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Theory of electronic and optical properties of 3C-SiC
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We study the electronic and optical properties of cu®€) 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. @999 American Institute of Physid§0021-897¢9)05604-2

I. INTRODUCTION product of the Green'’s function G times the screened Cou-
lomb interaction W, Rohlfing, Kriger, and Pollmalt calcu-

Silicon carbide possesses a number of unique propertidated the band structure of 3C-SiC; Willatzen, Cardona, and
which make it a potential candidate for semiconducting de-Christensert® using the linear muffin-tin orbital method
vice applicationg:? Its high bond energy £5 eV) makes (LMTO), calculated effective masses, Luttinger parameters,
SiC resistant to high temperature and radiation and is respomnd spin splitting effects of zinc-blende type SiC. First-
sible for its hardness, chemical inertness, and low diffusiorprinciples methods have also been applied to investigate op-
rates of dopants and host atoms. A comparison with othetical propertie$:**~1°The first-principles calculations of op-
semiconducting materials, such as GaAs and GaP, reveaiigal response is time consuming and can be carried out only
certain advantages for SiC devices: high operating temperavith a small number ok points in the full Brillouin Zone
ture, an order of magnitude higher avalanche breakdowBZ). Consequently, investigation of the optical properties
field, high thermal conductivityclose to that of coppgrand  with a computational efficient scheme is desirable; such a
higher saturation value of electron drift velocity, which canscheme is the empirical tight-bindin&TB) method. In the
lead to higher output power as well as operating frequencypresent work, we use a tight-binding modakith a sp® set
In addition, the wide gap of this material suggests that itof orbitals and second nearest neighbor interactions for the
would be feasible to construct light-emitting diodes opera-study of the electronic and optical properties of 3C-SiC. The
tional in the entire visible spectrum and the ultraviolet re-interaction parameters needed in the ETB scheme are ob-
gion. tained by fitting the band structure of the material as ob-

Experimental progress in the study of SiC has been obtained from first-principles calculations based on the density
structed for many years by the difficulty of growing homo- functional theory and pseudopotentials. With these param-
geneous single crystals, partly because of the large numbeters as input to our ETB model, we are able to calculate the
of SiC polytypes. Recent developments on bulk crystadielectric function, the refractive index, and the reflectivity
growth? and control of polytypisthin epitaxially grown lay-  of 3C-SiC, using large sets &f points to obtain well con-
ers, have yielded high quality single crystals, making posverged results.
sible the systematic experimental study of this material. ~The remainder of the article is organized as follows:
These studies include reports on reflectivity, Section Il describes the computational approaches for band
electroreflectivit’ and spectroscopic  ellipsomelfy?  structure calculations, Sec. Il discusses the optical proper-
mainly on 3C-SiC, the cubic form of SiC. This material, on ties, Sec. IV presents the details of the spin splittings, and
which the present work will be focused, is the only IV-IV Sec. V gives our conclusions.
compound with zinc-blende structure that exists in nature.

First-principles calculations have already been reportedi. COMPUTATIONAL APPROACHES
for the electronic properties of 3C-SiC. Using the GW ap-,

. . S . First-principles calculations
proximation (where the self-energy operator is given as a P P

We use Density Functional Theory in the local density
. . 21 . .
JElectronic mail: theodoru@ccf.auth.gr gpproxmatlor(DFT LDA)*"to c_)btam a self conS|st_ent solu .
bOn leave of absence from Department of Physics and Division of Appliedt!On for_the valence electrons in bulk .phases of SiC, at vari-
Sciences, Harvard University, Cambridge, MA 02138. ous lattice constants and under certain deformatisas de-
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TABLE |. Eigenvalues(in electron volt$ at high-symmetry points of the
BZ. In the first column are results from the present DFT-LDA method, in
the second from the GW metha&ef. 12, in the third from the present
ETB model, and in the fourth experimental data. All calculation are done
without spin—orbit coupling.

