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The interband optical properties of Si, Ge, GaP, GaAs, ZnS, and ZnSe were calculated
using ab initio self-consistent energy bands and wave functions obtained from the previous

paper (paper I). Qualitatively good agreement with experiment is found, but all peak posi-
tions are shifted to lower energies since the local-density approximation underestimates the
optical band gaps. Agreement with experiment with regard to line shape and peak position
can be improved using an empirical energy-dependent self-energy correction as appears in

the Sham-Kohn local-density theory of excitation. After examining the possible effects of
lifetime broadening, our results indicate that additional many-body, excitonic, and local-
field corrections must be included to achieve quantitative agreement in the intensity of cer-
tain features in the optical spectra.

I. INTRODUCTION

The optical properties of the diamond and zinc-
blende semiconductors have been the subject of in-

tense investigations for many years. Surprisingly,
experiments showed similar qualitative results
among the group IV, III-V, and II-VI semiconduc-
tors, with the imaginary part of the dielectric con-
stants (e2) exhibiting two major peaks. ' The first
structure has been attributed to the MO- or M 1-

type critical-point transition, and the second one to
the M2 type. Earlier theoretical efForts employing
the empirical pseudopotential method adjusted the
model pseudopotentials to fit either the experimental
data or empirically refined OPW energy
bands. ' In general, the optical spectra calculated
using the resulting pseudoenergies and wave func-
tions within the one-electron approximation un-

derestimate the intensity of the observed E l peak in

e2 by as much as 50% while the E2 peak is overes-
timated. The theoretical e2 remains larger than the
measurement until around 6—8 eV, and beyond
this point the theoretical values become increasingly
too small. This gives rise to theoretical results for
reflectivity and energy-loss spectrum intensities
more than twice as large as experiment at high ener-
gies.

In an effort to understand some of these
discrepancies, Louie et al. have calculated the
dielectric response matrix in order to investigate the
possible local-field corrections to the optical spec-
trum of Si. They found that the prominent peak
positions are not altered, even though the overall
strength of ei below 7 eV is reduced, contrary to
what is required to reconcile theory with experiment
for the E1 and E2 structure. However, significant
improvements arising from the local-field correc-
tions are found at higher energies where the energy-
loss spectrum shows the most dramatic effect. The
theoretical intensity of the plasmon peak at 18 eV is
reduced by 50%, significantly improving the agree-
ment with experiment. Presumably better values of
e2 in this energy region will also reduce the
discrepancy in the reflectance spectrum.

The existence of contributions from the meta-
stable continuum-exciton to the E1 structure in

e2(co) for the diamond and zinc-blende semiconduc-
tors has been suggested by several authors. " ' It
was Phillips" who first proposed the effect of the
hyperbolic exciton on the M 1-type van Hove singu-
larity structure. Using the tight-binding model with
an on-site contact interaction to approximate the
Coulomb interaction between the electron and the
hole, Velicky and Sak' have demonstrated that the

24 3417 1981 The American Physical Society



3418 C. S. WANG AND B. M. KLEIN 24

MO and M 1 branch points of e2 were enhanced
and sharpened, while the M 2 and M 3 branch
points were weakened and smoothed out. Experi-
mentally, it was found that the temperature' and
pressure' dependence of the line shape or the sym-
metry' in the wavelength modulation reflectance
spectra cannot be explained without introducing ex-

citonic effects.
More recently, Hanke and Sham' have included

many-body effects in a calculation of the dielectric
response of Si which take into account both the
screened electron-hole attraction (the excitonic ef-

fect) and the local-field effect. In good agreement
with Louie et al. they found the local-field effect
alone shifts the oscillator strength to higher energy
and furthers the discrepancy with the experiments at
low energies. When both excitonic and local-field
corrections are included, the intensity of the E 1

peak is almost doubled at the expense of their

higher energy counterparts. Furthermore, the posi-
tion of the E1 peak is lowered by 0.2 eV and the
static dielectric constant e~(0) is raised from 9.85 to
10.4. The experimental value is 11.7. Thus, the
overall agreement with the experiment is significant-

ly improved. However, such a detailed quantitative
account of various many-body effects may be limit-

