CALCULATION

The EPM involves adjusting pseudopotential
form factors to achieve good agreement with the
experimental results. These form factors are
then used to calculate the electronic energy bands
on a fine mesh of points throughout the Brillouin

zone. 4

In applying the EPM to obtain the electronic band

structures, we have used the pseudopotential

Hamiltonian

H=- (F?/2m*) V4 V(r),

(1)

where m* is an effective mass and V(r) is a weak

pseudopotential which is taken to be a superposition

of spherical atomic pseudopotentials.

The potential V(F) is then expanded in reciprocal
lattice vectors, and for convenience expressed in
terms of a symmetric and antisymmetric part:

V(©)=2 [V5(G)cosG- T
G

+iVAG)sinG- 7] D (2)

where T =1a(1,1, 1), a being the lattice constant.
[For diamond structure compounds, the antisym-

TABLE II. Energies (in eV) of characteristic features

in the valence band of Si (measured relative to the top

of the valence band).

Theory v Experiment S

Si (Ref. 5) (Refs. 3, 14) (Refs. 1, 2, 13)
L} ~1.1 oo eee
X, -2.8 —2.5%0.3
W, -4.0 —3.9%0.2
zpin -4.5 -4.7+0.2 —-4.7£0.3
Ly -7.2 -6.4+0.4 —-6.8+0.2
Wy -8.1 -8.1£0.3
T} -10.2 -9.3+0.4
Ty -12.6 -12.4+0.6 -12.5+0.6
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FIG. 1. X-ray photoemission spectra, density of
states, and band structure for Si. The top figure shows
the corrected experimental spectra from the XPS work
of Refs. 1, 2, and 13. The middle figure is the EPM-
calculated density of states. To facilitate comparison
with experiment a broadened density of states is indicated
by the dashed line. The bottom figure is the EPM-cal-
culated band structure.
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metric form factors V4(G) are zero.] The above
series usually converges rapidly enough so that
only three form factors are needed for each atom.

As a starting point for these calculations the CB
form factors were used.’ Adjustments were then
made in these form factors to obtain a good fit to
the experimentally determined density of states.
The principal optical transitions at I', X, L, and
Z were constrained to remain near their original
values.

One modification of the usual procedure used in
EPM calculations was made. As is well known,
the pseudopotential appearing in Eq. (1) is non-
local. However, the local approach can be simply
modified to take this fact into account in an ap-
proximate way. It has been noted?* that the low-
est-order correction to this inherent nonlocal be-
havior is to replace the free-electron mass in the
Hamiltonian by an effective mass m*. Such a pro
cedure has been used before in EPM calculations
especially when fits to orthogonalized-plane-wave
results® are needed.

This approach is required here because the
valence bands of interest span an energy range
~15 eV over which it was found that the pseudopo-
tential could not be treated by purely local methods.
Local approximations to the potential were suffi-
cient for reflectivity fits since the transitions in-
volved were direct, of low energy, and mainly be-
tween the top valence and bottom conduction bands.
When indirect interband splittings were known,
nonlocal adjustments were necessary.” This is
similar to what we find for photoemission where
the measured density of states gives us informa-
tion about nondirect splittings.

Spin-orbit interactions were included for InSb,
ZnSe, and CdTe. Here the spin-orbit splittings
are comparable to the experimental resolution.

The method of calculation used was that due to
Weisz® as modified by Bloom and Bergstresser.®
In this procedure two parameters are used to char-
acterize the spin-orbit coupling. !* The metallic
spin-orbit parameter is varied until one obtains
the experimentally known splittings, while the non-
metallic parameter is constrained to a fixed ratio
between the two parameters. This ratio is equal
to that of the ratio of the spin-orbit interaction for
the free atoms as calculated by Herman and Skill-
man. ! The resulting values for the metallic spin-
orbit parameters for ZnSe, InSb and CdTe are

0. 0006, 0.0019, and 0.0013, respectively.

