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Theory of electronic and optical properties of 3C-SiC
George Theodoroua) and George Tsegas
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Efthimios Kaxirasb)
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~Received 21 September 1998; accepted for publication 16 November 1998!

We study the electronic and optical properties of cubic~3C! SiC, using a combination of
first-principles and tight-binding electronic structure calculations. We employ pseudopotential
density functional theory calculations, with appropriate corrections to the energy of conduction
bands, to investigate the band structure of this material and obtain band gaps that are in agreement
with experimental results. The optical properties are then studied within the framework of the
empirical tight-binding model, which is fitted to reproduce the first-principles calculations. This
approach allows for a thorough investigation of the dielectric functions, the reflectivity, and the
refractive index. Critical points are identified and connected to the appropriate transitions in the
band structure. The results are in good agreement with available experimental data. In addition, we
investigate spin splitting effects. ©1999 American Institute of Physics.@S0021-8979~99!05604-2#
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I. INTRODUCTION

Silicon carbide possesses a number of unique prope
which make it a potential candidate for semiconducting
vice applications.1,2 Its high bond energy (;5 eV) makes
SiC resistant to high temperature and radiation and is res
sible for its hardness, chemical inertness, and low diffus
rates of dopants and host atoms. A comparison with o
semiconducting materials, such as GaAs and GaP, rev
certain advantages for SiC devices: high operating temp
ture, an order of magnitude higher avalanche breakdo
field, high thermal conductivity~close to that of copper!, and
higher saturation value of electron drift velocity, which c
lead to higher output power as well as operating frequen
In addition, the wide gap of this material suggests tha
would be feasible to construct light-emitting diodes ope
tional in the entire visible spectrum and the ultraviolet
gion.

Experimental progress in the study of SiC has been
structed for many years by the difficulty of growing hom
geneous single crystals, partly because of the large num
of SiC polytypes. Recent developments on bulk crys
growth3 and control of polytypism4 in epitaxially grown lay-
ers, have yielded high quality single crystals, making p
sible the systematic experimental study of this mater
These studies include reports on reflectivity,5–7

electroreflectivity,8 and spectroscopic ellipsometry9–11

mainly on 3C-SiC, the cubic form of SiC. This material, o
which the present work will be focused, is the only IV–I
compound with zinc-blende structure that exists in nature

First-principles calculations have already been repor
for the electronic properties of 3C-SiC. Using the GW a
proximation ~where the self-energy operator is given as

a!Electronic mail: theodoru@ccf.auth.gr
b!On leave of absence from Department of Physics and Division of App

Sciences, Harvard University, Cambridge, MA 02138.
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product of the Green’s function G times the screened C
lomb interaction W!, Rohlfing, Krüger, and Pollman12 calcu-
lated the band structure of 3C-SiC; Willatzen, Cardona, a
Christensen,13 using the linear muffin-tin orbital method
~LMTO!, calculated effective masses, Luttinger paramete
and spin splitting effects of zinc-blende type SiC. Firs
principles methods have also been applied to investigate
tical properties.6,14–19The first-principles calculations of op
tical response is time consuming and can be carried out o
with a small number ofk points in the full Brillouin Zone
~BZ!. Consequently, investigation of the optical propert
with a computational efficient scheme is desirable; suc
scheme is the empirical tight-binding~ETB! method. In the
present work, we use a tight-binding model20 with a sp3 set
of orbitals and second nearest neighbor interactions for
study of the electronic and optical properties of 3C-SiC. T
interaction parameters needed in the ETB scheme are
tained by fitting the band structure of the material as o
tained from first-principles calculations based on the den
functional theory and pseudopotentials. With these para
eters as input to our ETB model, we are able to calculate
dielectric function, the refractive index, and the reflectiv
of 3C-SiC, using large sets ofk points to obtain well con-
verged results.

The remainder of the article is organized as follow
Section II describes the computational approaches for b
structure calculations, Sec. III discusses the optical prop
ties, Sec. IV presents the details of the spin splittings, a
Sec. V gives our conclusions.