- ed by the choice of the starting one-electron energy
bands. Quantitatively, there are substantial differ-
ences in e2 calculated within the one-electron pic-
ture between Hanke and Sham' and that of Louie
et al. Since the pseudopotential energies used by
Louie et al. were adjusted to reproduce the optical
data, all major structures in their e2 coincide with
the experiments. On the other hand, Hanke and
Sham' showed that the onset of the e2 spectrum
calculated from their energy bands is shifted to
higher energy by more than 0.2 eV compared with
the experiment. This is contrary to the results of
self-consistent energy-band calculations within the
local-density-functional formalism (see I), where the
optical band gaps are always underestimated. The
intensity distribution of their uncorrected theoretical

e2 appears to be quite different too. Louie et al.
found e2 greater than experiment beginning at the
maximum of the E2 peak (4.2 eV) until approxi-
mately 9 eV, where the theory crosses the experi-
ment. ' In Hanke and Sham's results' the e2 intensi-

ty remains smaller than experiment until 6 eV.

.Since this is beyond the two prominent peaks, the
theory must remain above the experiment over a
fairly large energy range in order to satisfy the f-
sum rule. The corresponding reflectivity and
energy-loss spectrum would be affected accordingly.

The purpose of the present paper then is to pro-
vide an accurate ab initio description of the optical
spectrum within the one-electron picture for a
number of these semiconductors. The energies and
wave functions used are determined self-consistently
within the local-density-functional formalism'
without any shape approximation or adjustable fit-

ting parameters. The only experimental input is the
lattice constant. It has been gradually established
that band theory using the same exchange and
correlation potential can provide a rather consistent,
method-independent band structure if the charge
density is evaluated self-consistently. It is also of in-

terest to compare our results with previous studies
using pseudo wave functions which represent only
the smooth part of the wave function without the
core contribution.

II. METHOD

In the previous paper, we have investigated the
ground-state properties of Si, Ge, GaP, GaAs, ZnS,
and ZnSe using the self-consistent linear combina-
tion of Gaussian orbitals (LCGO) method' and the
local-density exchange potential of Kohn-Sham'
with the correlation potential of Wigner. Rela-
tivistic effects were neglected. The LCGO basis set
consists of minimum atomic orbitals augmented by
an additional s, p, and d shell of virtual 'orbitals for
added variational flexibility. The crystal potential is
expressed as a superposition of spherical Gaussian
orbitals centered at each atomic site, plus a Fourier
series expansion to accurately describe the bonding
character in the tetrahedral environment. Self-
consistency is obtained iteratively based on ten spe-
cial k points of Chadi and Cohen ' in the 4, th of
the Brillouin zone. The self-consistent energies and
wave functions are used here to study the optical
properties of the six semiconductors.

The frequency-dependent dielectric function
within the one-electron picture is given by the stand-
ard formula

f„(k)[1—fg(k)] [(nk
( p [/k)

)e(co)=1— d k
m n „~ Eau„~(k)[fico fico„~(k)+i/r][%co+—fico„~(k)+i lr]
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E„(k)=E„(k)+A,„(k)[E„(k) Ep], —(2)

with

where the quantitiy f„(k ) is the zero-temperature
Fermi distribution function for band index n and
wave vector k, and fico,i(k)=E„(k)—Ei(k) is the

energy difference. We have included a factor of 2
for spin, and a phenomenological relaxation time, v,
to describe the lifetime-broadening effects. The
remaining notation is conventional. Because we
have used a basis set of Gaussian orbitals, the wave-

vector-dependent momentum matrix elements
(n k

~ p ~

Ik ) can be evaluated analytically. Initial-

ly, e2 is calculated in the sharp limit (r +ao )—at en-

ergies between 0 and 29 eV. All valence and con-
duction states which lie within this interband transi-
tion range have been included. The Brillouin zone
integration is calculated numerically by the linear
analytical tetrahedron method based on 89 k
points in the 4, th irreducible wedge. Once the ima-

ginary part of the dielectric constant has been
evaluated, the real part may be calculated by the
Kramers-Kronig transformation. To check the con-
vergence, we have attached a tail function of the
form e2(co)=Pco/(co +y ) for energies greater than
29 eV. For a choice of y=4.5 eV and P deter-
mined by the continuity of e2 at 29 eV, no notice-
able differences were found in e&(co) in the energy
range of interest.