Once the band structure has been obtained, the
density of states N(E) may be calculated from

NE)= =T T 0(E ~E,, (&), ®
a K Mo

where N is the number of primitive cells, N, is
the number of atoms in the primitive cell, and
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N(E) is normalized to the number of states per
atom. Equation (3) was evaluated by using the
Gilat-Raubenheimer technique. > The energy de-
rivatives required by this technique were obtained
by using k - P perturbation theory. A grid of 308
points in the irreducible Brillouin zone was used
in the calculation.

As in the case of analyzing optical reflectivity
spectra, one can identify critical points in the den-
sity of states. These points determine the regions
of the Brillouin zone responsible for the structure
found in the density of states. By observing the
relationship of critical-point locations in broad-
ened and unbroadened density-of-states calcula-
tions, it is possible to obtain values for the
actual positions of the critical points from ex-
perimental data, 2313

The resulting form factors, effective mass
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FIG. 2. X-ray photoemission spectra, density of
states, and band structure of Ge. See Fig. 1.
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TABLE III. Energies (in eV) of characteristic features
in the valence band of Ge (measured relative to the top
of the valence band).

Theory Experiment
old UPS XPS

Ge (Ref. 5) New (Refs. 3, 14) (Refs. 1, 2, 13)
Ly -1.1 -1.2 -1.10.2

X, -2.4 -3.0 ~2.7+0.3
W, -3.3 -4.0 ~3.9+0.2
zpin -3.8 -4.4 -4.5+0.2 -4.5%0.3
Ly -6.9 -7.8 -7.7+0.2 ~7.4%0.2
Wy -8.2 -9.1 ~8.7+0.3
L} -9.9 -11.0 -10.6+0.3 -10.5+0.4
Ty -12.0 -13.3 ~12.6+0.3 ~12.8+0.4

parameters, and lattice constants used in the cal-
culations are listed in Table I

III. RESULTS

In Figs. 1-7 the calculated densities of states
are compared with the experimental results of
XPS. 12413 The band structures are also presented
for each compound. In Tables II-VIII the result-
ing values for various characteristic features in
the density of states are listed and compared with
the results of previously calculated form factors
from optical data.® (For these calculations the
matrix size was larger than in the CB case, i.e.,
E =9 rather than the CB value E,="7; this gives
some slight shifts in the energies.) Tables II-
VIII also contain the experimental results from
both XPS"?* and UPS. ¥ All energy positions
are measured relative to the top of the valence
band as shown in the figures.

When comparing the calculated density of states
using a local pseudopotential (CB) with XPS and
UPS data, it was found that several bands were in
error by as much as 0. 5-2.0 eV. The largest
error is for the lowest-lying valence bands. Early
workers recognized that the lower valence bands
were not expected to be accurate since only inter-

TABLE IV. Energies (in eV) of characteristic features
in the valence band of GaAs (measured relative to the
top of the valence band).

Theory Experiment
old UPS XPS
GaAs (Ref. 5) New (Refs. 3, 14) (Refs. 1, 2, 13)
Ly -0.9 -0.9 -0.8+0.2 -1.4%0.3
X5 -2.2 -2.5 -2.5+0.3
W, -2.6 -3.5 -4.0+0.2
spin -3.2 -3.9 -4.1+0.2 -4.4%0.2
Wy ~6.0 -6.6 -6.6+0,2
X3 -6.4 -6.8 -6.8+0.2 -7.1£0.2
X -9.7 -11.4 -10.8+0.4 ~10.7+0.3
Ty -12.0 -13.8 -11.9+0.6 ~13.8+0.4

band transitions between the top valence and bottom
conduction bands were used in the fitting procedure.
As a result they did not publish the values or band-
structure curves for these lower bands. We have
computed these bands using the form factors given
in the early papers, and we have extended the
energy range in this way.

