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The electronic energy bands and wave functions of cubic 3C-SiC have been calculated in the
first-principles Hartree-Fock-Slater model, making use of the discrete variational method. A comparison
is made between experimental optical data, calculated indirect transitions, and theoretical results for
&2(E) and reflectivity. The valence-band density of states is found to be in reasonably good agreement
with x-ray emission spectra.

I. INTRODUCTION

The physics of silicon carbide and the possibil-
ities of its use in device design have been subjects
of considerable interest for the past decade. ' This
material is characterized by a combination of elec-
trical, thermal, and chemical properties that make
it very attractive for use in device applications for
reactor and semiconductor technology. Although
crystal-growth problems have limited the develop-
ment of SiC as a useful technological material, its
relevant electrical characteristics appear to qual-
ify it as a more promising material for electronic
device applications than Si and Ge. In addition,
its strong chemical bonding and physical stability
are favorable for the development of devices which
must withstand radiation and other severe environ-
ments. In view of the wide range of interesting prop-
erties of SiC and the importance of a comprehen-
sive understanding of the electronic structure for
possible advances in device development, we were
motivated to study the electronic structure of cubic
SiC within a Bloch linear-combination-of-atomic-
orbitals (LCAO) band formulation. '

previous first-principles treatments within this
scheme for other group-IV crystals, viz, graphite
and diamond, have yielded good agreement with ex-
periment and lead us to expect that SiC can also be
adequately described. In addition to the usual
energy dispersion relations that characterize the
overall electrical and optical behavior of the crys-
tal, a well-converged LCAQ calculation provides
solutions which are convenient for further investi-
gations, e.g. , related to the bonding properties of
the solid. The calculation reported here is part of
a continuing study within this framework of the elec-
tronic structure of the carbides.

II. METHOD

To carry out this calculation, we used the dis-
crete variational method' (DVM), a technique which
has been successfully applied in first-principles

LCAQ band-structure treatments for several co-
valent and ionic crystals. ' Silicon carbide is a
covalently bonded crystal, and here we expand solu-
tions as linear combinations of Bloch functions, in
the manner of the LCAQ method. In this calculation
a basis set of 27 trial functions was constructed
from atomic Slater-type orbitals corresponding to
9 carbon s andP functions and 17 silicon s, P, and
d states. The Hamiltonian used is within the
Hartree- Pock-Slater one-electron effective ex-
change scheme assuming crystal periodicity. The
crystal potential was formed by the superposition,
for each numerical integration point within the unit
cell, of neighboring atomic Coulomb and charge-
density contributions. No further approximations
were imposed on the symmetry and spatial depen-
dence of the potential and charge density. The
statistical p

' exchange term was generated di-
rectly from the local charge density at each inte-
gration point.

Qur previous investigations of the effectsoflin-
ear exchange scaling through a parameter "n"
have indicated a relative insensitivity of the band
gaps in covalent crystals. Here, however, we find
the indirect absorption edge to be appreciably af-
fected (see Fig. l) since the valence and conduction
bands shift nonuniformly. In this treatment we use
the Kohn-Sham7 exchange parameter of n = 2/3 since
this gives an indirect transition threshold near the
observed value. Other choices for o. (e. g. , the X
valuess are close to 2/3) could have been used with
much the same results; however, an "optimum" n
value should probably be determined in a self-con-
sistent-field model of the crystal.

III. RESULTS

A. Band structure

The energy bands for cubic SiC calculated with
this full crystal potential appear in Fig. 1. There
is an interesting similarity between the results
shown here and our previously published energy
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pIQ. l. Band structure of 3C-SiC, calculated with Kohn-Sham exchange. Dots at I', X, and I indicate shift of levels
with full Slater exchange. The dominant atomic orbital character is indicated at F.

bands of diamond. Certain corresponding states
bear different symmetry labels and the quantitative
features are not the same, but comparison of the
band structures clearly shows the splittings of lev-
els that arise from the loss of the symmetry op-
eration of inversion through the bond center between
two atoms in a cell in going from two carbons per
unit cell to a carbon and a silicon. As a conse-
quence, the valence band of SiC is separated into
two parts by the lifting of degeneracy, e.g. , at the
X and W points.