In the present work we have investigated empiri-
cally an energy-dependent self-energy correction to
the optical spectrum of these semiconductors
through a procedure introduced for metals by Janak
et al. in a study of the optical conductivity of Cu.
As Sham and Kohn have shown, the application
of the self-consistent ground-state energies to the ex-
citation spectrum requires a self-energy correction.
For slowly varying density the corrected excited-
state energy E„(k) near the Fermi energy Er can
be obtained from the ground-state energy E„(k) by

lation potential, and there is no change in the
ground-state wave functions and momentum matrix
elements. Furthermore, the revised imaginary part
of the dielectric constant e2(co) is given by

1 N
Ei(co) = E2+ + (4)

Both the self-energy corrections described here and
the continuum-exciton effect discussed in Sec. I arise
from the interaction between the excited electron
and the screened hole left behind, but with rather
different consequences. The self-energy corrections
amount to the additional energy needed to pull the
electron and the hole apart during the transition
from the initial to the final state while. the system re-
laxes, with the transition energy being increased
from the one-electron value. However, in the case
of semiconductors the relaxation may be so slow
that the electron being excited to the final state still
feels the Coulomb attraction of the partially
screened hole after making the transition. Thus, the
final-state energy, and hence, the transition energy
are reduced from the fully relaxed value. Note that
the second effect due to the continuum exciton was
not included explicitly in Eq. (4) and its effect on
the intensity of the E 1 peak was neglected. It is
also known that the effects of the exchange and
correlation corrections become negligible at suffi-

ciently high energy, so we expect Fq. (4) to fail for
large co. Nevertheless, it is interesting to see how
several of the optical transition energies calculated
within the local-density approximation can be im-

proved using only one adjustable parameter, A,. The
remaining differences between our results and exper-
iment are an indication of the magnitude. of the oth-
er many-body effects. By presenting results deter-
mined in a systematic way for a number of these .

materials it is our hope to stimulate more work in

the search for an improved ab initio theory for
describing the optical spectra of semiconductors.

fd r ~i}'j„(k,~)
~

[1—m (p(7))]
A,„(k)=

6f T ~ k, r pl p i
(3) III. RESULTS AND DISCUSSION

A. e2(a))

Here m ~(p(r) ) is the effective mass for the interact-

ing electron gas evaluated for a ground-state charge
density p, and g„(k,r) is the ground-state wave

function. In the present study A,„(k) is assumed to
be independent of n and k and is adjusted empiri-
cally to fit the experimentally observed optical tran-
sition energies. Janak et a/. have shown that such
an approximation leads to an energy-dependent but
space-independent excited-state exchange and corre-

The imaginary parts of the dielectric constants
between 0 and 12 eV are shown in Figs. 1, where

they are compared with the experimental measure-
ments (dashed lines) of Philipp and Ehrenreich' for
Ge, Si, GaAs, GaP, of Cardona and Harbeke for
ZnS, and of Freeouf for ZnSe. The dotted lines are
theoretical results due to interband transitions in the
sharp limit (I/v=0) while the solid lines include



3420 C S WANG AND B M KLEIN

~R-

O

P
I-

KQ-
A

0-
M

EXPERIMENT
... ...... THEORY

1/& =0.04eV,
&=0.04

+Q-

~ lO-

A~O-

(b)

EXPERIMENT
THEORY

0.05eV,

0 B S
ENERGY (eV)

10 12
ENERGY (eV)

10 u

~~ s-

~m-

AR

A 0-

GaP

EXPERIMENT
........... THEORY

1/~ =0.10eV,
&=0.08

~ 09

Mg-
O

CO

P4

lO-

A

GaAs

EXPERIMENT
........... THEORY

ENERGY (eU)
10

ENERGY (eV)

