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Detailed band structure for 3C-, 2H-, 4H-, 6H-SIC, and Si around the fundamental band gap
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Electron and hole effective masses for the polytyp€s,2H-, 4H-, and &H-SiC have been calculated
within the framework of the local density approximation including spin-orbit interaction. To establish the
accuracy of the approximations, effective masses for both electrons and holes in Si have also been calculated.
It is found that the agreement with well-established experimental values is excellent both for Si and SiC. The
valence bands have been parametrized in ternis pfparameters[S0163-18206)08739-5

Because of the rather recent progress in crystal grofvth vature of the bands in the vicinity of band extrema, as re-
the worldwide interest in SiC for electronic device applica-flected by the effective masses, is well described by the
tions is now greater than ever before. In this article weLDA. We have therefore calculated the effective masses and
present basic band-structure information for SiC. In particuk-p parameters also for Si, for which these quantities are
lar, we will focus on the detailed shapes of the bands close toonsidered well known from experiment. As will be seen,
the top of the valence bands and the bottom of the condumur results show that LDAgives the effective masses to
tion bands in the four most common polytypeS,2H, 4H,  within a few percent accuracyFurthermore, comparison
and eH of SiC. This information is absolutely essential for with experimentally determined effective masses for SiC,
describing and understanding electron and hole dynamics iwhen available, also shows very good agreement. We there-

these polytypes. fore expect the calculated curvatures of the energy bands in
The band-structure method used is the full-potential lin-the vicinity of the band gap to reflect reality very well.
earized augmented-plane-wave methudthin the density- The calculated LDA band gaps and electron effective

functional theory and the local-density approximationmasses are shown in Table (IThe labeling of symmetry
(LDA).* A progran? containing the scalar relativistic ap- points and symmetry lines in the relevant cubic and hexago-
proximation with the correlation potential of Perdew andnal Brillouin zones(BZ's) is the same as in Ref. )1The
Wand was used. Since LDA is a ground-state theory inerrors in band-gap values are well known, whereas the cal-
which the one-particle energy parameters do not generallgulated effective masses agree with experimental values,
correspond to electronic excitatiofsf. the band-gap prob- when available, to an excellent precision. Almost identical
lem for semiconductojsthere is no guarantee that the cur- results have been obtained for the three hexagonal polytypes

TABLE I. Calculated and measured values of band gap, electron effective n{assests of the free
electron mags and positions of the energy minima of the lowest conduction band in the BZ. The experi-
mental band gaps for the SiC polytypes quoted here are the exciton band Jap4 &, which are smaller
than the usual band gaps by the exciton binding energy, which probably is in the range 20—-30 meV. All
experimental band gaps are from Ref. 7. The subscripts on the masses for the SiC polytypes indicate which
directions in the BZ the mass components refer to. The experimental electron effective masses for Si,
3C-SiC, 4H-, and H-SiC are from Refs. 7, 8, 9, and 10, respectively.

Electrons Si &-SsiC 2H-SiC 4H-SiC 6H-SiC
Eqy (eV, calg 0.44 1.30 211 2.17 1.97
Eqy (eV, exp} 1.17 >2.39 >3.33 >3.26 >3.02
Min. (calo I'-X(A) X K M M-L (U)
Masses m;=0.95 myy=0.23 myr=0.43 My r=0.57 mMur=0.75
(calg m;=0.19 myy=0.23 myy=0.43 myk=0.28 mymk =0.24
myr=0.68 Mgy =0.26 my=0.31 my.=1.83
Masses m;=0.92 myy=0.25 myr=0.58 a
(expd m,=0.19 myw=0.25 myk=0.31 a
myr=0.67 my.=0.33 myL=2.0=0.2

#Experimentally(see Ref. 1pthe geometric averagen(y - myy K)l’2 equals 0.42, which fully agrees with
the theoretical value.
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FIG. 1. The shape of the lowest conduction band -8iC
along theML direction. The dashed line represents the parabolic
approximation.

by Lambrecht and Segdif.Attempts to include quasiparticle
corrections, i.e., corrections to LDA, for the electron effec-
tive masses in SiC were recently reportéd.