II. COMPUTATIONAL APPROACHES

A. First-principles calculations

We use Density Functional Theory in the local dens
approximation~DFT-LDA!21 to obtain a self-consistent solu
tion for the valence electrons in bulk phases of SiC, at va
ous lattice constants and under certain deformations~see de-

d

9 © 1999 American Institute of Physics
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tails below!. The atomic cores are represented by nonlo
norm-conserving pseudopotentials from Bachelet, Hama
and Schlu¨ter.22 We use plane waves with a cutoff of 48 Ry
expand the wave functions and the potentials and a grid
63636 k points of the Monkhorst–Pack type23 in the full
BZ. These computational parameters give well conver
results for the total energy and the band structure of
system. For example, the calculated lattice constant and
modulus are 4.33 Å, and 223 GPa, respectively, in excel
agreement with the corresponding experimental values
4.3596 Å and 224 GPa, respectively.

As is well known, the energies of conduction states
not well reproduced by the DFT-LDA approach.24 For this
reason, we have used the recently introduced, by Frits
and co-workers,25 Generalized Density Functional Theo
~GDFT! correction to DFT/LDA eigenvalues, for the evalu
ation of the energy band states. A thorough study of
ability of the GDFT has been undertaken by Remediakis
Kaxiras.26 Their work shows that this theory gives reaso
ably accurate results for the band gap of many semicond
tor compounds containing elements from the second
fourth rows of the periodic table~to about 10% of the ex-
perimental values or better!. Based on this work, we sugge
that the results of the present work which includes the GD
correction to DFT/LDA eigenvalues are accurate and r
able. which we find to work rather satisfactorily, at least
the system under consideration. The band structure from
DFT/LDA calculations is shown in Fig. 1. Selected ener
eigenvalues at various high symmetry points of the BZ
listed in Table I, along with the results of the GW method12

In both cases, spin–orbit coupling has not been taken
account. We also include experimental data in Table I,
comparison to the theoretical results. The agreement betw
the present calculations, the GW results, and the experim
tal data is excellent, including the value for the fundamen
gap.

A useful quantity to examine in studying electron
structure is how the presence of strain in the crystal chan
the band energies. The change in the energy eigenvalu
specific symmetry points is described in terms of the de
mation potentials. In the present work we investigate
deformation potentials for the band maxima and minima

FIG. 1. Band structure for 3C-SiC, calculated using the DFT-LDA meth
without spin–orbit coupling.
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theG point of the BZ. The strain under consideration has t
components, a hydrostatic and a uniaxial one. In the abse
of spin–orbit coupling, the change in energy at the top of
valence band under hydrostatic and uniaxial pressure a
the @001# direction is given by28

dEhh5dEh
v1dE001, ~1!

dElh5dEh
v2~ 1

2!dE001, ~2!

dEsh5dEh
v2~ 1

2!dE001, ~3!

with dEh5avTr@e#, dE00152b(ezz2exx), and@e# the strain
tensor, while the change at the lowest conduction band un
hydrostatic pressure is given by

dEc5dEh
c , ~4!

with dEh
c5acTr@e#. The variation of the energy values wit

strain was calculated with the use of the DFT-LDA metho
the obtained values for the deformation potentialsa5ac

2av andb are

a529.8 eV andb523.8 eV. ~5!

B. Empirical tight binding method

The second approach utilized in the present article is
ETB method.20,29,30 The calculations are based on an ET
model Hamiltonian, in the three-center representation, w
an orthogonalsp3 set of orbitals and interactions up to se
ond neighbor. The values of the interaction parameters
determined by fitting the band structure results from
DFT-LDA calculations discussed above. The interaction
rameters so obtained are listed in Table II. Note that in
fitting process the calculations with the ETB model we
done without taking into account spin–orbit coupling as

,

TABLE I. Eigenvalues~in electron volts! at high-symmetry points of the
BZ. In the first column are results from the present DFT-LDA method,
the second from the GW method~Ref. 12!, in the third from the present
ETB model, and in the fourth experimental data. All calculation are do
without spin–orbit coupling.

DFT-LDA GW ~Ref. 12! ETB Expt.