The calculated valence bands of SiC are roughly
30%%up narrower (-6.5 eV) than those obtained for di-
amond, 5 yet wider than those presented for silicon
by Chancy et al. by about 3. 5 eV. This trend fol-
lows that expected from considerations of the free-
atom orbital character of the pertinent wave func-
tions, and in Fig. 1 we denote the atomic orbital
parentage at the zone center levels. In order of in-
creasing energy with valence signified by v and con-
duction by c„ the major components for each level
are I',„—C(2s), I"»„-C(2P), I'„-Si(3s), I'»,—Si

&& (3P), and I",3,-Si(3d).
Diamond is characterized by an (calculated) in-

direct transition threshold of about 5. 4 eV involving
the zone-center valence-band edge and a point about
0. 7 along & from & to X. In SiC this conduction-
band minimum has moved to the point X and lies
only 2. 4 eV above the valence-band edge, 'o' "thus
typifying the material as alarge-gap semiconductor.
The conduction minimum at X also supports an in-
direct transition from the L3„valence-band state,
and a local conduction minimum at K indicates the

possibility of a 4. 2 eV indirect transition from the
zone center. " The calculated threshold for direct
transitions is about 5. 3 eV and occurs at the point
X in the Brillouin zone.

It is also interesting to compare the band struc-
tures of 3C-SiC and diamond with regard to direct
transitions at various points in the Brillouin zone
which may contribute to structure in the optical ab-
sorption. The optical absorption in diamond is
dominated by a single large peak at 12.2 eV. Such
a large peak in e~ cannot be ascribed to a single
critical-point transition, but must arise from tran-
sitions in a similarly large fraction of the reduced
zone. In diamond we find that the transitions
X4-X), Zg +3 L3 L3 and L,.-L, are all among
those contributing to the main peak. The contribu-
tion from transitions near the point L will be espe-
cially important in this case because we find the
three lowest conduction bands are all very close,
being split less than 0. 5 eV along the symmetry
line I'AL in diamond.

In SiC we find two main peaks in &2, and once
again transitions near the L point are important.
Examination of the band structure of SiC shows that
the highest valence and lowest two conduction bands
a,re quite flat along I'AL, each varying by less than
1.0 eV. In addition, in contrast to the case of di-
amond, the two lowest conduction bands are not con-
tiguous along this symmetry line but are split by
about 2 eV. In. SiC we find that the transition
L3 L ]g as wel l as transitions at points along A,
Z, and 4 contribute to the first peak in &~, at
8.2 eV. The transition L3„-L3,is now associated
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with a second peak in &2, about 2 eV higher. Tran-
sitions at the X point are responsible for the direct
threshold in SiC. Additional structure in &2 above
the direct threshold arises from transitions about
the I' and K points. Our subsequent presentation of
the calculated optical properties of 3C-SiC in Sec.
III C verifies these qualitative observations.

B. Density of states

The density of states of 8C-SiC was calculated by
direct fitting and numerical integration procedures
described in detail in a previous article. Fourier-
series representations of each of the four highest
valence bands (labeled bands 1-4 here) and the four
lowest conduction bands (bands 5-8) were obtained
by least-square fitting the energy-band data at 45
wave vectors distributed uniformly throughout the
irreducible wedge of the Brillouin zone, using sym-
metrized sums of plane waves' as the fitting func-
tions. With 20 fitting functions per band, rms er-
rors of approximately 0.05 eV in the valence bands
and 0. 12 eV in the conduction bands were obtained,
while undesirable oscillatory behavior in the fits
was kept to an acceptably minimal level. We ob-
tained the density of states in each band

d)(E)=, dk 5(E~(k) —E)(2v)' „

in a histogram representation by irrational vector
sampling' using 25000 sampling points in the
Brillouin zone and a histogram width of 0. 02 a. u.
(-0.55 eV).

The results for the total density of states D(E)
=g~d&(E) are presented in Fig. 2. The valence-
band density of states is separated into two parts
by a 1.6-eV gap. The higher peak, due to bands
2-4, is 8.2 eV wide, and the lower peak, due to
band 1, is about 5. 5 eV wide. The width of the
higher structure compares well with the first-
principles OPW result (7.8 eV) of Herman, Van
Dyke, and Kortum. In contrast, the pseudopoten-
tial calculation of Hemstreet and Fong' yields a
considerably larger width (11.8 eV) for this part
of the valence bands.