V

A

(e)
ZnS

EXPERIMENT
........... THEORY

1/~ =0.05eV,
018

RQ-

M

COOe

A

ZnSe

EXPERIMENT
........... THEORY

1/~=0.08eV.
& =0.15

2
ENERGY (eV)

4 B 8
ENERGY (eV)

. 1. Ima 'n art of the dielectric constant. The experimental results (dashed lines} are from Ref. 1 for Ge, Si,
S . Th d tt d 1' s are interband contributions to Eq. (l), while the

ed' hf dd' d'
d Ref. 3 for ZnSe. The dotte ines are in e

solid lines include a ition i e ime-dd' '
al l'f t' -broadening and self-energy corrections as indicat in eac igu

the text.



24 FIRST-PRINCIPLES ELECTRONIC STRUCTURE OF Si, Ge, . . . . II. 3421

the effects of the lifetime-broadening and self-energy
correction as described in Sec. II. The effect of the
relaxation time ~ is equivalent to a Lorentzian
broadening. The value of ~ indicated in each figure
was chosen empirically to reproduce the width of
the experimentally measured peaks, while the self-

energy parameter A, , also shown, was chosen so as to
align the optical transition energies.

In general, our calculated values of eq(co) are in

good qualitative agreement with experiment
although we find that the one-electron local-density

approximation consistently underestimates the opti-
cal band gaps such that all theoretical peak posi-
tions in eq(co) (dotted lines) are shifted to lower en-

ergy with respect to the experiments (dashed lines).
The inclusion of empirical lifetime and self-energy
corrections improves the theoretical-experimental
comparison. In good agreement with previous find-

ings,
' the theory tends to underestimate the in-

tensity of the E 1 peak while the E2 peak is overes-

timated. Excitonic effects must be included to
achieve better quantitative agreement with experi-
ment. The self-energy parameter A, needed to repro-
duce the experimental optical transition energies,
Si(0.04), Ge(0.08), GaP(0.08), GaAs(0. 06),
ZnS(0. 12), and ZnSe(0. 15), appears to increase with

increasing ionicity and decreasing covalency, the

major deviation being GaAs. Similar trends can be
seen in the ratio of the experimental oscillator
strength between the E 1 and E2 peaks within each

group which may be considered as an indirect mea-

sure of excitonic effects: Ge. is smaller than Si, and
ZnSe is smaller than ZnS, but GaAs is larger than
GaP. Obviously these features are sensitive to the
details of the electronic structure.

%e have determined the regions in the Brillouin
zone which give rise to a large contribution to ei(co)

by examining the wave-vector-dependent momen-

tum matrix elements. They are discussed separately
for each material. Note that the reader should refer
to Figs. 1 —6 of paper I for the energy bands re-

ferred to in the following discussion.

1. Germanium

The imaginary part of the dielectric constant of
Ge is shown in the upper right panel of Fig. 1. We
shall first consider the dotted line which represents
the interband transition with no modification due to
lifetime or other self-energy corrections. The onset
of the absorption edge in ez occurs at 0.72 eV,
which corresponds to the direct optical band gap
I q5 + I ~. Up to approximately a quarter of the

way from I to L along the A direction the conduc-
tion band rises sharply to yield a gap of 1.9 eV,
where it begins to be parallel to the top of the
valence band until the L point. This explains the
drastic iricrease in the slope of eq beginning at 1.9
eV. However, no critical-point structure can be
identified with the L3 —+L'i transition at 1.92 eV.
Two small structures are found at 2.36 and 3.35 eV
before the main peak at 3.9 eV, followed by a
shoulder at 5.20 eV. The first structure at 2.36 eV
is attributed to regions in the Brillouin zone extend-

ing from A3~A& near L, to Xz—+X3 near I . The
second peak at 3.35 eV arises mainly from the re-

gion surrounding I (I'qq ~I'»), especially along the
6 direction, where the valence and conduction
bands remain parallel to each other until three-
fourths of the distance to X. Both volume effects
and van Hove singularities are important in order to
account for the major structure at 3.9 eV. Contri-
butions arise mainly from the outer portions of the
Brillouin zone, particularly between the 6 and X
directions, including the critical points X4—+X

&

(3.91 eV), which is almost degenerate with EC i +E3—
(3.87 eV). Finally, the shoulder at 5.20 eV is attri-

,
buted to the transition A3—+A3 towards L, and

55—+hz midway between I and X, with the small
but sharp structure at 5.20 eV coinciding with the
L3~L 3 transition.