The addition of an effective mass parameter
brings the calculated bands closer to experiment.
This is not always the case for the lowest valence
band, because our method is approximate and is
designed to give the first band [especially near
(0, 0, 0)] a low-energy value. A full nonlocal po-
tential which accounts for d states in the core
should work better, but it is a bit more complex.
The effective mass approach does, however, re-
move all the major discrepancies for the higher
bands. In particular, the Z7'" feature (which is
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FIG. 3. X-ray photoemission spectra, density of
states, and band structure of GaAs. See Fig. 1. Note
that for zinc-blende crystals we have used L; for the
two lowest bands at L to conform to the notation of other
authors. Rigorously the labels should be L and L,.
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FIG. 4. X-ray photoemission spectra, density of
states, and band structure of GaP. See Figs. 1 and 3.

sharp in UPS data) has been improved consider-
ably.

The resulting densities of states are discussed
below, compound by compound, and critical-point
identifications are noted in parentheses where un-
ambiguous determination is possible.

A. Silicon

In the case of Si (only) the original CB form fac-
tors were used, without an effective mass, to cal-
culate the density of states. (See Fig. 1.) This
was done because the resulting density of states
agreed quite satisfactorily with the experimental
results of both XPS and UPS (see Table II).

The threshold of the valence-band contributions
to the density of states for Si is — 12. 6 eV below
the top of the valence band, and occurs at I'y (M,).
The first peak at — 10. 2 eV is from Lj(M,). The
contributions from the lowest band cease at - 8.15
eV at Wy (M;), while the minimum of the second
band occurs at -8.3 eV at X; (M,). The large peak

| oo

at -7.2 eV comes from L, (M,;). Because of the
rather sharp rise of the second valence band in
the energy range from -7.2 to —4.5 eV, there is
a rather sharp drop in the density of states from
the L, peak. The onset of the third band occurs
at -4.5 eV near K along =, thus the notation ZP'?,
The peak near — 4.1 eV arises from contributions
near 27" and W, (M,) at - 4.0 eV. The peak at

- 2.8 eV is due to X, (M,;). Finally, the shoulder
at- 1.1 eV is from L (M,).

B. Germanium

The valence-band contribution to the density of
states for Ge begins at - 13. 3 eV below the top of
the valence band. (See Fig. 2 and Table II. ) This
point occurs at I'y (M), while the peak at — 11,0
eV is due to L, (M,). The contributions from the
first band terminates at — 9.05 eV at W, (M), and
the minimum of the second band occurs at - 9. 15
eV at X, (My). The sharp peak at —7.8 eV arises
from L, (M;). Again there is a sharp drop in the
density of states from - 7.8 to — 4. 4 eV where the
threshold of the third band occurs at ZT®, The
peak near — 4.0 eV comes from the minimum along
with contributions from W, (M,). The peak at
- 3.0 eV is due to X, (M,). Finally the shoulder
at — 1.2 eV comes from L} (M,).

From Table III, one notes that the comparison
with both UPS and XPS experimental results is
quite satisfactory. A considerable improvement
has been made from the CB results. Further, the
discrepancy mentioned by Grobman and Eastman®
for Z7!" namely, that the previous EPM calcula-
tion® and other band-structure calculations?® give
a value too close to the top of the valence band,
has been removed. The calculated value of — 4.4
eV is quite close to the UPS and XPS value of — 4. 5
eV. The agreement between theory and experi-
ment would even be better if spin orbit were in-
cluded. The agreement with experiment for the

TABLE V. Energies (in eV) of characteristic features
in the valence band of GaP (measured relative to the top
of the valence band).

Theory Experiment
Old UPS XPS
GaP (Ref. 5) New (Refs. 3, 14) (Refs. 1, 2, 13)
Ls -0.9 -1.0 —1.4%0.3
X -2.3 -2.5 -2.7£0.2
W, -3.2 -3.7 —3.620.2
spin -3.8 -4.1 -4.220.3 -4.020.2
Wy -5.4 -6.6 —-6.5+0.2
X3 -5.8 -6.9 -7.0+0.3 —-6.9+0.2
X1 -11.5 -10.9 -9.6+0.3
Ty -13.0 -13.6 ~12.0+0.6 -13.2+0.4
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FIG. 5. X-ray photoemission spectra, density of
states, and band structure of ZnSe. The Zn 3d states
have been subtracted out, with the peak position indicated
by the solid line. See Figs. 1 and 3.