Structure in the valence-band density of states
may be compared with soft-x-ray emission data.
Although complete interpretation of experimental
intensity spectra would involve consideration of k-
dependent transition probabilities as well as re-
laxatjLon effectsq ti1e energy location of experi-
mental structure can be related to the location of
corresponding structure in the theoretical density
of states. A superposition of the K and L~ 3 emis-
sion intensity spectra of Wiech' appears as the
smooth curve in Fig. 2. Four pieces of structure
are noted: a large peak, an edge, a narrow peak,
and another smaller peak, in order of decreasing
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FIG. 2. Density of states in valence and lowest con-
duction bands of SiC, calculated from the DVM band
structure. The smooth curve is the experimental super-
imposed Ã and I 2,3 emission bands for an intensity ratio
of 2:1 as reported by%iech (Bef. 16).

energy. The latter three are spaced 2. 3, 4. 6,
and 9. 2 eV below the center of the first large peak.
The calculated valence-band density of states has
a large peak due to bands 3 and 4, and edge ap-
proximately 2. 2 eV below the center of this peak,
a narrow peak 4. 6 eV lower due to band 2, and a
peak due to band 1, 8.4 eV below the first peak.
The calculated density of states for the occupied
bands is in qualitative agreement with the general
shape of the experimental soft-x-ray emission
spectra, and in reasonable quantitative agreement
with the spacing in energy of the important experi-
mental structure.

The ratios of the peak heights C~, A, and B
(Fig. 2) best match the experimental data based
on K-to-L intensity ratios of 2: 1 or 3:1 rather
than 1:1. This is as one would qualitatively ex-
pect for the tetrahedral bonding in the solid which
favors an sp3 over an s~p atomic configuration,
since K and L emission sample p and s character
of the bands, respectively. The Iz /II intensity
ratio essentially measures the ratio of Si-p to s
character (averaged over k at a given energy) in
the valence bands; by examining our calculated
eigenfunctions, we find this to be an increasing
function of the energy. If we average over the en-
tire valence bandwidth, the Ir /Iz ratio should a.p-
proach 3.

In Table I we compare the valence bandwidths
and the energy gap between the valence bands with
the x-ray emission results of Wiech. ' Although
the experimental bandwiths are somewhat sensitive
to the details of extrapolation techniques and there
are slightly differing results in the literature, ""'
the theoretical density of states alone yields a total
bandwidth (15.2 eV) which is 1.0-2.0 eV too nar-
row. Considering similar studies that have been
made for diamond and graphite, this appears to
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TABI,K I. Valence bandwidths and gap in 3C-SiC (eV).

Theory Feature 0.4
C:

CI

o 0.2'.

~Reference 16.

be a characteristic feature of first-principles den-
sity of states when compared with data from soft-
x-ray emission ' and x-ray photoemission32'~'

(XPS) band-probe experiments.

C. Wave functions and charge density

Several typical valence-band wave functions are
shown in Fig. 3, plotted along the [111]bond di-
rection. At the high-symmetry points considered
(I",X,L) the eigenfunctions show very clearly the
atomic composition and bonding character of Si
and C constituents. For example, the bottom of
the valence bands (I",) begins as a bonding com-
bination of Si-Ss and C-2s, transforms into the
Si-3P, C-2s mixture at X, , and shows the more
general hybrid Si-3sP, C-2s composition at L, .
The states I'», X„and I., (dashed curves) were
similarly selected to show the bonding character

O

Distance Along [III] Line

FIG. 4. SiC crystal valence charge density plotted
along [111]bond direction, constructed by averaging den-
sities calculated at symmetry points I', X, and L.

of C-2P combinations with Si-3s and Si-3p. Final-
ly, we see that the X, state displays the rather
simple combination of Si-3P and C-2P character
found near the top of the valence bands.