The solid line in the Ge panel of Fig. 1 shows the
theoretical results including lifetime-broadening
(1/r =0.05 eV) and self-energy corrections
(A, =0.08) for Ge. The A, value was chosen to align
the main E2 peak with the experiment, ' while 1/~
was chosen to reproduce the corresponding experi-
mental width. Note that significant improvements
were also found in the position of the shoulders on
both sides of the main peak. The E 1 peak at 2.36
eV is shifted away from experiment to higher ener-

gy. This is to be expected because the excitonic ef-

fect, not included in the present calculation, will

lower the transition energy as well as enhance its os-
cillator strength. Beyond the main E2 peak, the
theoretical intensity is higher than experiment until

approximately 6.4 eV, where the two curves cross
each other. Similar results for Si in the high-energy

region were reported by Louie et al. , where agree-
ment with experiment was improved after including
the local-field effect.

2. Silicon

In contrast to Ge, where the transition along A
and 6 are well separated in the ez spectrum by 1
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eV, these two structures are not resolved in Si.
However, several structures have been reported near
the absorption edge of the modulatipn spectrum of
Si and a precise identification of the corresponding
transitions is still in question. Our results (dotted
line, with no modification due to lifetime or other
self-energy corrections) show that the onset of e2 oc-
curs at 2.66 eV which corresponds to the transition
I 25 ~I ». Unlike Ge the leading absorption edge
of Si rises sharply since the top of the valence band
and the bottom Of the conduction band are almost
parallel along A. However& critical-point structure
at 2.86 eV associated with the L3 ~L

~
transition is

not noticeable in the theoretical curve. Three small
structures are found at 3.05, 3.23, and 3.73 eV; a
major peak at 4.10 eU followed by a weak shoulder
at 5.05 eV; The structure at 3.05 eV arises mainly
from the I 25~I 2 transition, while transitions along
6 (b,5~5; near X and b 5~4& near I ) are respon-
sible for the one at 3.73 eV. The 3.23-eV structure
appears to occur between the top of the valence
band and the bottom of the conduction band in the
vicinity of (4,4,3) and (3,3,0) in units of n./4a. A
large region along X (Xz~X3) contributes to the
main peak at 4.10 eV although there is also some
contribution from 65—+hz near X. Similar to what
we found for Ge, the shoulder beginning at 5 eV is
attributed to the transitions A3~A3 near L, and also
65~5&, with the sharp structure at 5.06 eV coin-
ciding with the L3 ~L3 transition.

Note that the overall width of the theoretical e2
for Si is slightly larger than the experiment, a
feature we found impossible to improve by either
the lifetime or self-energy corrections. A value of
0.04 was chosen for k to align the main peak
around 4 eV, and 0.04 eV for 1/v to reproduce its
width, but the leading absorption edge remains
lower than experiment. Since the screened
Coulomb interaction between the excited electron
and the hole left behind would undoubtedly reduce
the transition energy, our final E1 peak would lie
lower in energy than the experiment unless the exci-
tonic effect is dominated by the third structure
(along 5). Hanke and Sham reported' that the
continuum-excitonic effect, which is dominant
around the E 1 position, arises from quite extended
regions in the Brillouin zone and includes contribu-
tions from regions near the critical points I and L.
Note that the differences in line shapes between our
results and the experiments for Si is larger and more
complicated than that of Ge whose transitions can
be uniquely identified. In a study of the room-
temperature derivative reAectivity spectra of Ge-Si

alloys, Welkowsky and Braustein show that the
position of the E1 peak is a linear function of the Si
concentration until approximately 78 at Wo Si, when
the slope suddenly changed. This was interpreted as
an indication that the A transition, which is respon-
sibel for E1 peak in Ge, is no longer the origin of
the Si transition.