™ l')'('l;cll e

DFT-LDA GW (Ref. 12  ETB Expt.
Iy, -1551 -16.54 ~15.04
T, 0.0 0.0 0.0 0.0
Iy 6.77 7.24 7.07 7%
T 8.77 8.35 8.98 7.78,9.0-0.F
P X1y -10.50 -11.46 -10.18
., r X4 ~7.89 ~8.65 ~7.59
TS s v Xsy -3.24 ~3.65 ~320 36 -3.4
L T Xie 2.59 2.18 2.47 2.39
Xac 5.34 5.48 5.64 5847
FIG. 1. Band structure for 3C-SiC, calculated using the DFT-LDA method, Xsc 14.17 15.91 13.50
without spin—orbit coupling. Ly, —11.95 —12.93 —11.99
Ly, -8.63 -9.43 -8.65
Ls, —-1.08 -1.22 —-1.18 -1.1@
tails below. The atomic cores are represented by nonlocal 'I:lc g-g;‘ g-;‘g g-ﬁ P
norm-conserving pseudopotentials from Bachelet, Hamann, 1123 1197 1153
and Schiter?? We use plane waves with a cutoff of 48 Ry to  gid 559 218 247 2392418

expand the wave functions and the potentials and a grid of
6x6x6 k points of the Monkhorst—Pack typein the full ~ From Ref. 6.
BZ. These computational parameters give well convergegggr': SSI' 57'
results for the total energy and the band structure of this

system. For example, the calculated lattice constant and bulk

modulus are 4.33 A, and 223 GPa, respectively, in excellenhe point of the BZ. The strain under consideration has two
agreement with the corresponding experimental values &fomponents, a hydrostatic and a uniaxial one. In the absence
4.3596 A and 224 GPa, respectively. of spin—orbit coupling, the change in energy at the top of the

As is well known, the energies of conduction states arg alence band under hydrostatic and uniaxial pressure along
not well reproduced by the DFT-LDA approathFor this the [001] direction is given b$?

reason, we have used the recently introduced, by Fritsche

and co-worker€® Generalized Density Functional Theory — ©Enn=6Eq+ 6Eoor, 1)

(GDFT) correction to DFT/LDA eigenvalues, for the evalu- I

ation of the energy band states. A thorough study of the OEh= 6E—(2) 6E o1, 2

ability of the GDFT has been undertaken by Remediakis and

Kaxiras?® Their work shows that this theory gives reason-

ably accurate results for the band gap of many semiconduavith SE,,=a’Tr[ €], SEgg1=2b(€,,— €,,), and[ €] the strain

tor compounds containing elements from the second teéensor, while the change at the lowest conduction band under

fourth rows of the periodic tabléo about 10% of the ex- hydrostatic pressure is given by

perimental values or betteiBased on this work, we suggest SE.— SEC @)

that the results of the present work which includes the GDFT ¢ '

correction to DFT/LDA eigenvalues are accurate and reli-with SEZ=a‘Tr[ €]. The variation of the energy values with

able. which we find to work rather satisfactorily, at least forstrain was calculated with the use of the DFT-LDA method;

the system under consideration. The band structure from thine obtained values for the deformation potentiats a©

DFT/LDA calculations is shown in Fig. 1. Selected energy—a® andb are

eigenvalues at various high symmetry points of the BZ are _ _

listed in Table I, along with the results of the GW metHéd. a=-98 eV andb=-338 eVv. ®

In both cases, spin—orbit coupling has not been taken int - . .

account. We aIS(F)J include expgrirgental data in Table I, for%' Empirical tight binding method

comparison to the theoretical results. The agreement between The second approach utilized in the present article is the

the present calculations, the GW results, and the experime=TB methodf®?%*9The calculations are based on an ETB

tal data is excellent, including the value for the fundamentamodel Hamiltonian, in the three-center representation, with

gap. an orthogonakp® set of orbitals and interactions up to sec-
A useful quantity to examine in studying electronic ond neighbor. The values of the interaction parameters are

structure is how the presence of strain in the crystal changedetermined by fitting the band structure results from the

the band energies. The change in the energy eigenvalues BET-LDA calculations discussed above. The interaction pa-

specific symmetry points is described in terms of the deforrameters so obtained are listed in Table Il. Note that in the

mation potentials. In the present work we investigate thditting process the calculations with the ETB model were

deformation potentials for the band maxima and minima atlone without taking into account spin—orbit coupling as in

OEgh= 5Elr)1_ (%) SEqo1, 3
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TABLE Il. Interaction parameter§n electron voltg for 3C-SiC in the ETB

model. The notation is that of Slater—Koster.