It is noteworthy that the outer maximum of the
free-atom Si-3s3P shells lies practically in the
middle of the SiC bond. A comparison of super-
imposed free-atom densities with the crystal va-
lence cha, rge density calculated from our eigen-
functions (plotted along the [ill] direction in Fig.
4) shows that a relatively sma. ll amount of charge
transfer has taken place. In fact, the bond for-
mation can be rather well described by a polariza-
tion of the Si density along the bond directions and
a. radial expansion of the carbon valence density.
This interpretation of the bonding mechanism is
made clear by reference to Fig. 5; here the valence
charge transfer p„(crystal) —p„(superimposed
atoms) is given along the [ill] bond direction. It
is evident that no really useful definition of ionicity
can be found here, since the valence densities of
either species overlap and interact strongly. Since
the bond formation is seen to occur mostly by in-
tern,"l rearrangement of the atoms, we conclude
that our initial choice of potential (based on free-
atom densities) is satisfactory. While fully self-
consistent calculations would be interesting, we
believe that the net changes in band structure and
wave functions would not be large.

0.04—

tn4-
C
O

Disiance Along [ II I ] Line

FIG. 3. SiC valence-band wave functions plotted along
[111]bond direction: (a)I') (solid line), I'gq (dashed); (b)

X) (solid)., XD (dashed), X5 (dotted); (c) J l (solid), second
L,~ (dashed).

SI C

OlstQf)CB Along ] I I LIAe

FIG. 5. SiC charge transfer plotted along f111]bond
direction. The difference p~ (cl"ystal) —py (superimposed
atoms) 18 shown
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The sensitivity of band energies and wave-func-
tion character to changes in basis set was also in-
vestigated, within the framework of the model po-
tential treated here. Successively larger sets were
treated, by augmenting the Slater-type orbital basis
given in Table II with s-, P-, and d-type orbitals
on both silicon. and carbon sites. The valence and
first four conduction bands mere found to be re-
markably well determined by the smaller (27-func-
tion) basis. For example, the "best" (46-function)
basis, including efforts to optimize orbital-screen-
ing parameters, yielded a change of less than 0. 1
eV in the direct-band gap, and similarly small
changes in other features of these bands, The ad-
ditional variational freedom was, however, ap-
parent in sizable shifts of the higher conduction
bands, where Si-M character becomes important.

D. Optical properties

The direct-interband-transition contribution to
the optical absorption, expressed as &2(E), the
imaginary part of the dielectric function, can be
compared with experimental ref lectivity and ab-
sorption measurements and affords an important
test of theoretical band-structure models in in-
sulators and semiconductors. Hemstreet and
Fong ' have used the empirical pseudopotential
method to calculate e, and the ref lectivity for 3C-
SiC. Herman, Van Dyke, and Kortum' earlier
presented a claculation of the optical structure, but
were hindered by the lack of experimental infor-
mation in constructing an "empirically refined
model. " Structure in the optical absorption from
the indirect threshold up to the direct gap in 3C-
SiC is known experimentally from the measure-
ments of Choyke, Hamilton, and patrick ' ~ "~"
but the experimental situation in the fundamental

absorption region, above the direct threshold, is
less clear. The normal incidence reflection of

3C-SiC from 3 to 13 eV has been measured by
Wheeler' and also by Belle et al. ~' in the range 1—
12 eV. The experimental ref lectivities have not
been used to derive &, spectra. Also, the tmo sets
of ref lectivity data differ considerably in several
important respects, further complicating detailed
comparisons with theory and pointing out the need

for more experimental work in this area.

1. Indirect absorpgjon

The optical properties of 3C-SiC in the energy
range from 2. 4 up to 6. 0 eV are dominated by the
effects of indirect electronic transitions. Although

we do not attempt to calculate structure in the op-
tic31 absorption due to phonon-assisted transitions,
we can compare the sizes of the important indirect
gaps found in our calculation with the experimental
results, which is done in Table III. The first entry
in the table is the experimentally best known detail

TABLE II. STO basis functions.