Our results within the one-electron picture agree
very well with the earlier empirical pseudopotential
calculation. Slight shifts in the peak positions are
understandable since we based our ab initio calcula-
tion on the local-density-functional formalism while
their energies were adjusted empirically to repro-
duce the experiments. Both calculations show signifi-
cant deficits in the oscillator strength of the E 1

peak compared to experiments. The height of their
main E2 optical peak, 47, agrees very well with our
result of 48. At,energies above the E2 peak we
found our e2, corrected for lifetime and self-energy
effects, lies higher than experiment until approxi-
mately 8 eV, where the situation is reversed. Louie
et a/. have demonstrated that local-field effects will

improve the agreement of our result with experi-
ment in these regions.

3. GaI' and GaAs

We shall combine our discussions on GaP and
GaAs here since their band structures and e2 spec-
tra are extremely similar. In excellent agreement
with recent results of energy derivative reflectance
spectra of the 20-eV transition from the Ga 3d core
hole excitation to the lower conduction bands in

GaAs& „P-„alloys, we found the conduction
minimum at X lies below L for GaP (giving rise to
an indirect band gap I'»~b

&
of 1.80 eV) and above

L for GaAs (with a direct band gap of 1.21 eV at I ).
However, this reverse ordering between the
lowest L and X point conductian-band states for
these two compounds introduces na qualitative
difference in the low-energy optical transitions. The
theoretical e2 due to interband transitions are shown
as dotted lines in the middle of Fig. 1 for GaP and
GaAs. The onset of the absorption edge occurs at
2.05 and 1.21 eV, respectively, which corresponds
to the I ",5~I t transitions. The intensity increases
slowly as the band gaps open up away from I;
around one-fourth of the way ta L along the A
direction the valence and conduction bands became
parallel to each other and the oscillator strength be-
gins to rise sharply at 3.05 and 2.49 eV. At the top
of the E1 peak at 3.52 and 2.90 eV, contributions
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arise from (4,4,3) to (2,2,0) to (2,1,1) in units of
/4.a in the Brillouin zone. The main E2 peak ar-

ises from transitions along the 6 direction which
also extend near the outer portions of the Brillouin
zone toward the X direction, including the critical
points XS~X~ at 4.51 and 4.25, XS~X3 at 4.81
and 4.51, and Kz~E

&
at 4.64 and 4.36 eV, respec-

tively, for GaP and GaAs. Finally, the last should-
er corresponds to the A3~A3 transition, with the
sharp structures at 6.20 and 6.27 eV coinciding with

the L3~L3 transition.
We found that a value of 0.08' and 0.06 for A,

gave the best fit to the position of the main optical
peak in GaP and GaAs, respectively, and I/v=0. 1

eV reproduces the corresponding width rather well.
The resulting oscillator stength of the theoretical E 1

peak is slightly stronger in GaAs than in GaP
which is consistent with the comparison between Ge
and Si since GaAs (Ge) is less covalent than GaP
(Si). Comparison of the experimental results for
GaAs and Ge, ' however, show that the E1 peak is

almost as high as the E2 peak in GaAs in contrast
to the results for Ge, where the E1 peak is much
weaker. Thus, excitonic effects in GaAs turn out to
be surprisingly strong compared to those in Ge.

I

4. ZnS and ZnSe

The low-energy optical spectra for ZnS and ZnSe
(bottom panel of Fig. 1) are very similar to those of
GaP and GaAs (middle panel). Therefore we will

not repeat our discussion other than mentioning the
location of the interband optical transitions: The
absorption edge occurs at 1.83 (2.26) eV, the E 1

peak at 4.02 (4.76) eV, and the main E2 peak at
5.53 (6.20) eV for ZnSe (ZnS), respectively. The
shoulder above the main optical peak in GaP and

GaAs, which arises mainly from the A3~A3 transi-

tion, is split into three structures here because the
I &5 and X3 levels are raised relative to the valence-

band maximum as the system becomes more ionic
in ZnS and ZnSe. Thus, the valence and conduc-
tion bands are more or less parallel to each other
away from the A direction as well. The first weak
shoulder at 6.14 (6.95) eV in ZnSe (ZnS) lies very
close to the I i5~1 i5 transition at 5.86 (7.03) eV
and is dominated by a region near the 5 direction.
The second structure at 7.08 (7.79) eV is due to a
volume effect which extends over the intermediate

portion of the Brillouin zone, and the third one at
7.56 (8.30) eV is mainly centered around the
L 3 L 3 transition.