TABLE lIl. Direct gaps(in electron volt$ for 3C-SiC, calculated within the

Theodorou, Tsegas, and Kaxiras

ETB model. Experimental results are also included.

ES, 1.3903  E{{0.5,0.5,0.0) 0.3828 Theory Expt.(Ref. 7)
ES, 4.8964 EC(0.0,0505) —0.6001
E2, -101321 ES(0.5,0.50.0) —0.0496 Fie=Ths o7 74
E3p 23355 E(0.50.50.0)  0.4746 LicmLa 740 s
E5 Xao—Xs, 5.67 5.8
€(0.0,05,05)  0.0124 ra e ot o
E.{0.25,0.25,0.25) ~1.1961 E(050500)  0.1612 15 Lis : :
E.,(0.25,0.25,0.25) 0.9683 E,(0.00505)  0.1392
E,«(0.25,0.25,0.25) ~1.6405 E3(050500) —0.3185
E,x(0.25,0.25,0.25) 03621 EZ(0.0,0.5,0.5) —0.4360
E,(0.25,0.25,0.25) 2.0866 E2(0.50.500) —0.6421 472e? 2 )
E3(0.50.5,0.0)  0.1278 £2(0)= ——5 2 53 1(k.c[P-alk,v)]
A m-w” ¢ty ( 77)
E2(0.0,0.5,0.5) —0.7800
E},(0.5,0.5,0.0) 0.0118 X STE.. (K)—%wldk 6
E2,(0.0,050.5) —0.3843 O Eeu(K) 1dk, ©)

where|k,c) and|k,v) stand for the wave functions of the
conduction and the valence bands, respectively, Bndk)
for the energy difference between theconduction and the
v-valence bandP is the momentum operator ardthe po-

the DFT-LDA calculatlpns. U|t|I|Z|ng this .set orl;_lnr:eractlon larization unit vector. In our ETB scheme the momentum
parameters, energy eigenvalues at various high Symmetiy i ejements are expressed in terms of the Hamiltonian

points of the BZ were calculated and the results are listed ir?natrix clements and  distances between localized
Table |, along with the results from our DFT-LDA calcula- orbitals323329The integration in the BZ is performed within

tions and those of a GW calculatich.and experimental 0 jinear analytic tetrahedron mettidé by using a uni-
data. The band structure from the ETB calculations for 3C'form mesh of 4x40x 40 k points. The real part of the

SIC is shown in Fig. 2. Fro_m Fig. 2 and Table |, we C()rmuo'edielectric function,e(w), is obtained by a Kramers—Kronig
that the ETB model describes very well not only the Valenceanalysis
be_mds but alsp the lowest conc_juctlon bands. For a more de- Figure 3 shows the calculated real and imaginary part of
tailed comparison, we present in Table Ill the calculated val-

£ di in 3C-SiC and th . | | the dielectric function for 3C-SiC and Fig. 4 the second de-
ues of direct gaps in 3C-SIC and the experimental resultsy, 4tive of the dielectric function with respect to energy. The
which are in good agreement.

calculated dielectric function exhibits a number of critical
points. The lowest one at 5.7 eV comes from direct transi-
tions between the highest valence and lowest conduction
band in the vicinity of the minimum direct gap, located along

Having established an ETB model which successfullytheA direction and close to th¥ point. The critical point at
accounts for the band structure of 3C-SiC, we proceed wit{-2 €V iS connected to transitions between the highest va-
the calculation of the optical properties of the material. In alllénce and lowest conduction band along théine. A set of
subsequent calculations of the present work spin—orbit couhree critical points at 7.8, 8.0, and 8.2 eV are connected to
pling, thus far ignored, will be incorporated. The Spin_orbittransitions between the highest valence and lowest conduc-
coupling is discussed in detail Sec. IV. For the calculation offion band in a region around théK line and an extended
the imaginary parts,(w), of the dielectric function we use region in thel’XUL plane. A point at 8.95 eV is connected
the expressiott