G1v 215.51 216.54 215.04 ¯

G15v 0.0 0.0 0.0 0.0
G1c 6.77 7.24 7.07 7.4a

G15c 8.77 8.35 8.98 7.75,b 9.060.2c

X1v 210.50 211.46 210.18 ¯

X3
v 27.89 28.65 27.59 ¯

X5v 23.24 23.65 23.20 23.6,b 23.4a

X1c 2.59 2.18 2.47 2.39b

X3c 5.34 5.48 5.64 5.5,b 4.7b

X5c 14.17 15.91 13.50 ¯

L1v 211.95 212.93 211.99 ¯

L1v 28.63 29.43 28.65 ¯

L3v 21.08 21.22 21.18 21.16b

L1c 6.24 6.46 6.22 ¯

L3c 8.65 8.52 9.11 8.5b

L1c 11.23 11.97 11.53 ¯

Egap
ind 2.59 2.18 2.47 2.39,b 2.416b

aFrom Ref. 6.
bFrom Ref. 27.
cFrom Ref. 7.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the DFT-LDA calculations. Utilizing this set of interactio
parameters, energy eigenvalues at various high symm
points of the BZ were calculated and the results are liste
Table I, along with the results from our DFT-LDA calcula
tions and those of a GW calculation,12 and experimenta
data. The band structure from the ETB calculations for 3
SiC is shown in Fig. 2. From Fig. 2 and Table I, we conclu
that the ETB model describes very well not only the valen
bands but also the lowest conduction bands. For a more
tailed comparison, we present in Table III the calculated v
ues of direct gaps in 3C-SiC and the experimental resu
which are in good agreement.

III. OPTICAL PROPERTIES

Having established an ETB model which successfu
accounts for the band structure of 3C-SiC, we proceed w
the calculation of the optical properties of the material. In
subsequent calculations of the present work spin–orbit c
pling, thus far ignored, will be incorporated. The spin–or
coupling is discussed in detail Sec. IV. For the calculation
the imaginary part,«2(v), of the dielectric function we use
the expression31

FIG. 2. Band structure for 3C-SiC, calculated using the ETB method, w
out spin–orbit coupling.

TABLE II. Interaction parameters~in electron volts! for 3C-SiC in the ETB
model. The notation is that of Slater–Koster.

Ess
c 1.3903 Ess

c (0.5,0.5,0.0) 0.3828
Epp

c 4.8964 Esx
c (0.0,0.5,0.5) 20.6001

Ess
a 210.1321 Esx

c (0.5,0.5,0.0) 20.0496
Epp

a 2.3355 Exx
c (0.5,0.5,0.0) 0.4746

Exx
c (0.0,0.5,0.5) 0.0124

Ess(0.25,0.25,0.25) 21.1961 Exy
c (0.5,0.5,0.0) 0.1612

Esx(0.25,0.25,0.25) 0.9683 Exy
c (0.0,0.5,0.5) 0.1392

Exs(0.25,0.25,0.25) 21.6405 Ess
a (0.5,0.5,0.0) 20.3185

Exx(0.25,0.25,0.25) 0.3621 Esx
a (0.0,0.5,0.5) 20.4360

Exy(0.25,0.25,0.25) 2.0866 Esx
a (0.5,0.5,0.0) 20.6421

Exx
a (0.5,0.5,0.0) 0.1278

Exx
a (0.0,0.5,0.5) 20.7800

Exy
a (0.5,0.5,0.0) 0.0118

Exy
a (0.0,0.5,0.5) 20.3843
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«2~v!5
4p2e2

m2v2 (
c,v

E 2

~2p!3 u^k,cuP•auk,v&u2

3d@Ecv~k!2\v#dk, ~6!

where uk,c& and uk,v& stand for the wave functions of th
conduction and the valence bands, respectively, andEcv(k)
for the energy difference between thec-conduction and the
v-valence band.P is the momentum operator anda the po-
larization unit vector. In our ETB scheme the momentu
matrix elements are expressed in terms of the Hamilton
matrix elements and distances between localiz
orbitals.32,33,29The integration in the BZ is performed withi
the linear analytic tetrahedron method34,35 by using a uni-
form mesh of 40340340 k points. The real part of the
dielectric function,«~v!, is obtained by a Kramers–Kronig
analysis.