L; and I'; features has not improved significantly
from the CB results.

C. Gallium Arsenide

The threshold of the density of states is at- 13.8
eVat I'; (M,). (See Fig. 3 and Table IV.) The

TABLE VI. Energies (in eV) of characteristic features
in the valence band of ZnSe (measured relative to the top
of the valence band).

Theory Experiment
old UPS XPS
ZnSe (Ref. 5) New (Refs. 3, 14) (Refs. 1, 2, 13)
Ly ~0.5 -0.9 see -1.3+£0.3
X -1.5 -2.1 -2,1£0.3
Wy ~-2.0 -3.3 oo —-2,6+0.2
spie -2.7 -3.8 —4,0£0.3 -3.4:0.4
A -3.4 -5.3 . -5.2£0.2
Ly -3.8 -5.9 -5.7+0.3 -5.6+0.3
Xy -13.2 -14.2 oo -12.5+0.4
Ty -14.2 -15.8 eee —-14.5+0.6
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shoulder at —12, 1 eV arises from L, (M,). The
main peak at — 11. 4 eV comes from the entire
square face of the zone which turns out to be a sur-
face of nearly constant energy (e.g., the energy
change from X, to W, is less than 0,05 eV). Unlike
the case of Ge there is a 4. 5-eV gap between the
two lowest valence bands. The gap extends from

- 11.3 to - 6.8 eV and can be associated with the
fact that the antisymmetric form factors, V4(G),
are no longer zero as in the case of Ge or Si. The
minimum of the second band occurs at X5 (M,).
Contributing to the sharp rise, and to the large
peak at — 6.5 eV are critical points at — 6.7 and

— 6.6 eV arising from L, (M,) and W, (M,), re-
spectively. Just as in the case of Ge, there is

a sharp drop near the main peak; this drop con-
tinues until the minimum of the third valence band
occurring at Z1"" at - 3.9 eV is reached. This,
along with W, at — 3.5 eV, causes the sharp rise

InSb
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FIG. 6. X-ray photoemission spectra, density of
states, and band structure of InSb. See Figs. 1 and 3.
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FIG. 7. X-ray photoemission spectra, density of
states, and band structure of CdTe. See Figs. 1 and 3.

at the ZT*" edge. This fourth band has a minimum
at W3 (M) which leads to the gradual rise to the
X5 (M,) peak at — 2.5 eV. The shoulder at - 0. 9
eV is from Lg (M,).

Table IV shows that the agreement of the cal-

TABLE VII. Energies (in eV) of the characteristic
features in the valence band of InSb (measured relative
to the top of the valence band).

Theory Experiment
old UPS XPS
InSb (Ref. 5) New (Refs. 3, 14) (Refs. 1, 2, 13)
Ly -0.6 ~1.2 -1.4%0.2
X5 -1.4 -2.1 -2.4+0.4
W, -2.8 -3.1+0.2
i -2.1 -3.2 ~3.3+0.3 -3.4%0.2
Ly —-4.9 -5.7 -5.9:0.2
X3 -5.4 -6.2 -6.2x0.3 -6.4+0.2
Xy -17.6 -9.5 -9.6+0.3 -9.5+0.2
T, -8.9 -11.3 ~10.9+0.5 -11.7+0.3

loo

TABLE VIII. Energies (in eV) of the characteristic
features in the valence band of CdTe (measured relative
to the top of the valence band).

Theory Experiment
oud UPSs XPS

CdTe (Ref. 5) New (Refs. 3, 14) (Refs. 1, 2, 13)
Ly -0.4 -1.0 -0.7+0.3 -0.9+0.3
X; -1.0 -1.5 -1.8+0.2
W, -1.4 -2.0 -2,210.3
zpin -2.0 -2.7 -2.9+0.3 -2.7+0.3
wy -2.6 -4.3 -4.520.1
X3 -2.9 -4.6 -4.8+0.2 -~5.2+0.2
X, -12.5 -10.6 —8.80.3

Ty ~12.9 -11.8 —-10.8+0.6

culated energies with experiment has improved
considerably from the CB results. The discrepancy
noted by Grobman and Eastman® for ZP® has again
been removed and would be even smaller if spin-
orbit effects were included.