Ill. OPTICAL PROPERTIES

LARAN RARES RARAE LALLE RARLE LALAN RAALE RRARE LA
40 [ — Real part
- mag. part
12 T\ /?“\X | ]
1c
8 'Lac X3¢ i
4l 1c F|5c F1v //\_
; XIc
< X
> Sv
o
| i
-12 X ]
X UK T

FIG. 2. Band structure for 3C-SiC, calculated using the ETB method, with-FIG. 3. Calculated real and imaginary part of the dielectric function for
out spin—orbit coupling. 3C-SiC.
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Fl.ﬁl' 4 Caltctjlated secfondsgesn_vésltméz,s/dE » of the dielectric function k15 5 calculated reflectivity for normal incidence for 3C-SiC. We also

with respect to energy for St-oIt. include the experimental data of Lambrettal. (Ref. 6), Logothetidiset al.
(Ref. 10, and WheelekRef. 5.

to transitions between the highest valence and second lowest
conduction band along th& line and close to th&" point.

Finally, one point at 9.6 eV is related to transitions betweer] . .
the highest valence and second lowest conduction ban@' 9" than the experimental vane;. In Fig. 5 we .prgsent the
along theA line and near th& point. res.ults for the .cglculated reflec.tl.vlty fot normal mc@encg,
Experimental results from Ref. 9 reveal a group of criti—Wh'Ch also eX.thItS the same critical points as the _d!electrlc
cal points located at 6.4, 7.0, 7.3, and 7.7 eV. The structur&uncnpn' In Fig. 5, expenmental results for reflectlwty. are
around these critical points is similar to that found in ouraISO included. The_experlmental resu!ts Sh""_V a maximum
calculations for the critical points located at 7.5, 7.8, 8.0, an round 7.8 eV, while our _theory predlf:ts a sm_ula_r featu_re
8.2 eV, despite the fact that the calculated critical pointsarounfj_ 8.2 e\_/. The exp_erlme_ntal maximum coincides with
occur at higher energies. Recent experimental results of Re e cnppal pointin th_e dielectric function located at 7.8 eV.
11 have shown critical points at the energies of 5.96, 7.43In addition, the_ gxperlmental results. appear to .form aknee at
7.73, 9.03, and 9.4 eV. The correspondence between the e§'—2 ev. Thg minimum around.9 evis pr¢§enF in both theory
perimental and calculated critical points is the following: and e_xpenment. The theoretlgal reflectivity is between th?
The experimental critical point at 5.96 eV corresponds to theexpgrlmental curves .for energies smaller thap 7.8 eV, butit
calculated at one 5.7 eV: the 7.43 @dkperimentto 7.5 eV is hlgher tha}n e.xpenmental values for energies beyond 7.8
(theory), the 7.73 eV(experiment to 7.8 eV (theory, the ev. F|r_1all3_/, in Fig. 6 we show t_he calculated values fqr the
9.03 eV (experiment to 8.95 eV(theory, and the 9.49 eV refrac_tlve index of 3C-SiC. In Fig. 6 we also show available
(experimenkto 9.6 eV(theory. Also it should be noted that exp_erlmel_"ntal data. The agreement hetween theory and ex-
experimental results are quite sensitive to the quality of thé)erlment Is very good.
surface. Roughness at the surface diffuses light, and the pres-
ence of surface oxide also affects the intensity of the re-
corded reflected light. These effects become stronger at
higher energies. In addition, samples might contain different —Relalpartl """"" A e e |
SiC polytypes. Finally, life-time broadening smears out the |- Imaginary part
critical point structures. All these effects influence the ex- | - Expt. (Logothetidis et al)
perimental results. » Expt. (Alterovitz et al.)
The calculated value of the static dielectric constant, cor- al

[+2]

responding te.., is 7.1 and is listed along with experimen- P
tal and theoretical results in Table IV. This value is slightly 23t ;

2 /

g2 .f
TABLE IV. Calculated and experimental values for the static dielectric 5 '
constante., . oyl /.'