Figure 3 shows the calculated real and imaginary par
the dielectric function for 3C-SiC and Fig. 4 the second d
rivative of the dielectric function with respect to energy. T
calculated dielectric function exhibits a number of critic
points. The lowest one at 5.7 eV comes from direct tran
tions between the highest valence and lowest conduc
band in the vicinity of the minimum direct gap, located alo
theD direction and close to theX point. The critical point at
7.5 eV is connected to transitions between the highest
lence and lowest conduction band along theL line. A set of
three critical points at 7.8, 8.0, and 8.2 eV are connected
transitions between the highest valence and lowest con
tion band in a region around theGK line and an extended
region in theGXUL plane. A point at 8.95 eV is connecte

-FIG. 3. Calculated real and imaginary part of the dielectric function
3C-SiC.

TABLE III. Direct gaps~in electron volts! for 3C-SiC, calculated within the
ETB model. Experimental results are also included.

Theory Expt.~Ref. 7!

G1c2G15v 7.07 7.4
L1c2L3v 7.40 7.5
X3c2X5v 5.67 5.8
G15c2G15v 8.98 9.0
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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to transitions between the highest valence and second lo
conduction band along theL line and close to theG point.
Finally, one point at 9.6 eV is related to transitions betwe
the highest valence and second lowest conduction b
along theD line and near theX point.

Experimental results from Ref. 9 reveal a group of cr
cal points located at 6.4, 7.0, 7.3, and 7.7 eV. The struc
around these critical points is similar to that found in o
calculations for the critical points located at 7.5, 7.8, 8.0, a
8.2 eV, despite the fact that the calculated critical poi
occur at higher energies. Recent experimental results of
11 have shown critical points at the energies of 5.96, 7
7.73, 9.03, and 9.4 eV. The correspondence between the
perimental and calculated critical points is the followin
The experimental critical point at 5.96 eV corresponds to
calculated at one 5.7 eV; the 7.43 eV~experiment! to 7.5 eV
~theory!, the 7.73 eV~experiment! to 7.8 eV ~theory!, the
9.03 eV ~experiment! to 8.95 eV~theory!, and the 9.49 eV
~experiment! to 9.6 eV~theory!. Also it should be noted tha
experimental results are quite sensitive to the quality of
surface. Roughness at the surface diffuses light, and the p
ence of surface oxide also affects the intensity of the
corded reflected light. These effects become stronge
higher energies. In addition, samples might contain differ
SiC polytypes. Finally, life-time broadening smears out
critical point structures. All these effects influence the e
perimental results.

The calculated value of the static dielectric constant, c
responding to«` , is 7.1 and is listed along with experimen
tal and theoretical results in Table IV. This value is sligh

FIG. 4. Calculated second derivative,d2«/dE2, of the dielectric function
with respect to energy for 3C-SiC.

TABLE IV. Calculated and experimental values for the static dielec
constante` .

Theory Expt.

7.1,a 6.95,b 7.02,c 6.63,d 7.33e 6.52,f 6.7g

aPresent work. cFrom Ref. 19.
bFrom Ref. 14. fFrom Ref. 27.
cFrom Refs. 5 and 16. gFrom Ref. 10.
dFrom Ref. 17.
Downloaded 22 Feb 2006 to 128.103.60.225. Redistribution subject to AI
est

n
nd

re
r
d
s
ef.
3,
x-

e

e
es-
-
at
t

e
-

r-

larger than the experimental values. In Fig. 5 we present
results for the calculated reflectivity for normal incidenc
which also exhibits the same critical points as the dielec
function. In Fig. 5, experimental results for reflectivity a
also included. The experimental results show a maxim
around 7.8 eV, while our theory predicts a similar featu
around 8.2 eV. The experimental maximum coincides w
the critical point in the dielectric function located at 7.8 e
In addition, the experimental results appear to form a kne
8.2 eV. The minimum around 9 eV is present in both theo
and experiment. The theoretical reflectivity is between
experimental curves for energies smaller than 7.8 eV, bu
is higher than experimental values for energies beyond
eV. Finally, in Fig. 6 we show the calculated values for t
refractive index of 3C-SiC. In Fig. 6 we also show availab
experimental data. The agreement between theory and
periment is very good.

FIG. 5. Calculated reflectivity for normal incidence for 3C-SiC. We al
include the experimental data of Lambrectet al. ~Ref. 6!, Logothetidiset al.
~Ref. 10!, and Wheeler~Ref. 5!.