Site

Si 1s
~SP
~SP
38Pcf

13.57
5.00
1.75
1.35

5.67
2. 60
1.40

2. Direct transitions and oscillator strengths

We calculate interband contributions to the
imaginary part of the dielectric tunction &2(E) in
the approximation

of the optical structure, the first indirect gap. (The
experimentally determined quantity is the "exciton
energy gap, "which is the usual gap minus the bind-
ing energy of the exciton created in the transition. )
For a reduced exchange coefficient of —'„ the cal-
culated energy gap is in very good agreement both
with experiment and with previous first-principles
theoretical results' using this exchange value.
The exchange coefficient here is used as a parame-
ter in the spirit of the empirical pseudopotential
calculations, in mhich the size of this gap is also
viewed as a feature of the band structure to be fit
by adjustment of parameters. The assignment of
the electronic transition responsible for the onset
of indirect absorption is in agreement with earlier
work, except that of Junginger and van Haeringen, '
who studied the energy-band structure of four poly-
types of SiC by the empirical pseudopotential meth-
od, and whose labelling of the conduction band
states at X in 3C-SiC differs from our own and that
of other authors. Qur assignment of the second
edge at 3. 55 eV to L»-X„ transitions is also in
agreement with earlier work. The first attempt
to identify the edge at 4. 20 eV was made in the
pseudopotential calculation of Hemstreet and

Fong, '~' where this structure was ascribed to the
transition I'»„-L„. Our calculated band structure
does not support this assignment, " we find the state
L„ata considerably higher energy with respect to
the conduction-band minimum at X. We instead
assign this edge to indirect transitions from the
valence-band maximum at I' to conduction-band
states associated with a secondary minimum. at
K with an energy gap of 4. 3 eV. Experimental
results for the 2II-SiC polytype reveal an in-
direct threshold of 3. 3 eV between the zone center
and the conduction-band minimum at K. The K
point in the reciprocal space of the 3C-SiC la.ttice
lies very close to the K point in the hexagonal
Brillouin zone of 20-SiC (see the Appendix of Ref.
14); thus it is not surprising to find this local mini-
mum in the present calculation.
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TABI,K III. Optical gaps in 3C-SiC (eV)

Experiment

2.39
3.55
4. 20
3.05

H,eference

23, 25
25
25
24

Theory

2. 5

4.3

Tra1181tlo n

I'~Sv-X~c

~~3v Xic
I"~Sv-&c
Xg~-X3

~Donor induced gap.

Ee (E) = P —, l dk f;; (k) 5(E,;(k) E), —(2)
112 1 / 1/

tor strengths on the energy dependence of &, .
The real part of the dielectric function, given by

2 e ll g 1 - dkf, &(k. )
, , (21/)' . E',,.(k)-E' '

is related to the imaginary part by Kramers-Kronig
transformation. Rather than calculating &, di-
rectly, we obtain it from &~ using the integral
transform. To carry out this procedure, EZ(E)
must be known for all energies; for this purpose we
use a high-energy extrapolation of the form

e'h, '
E ~2(z) = fO(F)d;/(E)

M f
(5)

f dkf;/(k) 5(E/;(k) —E)
f dk5 (E;; (k) —E)

in order to make explicit the effects of the oscilla-

is an interband oscillator strength connecting va-
lence band i and conduction band j at the wave vec-
tor k, and E/;(k) is the energy difference at k. The
wave functions were obtained from the DVM pro-
cedure as a, linear combination of Bloch functions,
which were, in turn, constructed from Slater-type
orbitals (STO's) centered at a.tomic sites. A total
of 2'7 STO's were used, as shown in Table II. We
found that valence and fi.rst conduction bands (bands
1—8) were not changed significantly when the ba, sis
was augmented; however, a more extended basis
would be desirable to allow description of features
of the higher conduction bands. The momentum
matrix elements were calculated using k interpola-
tion and integration methods described previously.
We obtain the contributions to 62(E) from each of
16 band pairs in a histogram representation. The
histogram width chosen for the final calculation
was 0. 015 a.u. (-0.4 eV), and%= 250 00sampli-ng
points were used. In addition, computational ac-
curacy of structure in the interband densities of
states was tested in higher resolution calculations
with N up to 50000 points.