Theory Expt. N —— o L, . T L
7.126.95P 7.02° 6.63¢ 7.33 6.52! 6.7 6 2 4 6 8§ 10 12
Energy (eV)

#Present work. ‘From Ref. 19.
PFrom Ref. 14. 'From Ref. 27. FIG. 6. Calculated real and imaginary part of the refractive index for 3C-
‘From Refs. 5 and 16. 9From Ref. 10. SiC. Also shown are the experimental data of Alteroeitzal. (Ref. 36 for

YFrom Ref. 17. 10-nu-thick films, and the data of Logothetidét al. (Ref. 10.
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FIG. 7. Spin splitting along thEL10] direction of 3C-SiC for(a) the lowest

conduction bandce), the light hole(lh), split hole(sh), and(b) heavy hole
(hh) bands.

IV. SPIN SPLITTING

Theodorou, Tsegas, and Kaxiras 2183

TABLE V. Cubic splitting coefficientsy, (in electron volts times cubic
angstrom for the conduction band electrdice), the light hole(lh), split
hole (sh), and heavy holéhh) bands. Our calculated values are listed, for
comparison, along with those obtained by the LMTO mettRdf. 13.

Ysh Yih Yhh Yce
ETB —47.9 58.2 —-10 0
LMTO? —46.8 54.7 0 —-0.54
“Ref. 13.

Very close to thel™ point the spin splittingAE, is ex-
panded in terms df. In the absence af orbitals, there is no
linear term inAE and the splitting for smak can be written

as’
AE=yk3. (8

We use the notation.e, vnn, vin. andyg, to denote split-
ting for the lowest conduction electron, heavy hole, light
hole, and spin hole, respectively. The values obtained using
the present ETB model are given in Table V, together with
the results from the LMTO method of Ref. 12. There is
agreement between these two methodsypand v, while

for the value ofy,, the LMTO method gives zero and the
ETB model—10eV A3, and for the value o, the LMTO
method gives—0.54 eV A® and the ETB model zero.

V. CONCLUSIONS

In the present article we have performed calculations for
the electronic and optical properties of SiC. For the evalua-
tion of the electronic properties the DFT-LDA method was
used, with appropriate corrections to the eigenvalues of con-
duction state$®> The calculated band structure gives band
gaps in good agreement with GW results. The deformation
potentials at thd” point of the BZ have also been obtained.

In crystals with inversion symmetry, like the diamond For the calculation of the optical properties the ETB method
structure, states with different spin orientations are degenewas used, which was fitted to reproduce the band structure
ate. In the zinc-blende structure, however, the lack of invercalculated by the DFT-LDA method. Then the dielectric
sion symmetry may cause splitting of this spin degeneracyfunction was obtained using a fine mesh of<4Dx 40 k
only along (100 directions all states remain degenerate,points in the BZ. The critical point structure of the dielectric
while along the(110 directions the spin degeneracy is function was investigated using the second derivative of the
removed®’ In the latter case, states belong to one of the twadielectric function. The calculated reflectivity has the same

one-dimensional representatiolts, andz,,. The splitting is
taken positive if thet , state is higher in energy than thg

structure as the experimental results, with the theoretical val-
ues lying between the experimental curves for energies

state. In the calculations, the C atom has been chosen to besthaller than 7.8 eV, and above those for larger energies. We
the origin and the Si atom at the position (1/4,1/4,1/4) inhave noted how experimental results for large energies are

units of the lattice constant.

quite sensitive to the quality of sample surface. The refrac-

The spin—orbit coupling constants for Si and C are takenive index was also calculated and the agreement between the

equal t8’

Asi=15 meV, and\c=2 meV. (7)

The results for the spin splitting calculations along ¢
and UX directions for the lowest conduction electr¢ce),
heavy holeghh), light hole(lh), and spin holdsh) are shown

calculated refractive index and the available experimental
data which cover the region below 5.5 eV is excellent. Fi-
nally, the spin splittings along thgl10] direction for the
three upper valence and the lowest conduction band were
calculated.

Our results represent a comprehensive and well con-

in Fig. 7. We conclude from Fig. 7 that in the entire regionverged study of the electronic and optical properties of SiC,
the spin splitting for the heavy hole is considerably smallerimproving on existing calculations, and providing the basis
than for the other bands. In addition, the spin splitting for thefor detailed comparison with existing and future experi-
conduction electron, close to théepoint, is very small, even ments. Such comparisons will be useful in studying and

smaller than the splitting for the heavy hole band.

identifying bulk phases of this interesting material.
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