B. ei(r0)

The real part of the dielectric constant e&(co) cal-
culated by Kramers-Kronig transforming ez(co) be-
fore (dotted lines) and after (solid lines) including
lifetime and self-energy corrections are shown in

Fig. 2 where they are compared with experiment'
(dashed lines). In general, we found qualitatively

good agreement with experiment although there are
some quantitative differences in the intensity and the

TABLE I. Comparison of the interband contribution
to the optical dielectric constant with experiments.

Material Theory Experiment

Si

GaP
GaAs
ZnS
ZnSe

11.7

16.0

9.4
10.9
5.5
6.6

11.7'
12.0
15.8'
16.0"
91c

109
5.2'
5.9'

'Reference 28.
"Reference 29.
'Reference 30.
"Reference 31.
'Reference 32.
Reference 33.

The overall agreement with experiments '

(dashed lines) was improved significantly when the
following parameters were used for the lifetime:
I/x=0. 08 (0.05) eV, and the self-energy correction:
A, =0.15 (0.12) for ZnSe (ZnS), respectively. How-
ever, the leading absorption edge remains substan-

tially lower than the experiments for all zinc-blende
materials studied. Presumably this is due to the
large difference in the spatial character of the
predominantly s-like I i state (localized around the
nucleus) and the rest of the antibonding p state,
making the approximation that A,„(k) in Eq. (3) is

independent of the band index n and wave vector k
less accurate. As we found for Si and Ge, the
theoretical E 1 structure is slightly more pronounced
in the less covalent ZnSe than in ZnS, although the
experimental E 1 structure is much stronger in ZnS.
Thus, the excitonic effects are more important in

ZnS.
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position of the spectra due to many-body effects not
included in our calculations. As can be seen from
Table I our static dielectric constants e(0.) due to in-

terband transitions agree extremely well with the ex-
periments after they are corrected for electron-
phonon interactions. They are, however, subject to
the following modifications: (1) The local-density-
functional formalism has the tendency of underes-
timating the optical band gaps which will shift the
oscillator strength to lower energy in ei and
enhance the static dielectric constant; (2) Both
Hanke and Sham' and Louie et al. found that the
local-field effect reduced the value of e(0) for Si; (3)
the excitonic effect, which will move the oscillator
strength from higher energy to the E 1 peak and
lower its transition energy, will undoubtedly raise
e(0) as Hanke and Sham have found for Si.

Based on an initial value of 9.85 for e(0) of Si,
Hanke and Sham' have investigated the possibility
of using the local-density approximation to account
for many-body effects in Si. After correcting for ex-
citonic and local-field, effects they found too low a
value (8.9) for e(0) compared to the experimental
value of 11.7 and concluded that the local-density
scheme cannot properly account for the electron-
hole attraction in a covalently bonded crystal. To
be consistent, however, they should really start
from our value of 11.7 for Si which was calculated
self-consistently within the same local-density for-
malism. With corrections of either —1.1 (Louie
et al. ) or —1.85 (Hanke and Sham' ) for the
local-field effect, and 0.9 for the local-density exci-
tonic effect found by Hanke and Sham, our result
would yield a value of 11.5 or 10.75 which agrees
with experiment (11.7) even better than Hanke and
Sham's value of 10.4. Thus, a rather different con-
clusion may be drawn depending on the choice of
the starting one-electron energy bands. Further-
more, there are important fundamental differences
between the nonlocal Hartree-Fock exchange poten-
tial and the local-density-functional exchange-
correlation potential. The Hartree-Fock potential
tends to overestimate the measured optical band

gaps while the local density theory underestimates
them. Thus, the corresponding many-body correc-
tions to the two potentials may be opposite in sign.
We emphasize that many-body corrections
developed for a Hartree-Fock potential are not
transferable to a local-density band structure, and
vice versa.