FIG. 6. Calculated real and imaginary part of the refractive index for 3
SiC. Also shown are the experimental data of Alterovitzet al. ~Ref. 36! for
10-nm-thick films, and the data of Logothetidiset al. ~Ref. 10!.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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IV. SPIN SPLITTING

In crystals with inversion symmetry, like the diamon
structure, states with different spin orientations are dege
ate. In the zinc-blende structure, however, the lack of inv
sion symmetry may cause splitting of this spin degenera
only along ^100& directions all states remain degenera
while along the ^110& directions the spin degeneracy
removed.37 In the latter case, states belong to one of the t
one-dimensional representations,S3 andS4 . The splitting is
taken positive if theS4 state is higher in energy than theS3

state. In the calculations, the C atom has been chosen to
the origin and the Si atom at the position (1/4,1/4,1/4)
units of the lattice constant.

The spin–orbit coupling constants for Si and C are tak
equal to27

lSi515 meV, andlC52 meV. ~7!

The results for the spin splitting calculations along theGK
and UX directions for the lowest conduction electron~ce!,
heavy hole~hh!, light hole~lh!, and spin hole~sh! are shown
in Fig. 7. We conclude from Fig. 7 that in the entire regi
the spin splitting for the heavy hole is considerably sma
than for the other bands. In addition, the spin splitting for
conduction electron, close to theG point, is very small, even
smaller than the splitting for the heavy hole band.

FIG. 7. Spin splitting along the@110# direction of 3C-SiC for~a! the lowest
conduction band~ce!, the light hole~lh!, split hole~sh!, and~b! heavy hole
~hh! bands.
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Very close to theG point the spin splitting,DE, is ex-
panded in terms ofk. In the absence ofd orbitals, there is no
linear term inDE and the splitting for smallk can be written
as37

DE5gk3. ~8!

We use the notationgce, ghh, g lh , andgsh to denote split-
ting for the lowest conduction electron, heavy hole, lig
hole, and spin hole, respectively. The values obtained us
the present ETB model are given in Table V, together w
the results from the LMTO method of Ref. 12. There
agreement between these two methods forg lh andgsh, while
for the value ofghh the LMTO method gives zero and th
ETB model210 eV Å3, and for the value ofgce the LMTO
method gives20.54 eV Å3 and the ETB model zero.

V. CONCLUSIONS

In the present article we have performed calculations
the electronic and optical properties of SiC. For the eval
tion of the electronic properties the DFT-LDA method w
used, with appropriate corrections to the eigenvalues of c
duction states.25 The calculated band structure gives ba
gaps in good agreement with GW results. The deformat
potentials at theG point of the BZ have also been obtaine
For the calculation of the optical properties the ETB meth
was used, which was fitted to reproduce the band struc
calculated by the DFT-LDA method. Then the dielectr
function was obtained using a fine mesh of 40340340 k
points in the BZ. The critical point structure of the dielectr
function was investigated using the second derivative of
dielectric function. The calculated reflectivity has the sa
structure as the experimental results, with the theoretical
ues lying between the experimental curves for energ
smaller than 7.8 eV, and above those for larger energies.
have noted how experimental results for large energies
quite sensitive to the quality of sample surface. The refr
tive index was also calculated and the agreement between
calculated refractive index and the available experimen
data which cover the region below 5.5 eV is excellent.
nally, the spin splittings along the@110# direction for the
three upper valence and the lowest conduction band w
calculated.

Our results represent a comprehensive and well c
verged study of the electronic and optical properties of S
improving on existing calculations, and providing the ba
for detailed comparison with existing and future expe
ments. Such comparisons will be useful in studying a
identifying bulk phases of this interesting material.

TABLE V. Cubic splitting coefficientsg, ~in electron volts times cubic
angstrom! for the conduction band electron~ce!, the light hole~lh!, split
hole ~sh!, and heavy hole~hh! bands. Our calculated values are listed, f
comparison, along with those obtained by the LMTO method~Ref. 13!.

gsh g lh ghh gce

ETB 247.9 58.2 210 0
LMTOa 246.8 54.7 0 20.54

aRef. 13.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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