To investigate the effects of the k-dependent
oscillator strengths, we also calculated &2(E) in a.

constant- oscillator- strength approximation:

e'h. 'z ~, (z) = (f,,)d, ,(z),
PE

where (f;;) is a 0-averaged oscillator strength
connecting bands i and j, and d;;(E) is the corre-
spondinginterbanddensityof states. This compares
with the expression (2), which we write in the form

This form has been used by Ehrenreich and Phillip"
for empirical fitting purposes in semiconductors
in the energy region where most of the interband
oscillator strength has been exhausted. Here v

represents in an average way lifetime broadening
effects, and we choose P for continuity with the
calculated e2(E) at that energy at which transitions
to states higher in energy than those we have ex-
plicitly considered begin,

Once e, and &~ are known, other optical constants
may be obtained, and here we use Fresnel's rela-
tion

1 + (22+ ~2)1/2 [22, 2(~Z ~2)l/2]1/2

1 ~ (~2 ~ ~2)l/2 ~ [2~ +jr(~2 ~2)1/2] 1/2 (8)

to calculate the ref lectivity a,s a function of energy
in order to make a direct comparison with the ex-
perimental data.

The energy-dependent oscillator strengths con-
necting the three most important band pairs con-
tributing to &~ are shown in Fig. 6, along with
the k-averaged values. These functions, when
multiplied by the corresponding interband densi-
ties of states according to Eq. (5), give the con-
tributions to &~ from each band pair, which are
shown in Fig. 7. It is seen that the oscillator
strength for transitions between bands 4 and 5 de-
creases steadily with energy, crossing its average
value near 8 eV, close to the energy of the first
peak in e, for 3C-SiC. Inclusion of these oscil-
lator strengths will then increase the calculated
&~ on the low-energy side of the first &~ peak, de-
crease it at higher energies, and shift the peak
location slightly to lower energy. The 3-5 oscil-
latox strengths exhibit somewhat more structure,
decreasing at low energies, but then increasing
again near 8 eV before falling below the average
value at higher energies. Their inclusion will
increase e, at low energies, increase and sharpen
the 3-5 contribution to the peak near 8 eV, and
decrease &, at higher energies. It is seen that the
4-6 oscillator strengths exceed their k-averaged
values only in the neighborhood of 10 eV, near
the second peak ln 6p falling off at hlghe1 ene1 gles.
Their inclusion will increase the 4-6 contribution
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to the second peak and will diminish the relative
strength of structure due to this band yair at higher
energies.

3. Imaginary part of the dielectric function

From Fig. 7 it is seen that, although 4-5 transi-
tions contribute most strongly to e~ in SC-SiC, 3-5
and 4-6 transitions are also important. In partic-
ular, 4-6 transitions are largely responsible for
the second &2 peak, and 3-5 transitions also con-
tribute noticeable structure. This is in contrast
to the situation in diamond, ' where the oytical
spectrum, particularly near the main peak, is
dominated by the effects of 4-5 transitions. This
rearrangement of oscillator strength in passing
from the strongly covalent crystal to the somewhat
more ionic case of 3C-SiC is in general agreement
with theoretical expectations. '~ It is found that the
first &~ peak is due to 4-5 and 3-5 transitions,
roughly in the proportion 70% and 30%. Several
interband pairs contribute to the secondpeak, the
most important being 4-6 (60%), 3-6 (20%), and
3-6 (10%) transitions. jn Fig. 8, the theoretical
&, calculated from all 16 pairs of bands is shown,
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along with e~ in the constant-oscillator-strength
approximation, to demonstrate the effects of in-
clusion of the k-dependent matrix elements. The
overall magnitude of these effects is noticeable,
but considerably less pronounced than for diamond.

Although the position of peaks in &~ and the re-
flectivity are not strictly comparable, we have
summarized important features in the calculated
ez(E) and experimental ref lectivity data in Table

L$ LI X5 Xa

FI5- F5

I 5-Le

FIG. 7. Individual valence —conduction-band pair con-
tributions to E2(E): (a) 4-5, (b) 3 —5, (c) 4-Q.

0.75

0.25 p I

3 12

ENERGY (eV)

12

ENERGY (e V)

I

15

FIG. 6. Important interband oscillator strengths,
given as a function of transition energy: (a) f35(E), (b)

f45(E), (c) f46(E). Horizontal lines indicate k-averaged
values (f~&).