It is of interest to note that the first peak in ei(co)
coincides with the transition at I. between the top of
the valence band and the bottom o'f the conduction

band which was not noticeable in ez(co), and the en-

ergy where ei(co) =0 is very close to the maximum
of the E2 peak in e2(co). At high energy, where the
theoretical ei(co) is consistently lower than experi-
ment, we found our ei(co) more negative. Although
these discrepancies appear to be unimportant [the
absolute magnitude of e(co) is very small], they have
an adverse effect on the energy-loss spectrum and
reflectance at high energy.

C. Energy-loss spectra

Figure 3 compares our energy-loss spectra
—Im(1/e) with experiment. The main feature is
the plasmon peak whose position corresponds to
e, (co)=0, provided e2(co) is reasonably. smooth in

these regions. In general, we found rather good
agreement with experiment as to peak position, but
the peak height is overestimated by more than a fac-
tor of 2. At an energy of more than 15 eV above
the top of the valence band one may question the
variational flexibility of our LCAO basis set. Com-
parison of our energy-loss spectrum for Si with ear-
lier studies by Louie et al. using pseudopotentials
and a plane-wave basis set turns out to be extremely
encouraging. Our plasma peak height of 7.4 agrees
very well with their value of 7.2, although the ex-
perimental value is 1.9. Our peak position 17.0 eV
is also in good agreement with their value of 18.1
eV; the experimental result is 16.2 eV. Significant
improvement was found by Louie et al. when the
local-field correction was included. Their theoreti-
cal peak height is reduced to 3.3, and the peak posi-
tion is shifted to 16.9 eV. Hanke and Sham' noted
that they found that the excitonic effect gave a fur-
ther enhancement of the plasma peak strength. As
we mentioned before, there may be too much differ-
ence between their starting one-electron ei(co) and
that of either Louie et al. or our results, especially
at this high energy, to be too conclusive about this

pont.
Another interesting point raised by Bardasis and

Hone is that the dominant scattering process for a
high-energy conduction electron is the Auger-type
transitions involving two electrons that need not
conserve momentum. Such effects may be responsi-
ble in part for the discrepancy between theory and
experiment at high energy.

D. Reflectivity

The theoretical and experimental' reflectivity
appears in Fig. , 4. Below 7 eV the theoretical
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results, including lifetime and self-energy correc-
tions, have the same shape as the experiments and
the peak positions agree, but the amplitudes diAer as
was found in e2(co). A rather surprising result is the
Ia~e discrepancy (more than 50%%uo) found at high

energies. This problem was noted in earlier empiri-
cal pseudopotential calculations although their en-

ergy ranges were limited by approximating their
theoretical eq(co), with a tail function beginning
around 10 eV. In view of the good agreement with

Louie et a/. for the energy-loss spectrum of Si, we
believe our results reflect a genuine deficiency of the
one-electron picture in describing the reflectivity

spectra at high energies.

IV. CONCLUSION

ments reflects, without any ambiguity, the many-

body effects not included in the Koopman's theory
for the optical spectra. Based on the Sham-Kohn
local-density theory of single-particle-like excita-
tions, " we have demonstrated how the line shapes
and positions of the optical spectra can be im-

proved. A more sophisticated theory involving
solutions to the two-particle Green's function for the
electron-hole interaction has recently become avail-

able. ' Since a detailed numerical assessment
depends critically on the accuracy of the one-
electron energy bands, the present papers should
serve as an ideal starting point for further investiga-

tions of the excitonic and local-field effects in co-
valent semiconductors.

The interband optical properties of Si, Ge, GaP,
GaAs, ZnS, and ZnSe have been investigated. Our
calculations differ from previous studies using the
empirical pseudopotential method in that it is a
first-principles procedure with the lattice constant
being the only experimental input, and the local-
density approximation the only theoretical assump-
tion. Thus, a comparison of our results with experi-
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