D. Gallium Phosphide

The calculated density of states for GaP is
nearly identical to that of GaAs. (See Fig. 4 and
Table V.) The threshold occurs at — 13.6 eV
T’y (M), while the shoulder at — 11, 8 eV corre-
sponds to L, (M,). As in GaAs the square face
of the Brillouin zone causes the huge peak at
~10.9 eV. There is a 4-eV gap which extends
from - 10. 9 to ~ 6. 9 eV between the lowest valence
band and the next higher band. The minimum of
the second band is at X (M), which occurs at
- 6.9 eV. The sharp rise near the main peak at
- 6.5 eV comes from L, (M) at -~ 6.7 eV and W,
at - 6.6 eV. The contribution of the third band at
ZP® starting at — 4. 1 eV causes the sharp rise in
the density of states; W, (M,) at — 3.7 eV also
adds to the rise. The threshold of the fourth band
occurs at W3 (M,) at — 3.0 eV and this starts the
gradual rise to the X5 (M,) peak at — 2.5 eV. The
shoulder at — 1.0 eV is from Ly (M;).

There is good agreement between experiment
and the calculated values for the top three bands.
There has been a considerable improvement over
the CB results for the W, and X, states. For ZT"
the change was smaller. This is probably due to
the fact that GaP is an indirect semiconductor and
the indirect transitions were fitted roughly to the
correct values by Cohen and Bergstresser when
they considered the existing optical data.

E. Zinc Selenide

Since spin-orbit coupling was included in the
following densities-of-states calculations, the de-
generacy of the bands in certain directions can be
removed. Hence, the bands will be labeled 1
through 8, with 1 being the lowest valence band
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and 8 being the top valence band. To facilitate
comparisons with Si, Ge, GaP, and GaAs the bands
are labeled using non-spin-orbit notation. (See
Fig. 5 and Table VI.)

The lowest two bands (1 and 2) are s like; thus
spin-orbit interactions can be neglected. The
minimum of the density of states occurs at I'; (M)
at — 15.8 eV. The shoulder at —14.6 eV is due to
L, (M), while the large peak at — 14. 2 eV is again
due to the constant-energy surface of the square
face of the Brillouin zone. The gap to the next
higher band found in zinc blende extends from
-14.2to -5.9eV. At -5.9eV, bands (3 and 4)
start to contribute at L, (M,). Interestingly enough,
X3 is not the minimum here as was the case in
GaP or GaAs. Since L, is lower than Xj, the large
peak at — 5.4 eV comes from X; (M,) at - 5.8 eV
and W, which is split by the spin-orbit interaction
into two peaks: one at - 5.3 eV, the other at- 5.0
eV. The minimum of band 5 occurs at =T at
— 3.8 eV. The doublet peaks at — 3.4 and - 3.2
eV are caused by the splitting of bands (5 and 6)
at W,, and the sharp rise at - 2.7 eV is from the
onset of bands (7 and 8) at Wy (M,). The large
peak at — 2.1 eV is from bands (5 and 6) at X5 (M,),
while the shoulder at - 0.9 eV is from bands (5 and
6) at Ly (M3). The spin-orbit splitting here causes
another shoulder at— 0.7 eV from bands (7 and 8)
at Ly(M,).

The agreement as indicated in Table VI is satis-
factory except for the lowest band. Again there is
marked improvement over the CB results.