It should be recognized that, forHBSiC in particular, the
electron effective-mass values given above are valid only in
the absolute vicinity of the band minimum. This is illustrated
in Fig. 1, which shows that even for a modest band filling
due to, for instance, thermal effects or doping, the band cur- FIG. 2. Constant energy surfaces arodhtbr the three highest
vature is not well represented by the effective-mass values imalence bands in Si without spin-orbit interacti@h and with spin-
Table I. At the pointM the lowest conduction band has a orbit interaction includedb). The constant energg=1 meV be-
saddle point only about 5.3 meV above the minimum locatedow each valence-band maximum.

at 44.3% of the distance fromd to L. . . i L .
To our knowledge hole effective masses for SiC pon—[F'g' 2a)] and spin-orbit interaction includeirig. 2(b)]. It

types have not been measured. A few calculations have ré§ clear that spin-orbit interaction has Fotally reshaped the
cently been performed, however. For instance, Willatzenle())r:/i{aerxcgnsg% ;ulrfaaﬁgs#?rat:de ttf\:\flalct) tmgﬁc?ser}ﬁf[r%i?t
Cardona, and Christenséncalculated the hole effective ’ P

masses for B-SiC. while Kakell Wenzien. and split-off) band becomes essentially spherical when spin-orbit

Bechsted? calculated the hole effective masses for the hex_mterac_tmn IS mclgded. .
Having established the accuracy of the computational

agonal polytypes B-, 4H-, and éH-SiC. In contrast to Wil- ) . .
latzen, Cardona, and Christensen, the authors of Ref. 15 d%cheme for Si, we now go on to describe the results obtained
not include spin-orbit interaction, which can lead to totally
inaccurate hole masses. To establish to some degree the ac-
curacy of the computational method used here for calculating
hole effective masses for SiC, we have again applied the
method to Si. The results are presented in the upper part of
Table Il. As for electrons, the agreement with measured hole
masses and valence-band parameters is very good.

In Fig. 2 we illustrate the decisive role played by spin-
orbit coupling in determining the hole effective masses. The band No.1
figure shows constant energy surfaces for en&gyl meV
below each valence-band maximum for the three highest va-
lence bands in the cases of spin-orbit interaction excluded

TABLE II. Spin-orbit splitting, average hole mass@s units of
the free electron maggor heavy hole, light hole, and spin-orbit
split-off bands, and valence-bakdp parameter#\, B, andC [see
Eq. (1)] for the cubic polytypes of Si and SiC. For Si both calcu-
lated and measured values are given, whereas the valuefor 3
SiC are calculated. The experimental Si hole masses quoted here
are calculated from the experimental value#\pB, andC (Ref. 7).

| band No. 3
Holes Ago(MeV) mp, my Mg A 1Bl IC| @ ®)
Si (calg 50.1 043 015 0.22 -461 0.78 5.17 FIG. 3. Constant energy surfaces arodhtbr the three highest
Si (expd 44.1 0.46 0.16 0.23 —4.27 0.63 4.93 valence bands inl2-SiC without spin-orbit interactiofa) and with
3C-SiC 14.5 1.01 0.34 0.51-1.96 0.30 2.27 spin-orhit interaction include¢b). The constant energg=4 meV

below each valence-band maximum.
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TABLE Ill. Crystal-field splitting A, spin-orbit splittingAg,, TABLE IV. Dimensionless valence-band parameters’, c”,
and dimensionless valence-band parameteandb [see Eq(2) in d, d’, andd” [see Eq.(2) in the main tex} for three hexagonal
the main tex} for three hexagonal polytypes of SiC. polytypes of SiC.

Holes H-SiC 4H-SiC 6H-SiC Holes c c c” d d’ d”
A (MmeV) 161 73 54 2H-SiC -0.65 001 -0.01 -1.73 -0.04 1.02
Ao (MeV) 8.8 8.6 8.5 4H-SiC -0.64 003 -0.03 -1.70 -0.03 1.01
a —4.88 —-4.73 —4.82 6H-SiC —-0.65 0.04 0.02 -1.73 -0.05 1.07
b -0.66 -0.67 —0.65

The expressions corresponding to Ei)) but valid for

for the SiC polytypes. The shapes of the constant energyurtzite structure are given by
surfaces in -SiC atE=1 meV below each valence-band
maximum are qualitatively very similar to those for Si. The
differences essentially lie in the lengths of the “arms” stick-
ing out when spin-orbit interaction is not included. These
arms are even longer forG3SiC (larger massgghan for Si. . \/
For instance, the effective mass alahgs 15.0 before spin- -
orbit interaction is included, but is reduced to 1.32 when
spin-orbit interaction is taken into account. (2a)

The results for the valence-band structures presented 72
above caln6 conveniently be expressed in terms of the Es(k)=—Ag+ — (aki+bk?), (2b)
equation$ 2mg

2
ckZ+dk?