FIG. 8. Imaginary part of the dielectric function, &2(E),
including transitions from valence bands (1, 2, 3, 4) to con-
duction bands (5, 6, 7, 8). Dashed line is k-averaged os-
cillator strength approximation; solid line is the result
with k dependence of fg& included. Positions of transitions
at several symmetry points in the Brillouin zone are in-
dicated.
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TABLE IV. Comparison of structure in e2 with experi-
mental ref lectivity data of 9(heeler (H,ef. 26) (energy in
eV}.

Experiment

6.0
7.8
9.0
9.7
none

Theory

6.7
8.2
9.1
9.9

ll. 2

Feature

Leading shoulder
Main peak
Minimum

Broad peak
W'eak shoulder

IV. The resolution of our ca.lculation introduces
an uncertainty of 0. 2 eV or less in the quoted lo-
cation in energy of any structure in 6~ . In Fig. 8,
structure in the theoretical e, (including matrix
elements)is observed at 5. 3, 6. 6. , 8. 2, 9. 1, 9. 9, and
11.2 eV. The energies of several important transi-
tions at symmetry points in k-space are noted on
the figure. We find that the direct threshold
arises from X,„-X„transitions at 5. 3 eV with
large oscillator strengths. The calculated &2

rises rapidly with energy up to 6.4 eV, where
4-5 transitions along Z and near the point K con-
tribute strongly. A shoulder is observed at 6. 7
eV which is due to a sharp edge in the 3-5 inter-
band contribution to &~. This edge is due to transi-
tions near the point X, combined with a sharp de-
crease in oscillator strengths for these transi-
tions near 6. 5 eV. The absorption rises again as
zone-center I'&5„-I'„ transitions contribute, reach-
ing a peak at 8. 2 eV. Although L,„-I.„transitions
at 8. 1 eV contribute strongly to this peak, and in-
spection of 4-5 energy contour plots reveals an M,
critical point on 6 near (-0.3, 0, 0) (2m/a) at 8. 1

eV and an additional M~ critical point on Z near
(0. 36, 0. 36, 0) (2m/a) at 8. 4 eV, we emphasize
that states in a large volume of the Brillouin zone
are participating in transitions at these energies
and are jointly responsible for the size of the first
peak in &~. There is a sharp edge in the 4-5 inter-
band density of sta, tes at 8. 6 eV, and the calcula, ted
&2 falls off rapidly on the high-energy side of the
first peak, reaching a minimum at 9. 1 eV. The
absorption begins to rise again with the onset of
4-6 transitions, beginning with the X5„-X3,and

]5 Xy5, transitions, and it reaches a peak at 9 ~ 9
eV. In addition to the critical transition L3 L3g
at 9.9 eV, 4-6 and 3-6 transitions in a large vol-
ume of the Brillouin zone, particularly in regions
around the L point and along the lines Z and ~,
contribute to this peak. Regarding the doublet
structure near 10 eV observed in previous calcula-
tions'"" and in the experimental data of Belle et
al. , we do find an additional peak in the 3-5 in-
terband density of states at 10.5 eV. The 3-5
oscillator strengths are very small at these en-
ergies, however, and this structure would appear

only very weakly if at all in a higher-resolution
&~ calculation. The calculated &3 falls off quickly
at higher energies, with a weak change in slope
around 11.2 eV which is due to 4-7 transitions.
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FIG. 9. Comparison of experimental ref lectivity by
(a) Wheeler (Ref. 26), and (b) Belle et aE. (Ref. 27) with
the calculated value (c).

4. Refleetiviiy

In general, structure in &~ is not directly re-
produced in the ref lectivity; the process of deriv-
ing one from the other introduces changes in line
shape as well as shifts in the location of structure.
Peaks in e~ may be shifted by several tenths of an
eV to higher energy in R(E), for example. Also,
even though indirect transitions are not expected
to introduce singular structure into the ref lectivity, 3~

their neglect in the theoretical &~ will hinder direct
comparison of the derived R(E) with experiment
at low energies.