F. Indium Antimonide

In InSb the spin-orbit coupling was included.
(See Fig. 6 and Table VII.) The threshold for the
lowest band occurs at — 11. 3 eV at I'; (M), while
the shoulder occurring at — 10.0 eV is from
L, (M,). The sharp peak at — 9.5 eV comes from
the square face of the Brillouin zone as in the other
zinc-blende compounds. Again a gap appears be-
tween the two lowest valence bands. It begins at
- 9.4 eV and terminates at X3 (M,) at — 6.2 eV,
Unlike the other calculated densities of states,
W, lies between X3 and L,. At W, spin-orbit inter-
actions split bands 5 and 6 by about 0.2 eV. Both
of these points occurring at —6.0 and ~ 5.8 eV
contribute to the peak at — 5.7 eV. L, (M,) oc-
curs at — 5.7 eV at the height of the peak. Band
5 has a threshold at — 3.2 eV at Z["®, The peaks
at — 3.1 and - 2. 8 eV are from the spin-orbit split
bands at W, (bands 5 and 6). The small peak at
— 2.4 eV is from bands (7 and 8) at W4 (M,) and
X5 (M,) bands (5 and 6). The peak at — 2.1 eV is
from bands (7 and 8) at X (M;), while the shoulder
at — 1,2 eV is due to Ly (M3) from bands (5 and 6).
The comparisons with experimental results
found in Table VII are very good. Even the lowest
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band agrees with the experimental results. It is,
perhaps, noteworthy that the d states lie well below
the lowest valence band. XPS data indicate the

In 4d level lies about 17 eV below the top of the
valence band.

G. Cadmium Telluride

Spin-orbit interactions were again included in
the calculations for CdTe. (See Fig. 7 and Table
VIII.) The threshold of the lowest band is at — 11.8
eVat I'y (My). The two peaks in the lowest band at
-~ 11.0 and - 10.6 eV are caused by L, (M,) and by
the nearly constant energy surface of the square
face of the Brillouin zone, respectively. The gap
between the lowest band and the next lowest band
begins at — 10.6 eV and terminates at —4.6 eV at
X3 (My). The spin-orbit splitting between bands
3 and 4 at W, causes the doublet peaks at — 4. 3
and -4.0eV. At-4.4eV, L, (M,) adds to the
height of the first peak. The minimum of band 5
again occurs at 7™, This causes the sharp rise
at — 2.7 eV. Spin-orbit splitting between bands
5 and 6 at W, causes the peaks at — 2.4 and - 2.0
eV. The peak at -~ 1.8 eV is due to the coincidenc
of W (M) from bands (7 and 8) and X5 (M,) from
bands (5 and 6). The peak at — 1.5 eV is due to
X5 (M,) from bands (7 and 8). Finally the shoulde
at — 1.0 eV is due to bands (5 and 6) at L (M;).

The comparison with experiment is listed in
Table VII. The over-all agreement is satisfacton
although the lowest band is in poor agreement with
experiment.

IV. DISCUSSION OF RESULTS

One can observe some interesting trends by
examining the isoelectric series of Ge, GaAs, and
ZnSe. The most obvious change from Ge to GaAs
is that a gap appears between the first two valence
bands. As previously noted? this is due to the
localization of electrons in the first band around
the strong As ion, '® and can be related to the anti-
symmetric from factors V4(G). This “antisym-
metric gap” may also be related to the ionicity. }’
One notes that the gap nearly doubles in size from
the 4.5 eV value in GaAs to 8.2 eV in ZnSe, which
is more ionic.

Another trend observed in the calculated density
of states is that the widths of the various peaks de-
crease as the compound becomes more ionic. For
example, the width of the lowest band is 4.1 eV in
Ge, 2.4 eV in GaAs, and 1.7 eV in ZnSe. The
width of the top three bands also decreases. In
Ge the width is 9.1 eV, in GaAs, 6.8 eV and in
ZnSe, 6.0 eV.

The trends in going from InSb to CdTe follow the
trends in going from GaAs to ZnSe. Namely, the
antisymmetric gap for InSb is 3. 3 eV, while the
gap is 6.0 eV for CdTe. Finally, the width of the
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lowest band for InSb and CdTe is 1.9 and 1.2
eV, respectively, and the top three bands also
contract: 6.0 eV for InSb, and 4.6 eV for
CdTe.

In summary, it has been demonstrated that the
EPM, with the addition of an effective mass, can
adequately reproduce the experimentally deter-
mined density of states for at least the top three
valence bands. In addition, complete critical-

CHADI, AND COHEN 8

point analysis has been given, and the experimen-
tal structure identified.
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