E. (K LA F
1A )——T+2—mo
Mo

2

2mg A
= +(c"ki+d"k2)?

77+C’kf+d,kf

£2K2 where k, and k, are the components of the wave vector
_PR AL RZIec2 parallel and orthogonal to the hexagonadxis, respectively.
Enn (k) 2m, (Ax B +sCY, We have applied these expressions to describe the valence-
(13 band structure for all three polytype#i2, 4H-, and 6H-SiC.
s=(k)2(kf,+ k§k§+ kikf()/k“, The parameters resulting from this fitting are presented in
Tables Il and IV. The crystal-field splitting paramet®y; is
2,2 affected only very slightly by spin-orbit interaction. Thus,
— A, (1b) the splitting A is still almost entirely an effect of crystal-
2mg field interaction.
The shapes of the constant energy surfaces turn out to be
ry similar for all the hexagonal polytypes discussed here.
. This is also evident from Tables Ill and IV. Thus, we con-
wave vector gn_aino is the free electron mass. The CaICUIatedclude that the highest valence-band structures for the three
spin-orbit splittingA,, andk-p parameters\, B, andC for polytypes H-, 4H-, and H-SiC are very similar, whereas,

3C'S'.C and Si are present.ed in Table Il together with theas we have seen above, the lowest conduction-band struc-
experimental values for Si. Thaverage masses for the

. ; , ; tures differ considerably.
heavy holg(hh), light hole (Ih) and sp|n-orb|t(§o) spht-ofé According to experir>rl1ental estimat¥sA,, is around 10
bands__ g\l B-zrj_bcl:ez/G l,lzl]_l arg Eii';eAI’\mIREd fr_m meV for 3C- and around 5-7 meV for B-SiC, while we
M in=—[AZ:( ) andmg,=1/A|. Acompan- - gnq somewhat higher values, namely 14.4 and 8.5 meV, re-
son with Ref. 14 reveals that the two calculations give S'm"spectively The calculated value far, was a little too high
lar results for L-SiC. ' °

. I : . 14%) also for Si Table ). The much smaller val f
It should be noted that spin-orbit interaction only m|xes( 9 also for Si(see Table . The much smaller values o

. A, for SiC compared to Si are consistent with the mainly
states that are degenerate or nearly degenerate. For instan Slike valence-band maxima
we obtain the same hole effective masses whether we include Finally, it should be noted that in all the calculations pre-
only the three uppermost valence bands or all valence angje

duction bands in th | bit matrix. Furth th nted here, both for electrons and holes, the effects of spin
conduction bands In the spin-orbit matrix. Furthermore, esplitting (which, for instance, can take the top of the valence

effects of spin—orbit interaction on the effectiye masses debandsaway from the I' point in crystals lacking inversion
crelasltf, ragldly as;lwe movetz a\;vay from Ihefomt. f symmetry, like all SiC polytypgshave been excluded be-
nFg. 5 we show constant energy surtaces 1or energyy, qe of their smallness. The band ener@fiés) used here

E=4 meV below each valence-band maximum for one of, .\ o averages over the energies for spi-tpand spin-

the hexagonal polytypes, namely{i2SiC. For this polytype -~ . _ + -

the effect of spin-orbit interaction is to redu@iacreasg the down (=) bands:E (k)=[E(k)" +E(k)"J2.

effective mass for the highegmiddle) valence band for the This work was supported by the Swedish Board for In-
directionsI'M (=) and'K (=T) in the BZ, whereas the dustrial and Technical DevelopmefNUTEK) and the
effective mass in th& A (=A) direction remains the same. Swedish Research Council for Technical ScienCESR).

The third band is insensitive to the inclusion of spin-orbit We also acknowledge assistance from Dr. C.-O. Almbladh at
interaction. The corresponding results for thel énd eH the Department of Theoretical Physics, University of Lund,
polytypes are qualitatively very similar. Sweden.

EsdK)=—Agt

which have their origin in the second-order perturbation apye
proximation in thek-p method. In Eq.(1) k is the crystal
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