In Fig. 9 are shown the theoretical reflectivity
R(E) (curve c) derived from the calculated e, along
with the experimental data of Wheeler (curve a)
and Belle et al. (curve b). Structure in the ex-
perimental data of Wheeler is observed at 4. 6,
6.0, 7. 1, 7. 75, 8. 3, and 9.7 eV. The structure
at 4. 6 eV is not reproduced in other measure-
ments, ""nor do we find any evidence for it in
our calculation. The important features of the
experimental data are the main peaks near 7.8
and 9. 7 eV and the structure near 6.0 eV, which
has been associated with the onset of direct transi-
tions. The theoretical 8 is observed to rise
smoothly up to about 6. 3 eV, where a shoulder is
found. Another change in slope occurs at 7. 1 eV, and
8 rises to a peak at 8, 3 eV, corresponding to the
firstlarge &, peak. There isalarge dip at 9. 1 eV,
and B rises againtoabout 10.7 eV, where ashoulder



EI ECTRQNIC STRUCTURE AND QP TI CAL PROP ERTIE S QF. . .

is found, corresponding to the second peak in &~.
Although more definitive data would be helpful for
comparison, there is some disagreement between
the shape of the calculated R(E) and experiment,
particularly at higher energies. The shoulder,
main peak, and minimum are in reasonable agree-
ment with the positions of the experimental struc-
ture; however, instead of a second peak, as found
experimentally, we obtain only a shoulder (followed
by yet another rise before decreasing at higher
energy). This behavior persists regardless of the
details of the &, extrapolation that is used and ap-
pears to originate from the rapid decrease with
energy in the calculated E, above 10.0 eV, on the
high-energy side of the second major peak.

The lack of closer agreement between the cal-
culated ref lectivity and the measured curves is
somewhat surprising in view of our experience in
the qualitatively similar case of diamond. Although
exchange scaling and self-consistency effects are
probably more important in the present case, we
have seen that a self-consistent charge rearrange-
ment would not be expected to alter the calculated
results substantially. However, the calculated
structure in R(E) does appear to occur at energies
0. 5-1.0 eV too high compared to experiment. This
disagreement worsens as one goes to higher en-
ergies.

The present &, calculation, while in qualitative
agreement in shape with the results of Herman et
al. , ' is in some disagreement with the empirical
pseudopotential results of Hemstreet and Fong,
who obtain very good agreement with the reflectivi-
ty data of Wheeler. '~ While recognizing that agree-
ment in a particular calculated property with ex-
perimental data does not uniquely define a "correct"
band structure, it does appear that further refine-
ments will be helpful in bringing the present model
into closer agreement with experiment.

Finally, the ambiguity in the experimental situa-
tion above the direct threshold has been mentioned.

Refinements of the present optical data in this re-
gion will be helpful in making further progress to-
ward understanding the electronic structure of SiC.

IV. DISCUSSION

The major features of the electronic band struc-
ture of 3C-SiC, as elucidated by soft-x-ray emis-
sion, optical ref lectivity, and absorption studies,
have been described reasonably well in this first-
principles I.CAQ calculation. Structure in the
valence-band density of states compares well with
the results of Wiech; however, the calculated
bandwidth appears to be too narrow by -2 eV.
The calculated &, is structurally similar to that
previously presented for diamond, with the main
differences being the existence of a double peak in
SiC. This similarity follows from the resemblance
of many features of the band structures of these
two materials. The good agreement with experi-
ment obtained for diamond thus leads us to expect
that the theoretical &2 for SiC is reasonably ac-
curate; however, the lack of experimental data at
present prevents further assessment of this part
of the calculation. Although fair general agree-
ment exists between the location of important
structure in the calculated optical constants and
experiment (Table III), the location of calculated
structure in the ref lectivity does appear to be sev-
eral tenths of an eV too high. Detailed compari-
son of the shape of the calculated R(E) with experi-
ment is less than satisfactory. At low energies,
indirect transitions, neglected in the present cal-
culation, will have an important effect on the ex-
perimental line shapes. At energies above the
main peak in &~, disagreement is also found; the
calculated R (E) is systematically too large com-
pared to experiment. It is suggested that further
experiments in the energy range 4-12 eV would be
helpful in resolving differences between reported
data and the present calculations.
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