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Surface band structure and differential reflectance spectra ¢110g1x 1) surface of cubic silicon
carbide crystals are investigated within a self-consistent tight binding theory. The surface electronic
band structure is characterized by the pronounced surface states in the gap and show metallic
character. Optical transitions between the surface states cause an enormous reflectivity within the
range of 1.0 to 1.5 eV and reveal strong polarization anisotropy. Influence of the atomic geometry
of the (110(1x 1) surface on the differential reflectance o 3SiC is studied. ©1995 American
Institute of Physics.

At present there has been a significant interest in théhe inter-atomic interactions are chosen to reproduce experi-
study of silicon carbidé€SiC), which is a promising material mental data for both the bulk band structure and optical func-
for high-temperature, high-frequency, and high-power elections of bulk 3C SiC. It has been shown that the choice of
tronic devices. For the applications of SiC for microelec-tight binding parameters determined in the standard manner
tronic and optoelectronic devices, where physical processdsom adjusting the calculated characteristic energies and gaps
on the surface are very important, the knowledge of the surto the well known values of @ SiC, (see e.g., Ref. )2is
face electronic band structure and the specific optical proprot unique. A comparison of the calculated optical functions
erties caused by electronic transitions between the surfade the experimental data helps in obtaining a more realistic
states is necessary. description of the dispersion of the electronic bands. The

The optical functions of cubic (@) SiC crystals have tight binding parameters used in this work for the calculation
recently been measured in visible and ultraviolet regions byf the H-matrix elements are given in Table | and Table II.
the use of reflectance spectroscbpgnd spectroellips- The highest valence bands and the lowest conduction bands
ometry? Equilibrium geometry and electronic band structureof 3C SiC are fitted most carefully to the well known data
of the (110(1x 1) surface of SiC have been studied by thefrom the literaturé>*3to calculate a realistic optical reflec-
use of anab initio theory’ and a semiempirical tight binding tivity in the visible and nearest ultraviolet spectral regions.
method*® In Ref. 3, a metallic character of the surface bandThe characteristic energies of the bulk band structure of
structure has been reported. However the tight bindingdC SiC calculated in this work are given in Table IlI in
studied* showed the(110)(1x 1) surface of £ SiC to be  comparison with the data of the literature.
semiconducting. Equilibrium atomic geometries found in  Optical functions are calculated by the parameterization
these studies were quite different. Differential reflectanceof the intra-atomic matrix elements of the momentum
(DR) spectroscopy, which is sensitive to the atomic geometrypperatof The optical functions of @ SiC are calculated
of the surface&;” has been demonstrated to be a powerfulwithin the random-phase approximation neglecting of local-
tool for optical investigations of the solid surfageee Ref. 8 field and many-body effects. The surface contribution to the
and references thergin diagonal components of the dielectric tenggy, for the po-

In this work surface electronic band structure and DRlarization a«=X,y,z has been calculated according to the
spectra of thg110)(1x 1) surface of £ SiC are calculated expressiof*:
within a self-consistent tight binding schet&he influence 820
of the atomic geometry of thel10)/(1X 1) surface on the DR _ e . L2
of 3C SiC is investigated. IM(A €0q) = himzvuwzk%j | <y iPalky i

The surface electronic band structure is calculated within
the super-cell(slab method'® The electronic states of the
slab and their energies,, at differentk; points of the two—
dimensional Brillouin zoné2D BZ) are obtained by solving
the 2D-Schrdinger equation. The HamiltoniarH) matrix
elements are calculated usingg’s* tight binding basis. To
incorporate the effects of the nonlocality of the potential, thelABLE I. Values(in eV) of the on-site tight binding parameters of Si and
Coulomb electron-ion intra-atomic and inter-atomic interac-— 2™
tions are taken into accouhfThe electronic occupancies are Parameter Si c
determined self-consistently. The model used has been de
scribed in more detail in Refs. 7 and 11. Only interactions ES égi _361301
between the first nearest neighbors are included in the calcu- E 10.07 905
lation of theH-matrix elements. Tight binding parameters of

X 5[Ej(k”)_E|(kH)_ﬁw],

wherep,=—i%4V,, V, is the volume of the unit cell, and
i,j denote the dangling bond states only.
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TABLE II. Tight binding parametersin eV) for calculation of matrix ele-

ments of the interactions between Si and C orbitals.
05 1
Parameters Energy
(sso) —1.45
(ssto) 0.0
(Sapco) 0.92
(s3pco) 2.60
(PaSco) 0.80
(pcSi o) 0.42
(ppo) 2.41
(ppm) -0.44 0.1 - ]

0.0 1 Il 1 1 i
4.0 5.0 6.0 7.0 8.0 9.0 10.0

Energy (eV)

The matrix elements of the momentum operator between
eigenfunctions of the electrons needed to evaluate optical
properties in the tight binding scheme used are calculateBlG. 1. ReflectivityR(w) of 3C SiC calculated in this worksolid line)
according to the relatiom=i(/)[ . The commutator {74 Teered 1 Aer esher i Soecur of e o o oot
is determined in thesp’s*—basis by taking into account par of e by the Kramers—Kronig relations.
nearest—neighbors interactions only. This has been done pre-
viously on S#*°and diamond.Only two intra-atomic matrix
elements of r with values <s|x|p,>=0.13 A, and
<s*|x|p,>=0.15 A are used. This allows quite a good de-
scription of the bulk optical properties ofC3 SiC. The real
part of € is calculated frome, using the Kramers—Kronig

calculated for the surface geometries, reported in Refs. 3 and

In Fig. 2 the surface electronic band structure has been
shown for the atomic geometry given in Ref. 3. The upper

lati In Fia. 1 the th ical reflectivi funoccupied band is mainly related to the Si-dangling bonds
relations. In Fig. 1 the theoretical reflectivity spectrum % and the lower occupied band arises mainly from C-dangling

3C S'C. calcullated by.the method described is shoyvn Norbitals. The results presented in Fig. 2 are in reasonable
comparison with experimental reflectance measured in Re greement with the data of tta initio calculations’ How-
1. In Table Il the energies of some characteristic gaps iy e there are some important discrepancies between the re-
3C SiC are given in comparison with the data of the litera-g 15 ofap initio theory and the present data. It is instructive
ture. A . , to analyze these differences in more detail.

The eqU|I|br!um atomic geometnes.of the10(1x 1), The main discrepancies of the present results with Ref. 3
surface of & SIC have been reported in Refs. 3-5. Tight yrige i the region close to tHé-point in the BZ. In Ref. 3

. . . 5 . . . .
binding studie$ and Monte Carlo simulations using semi- 1o ponding surface states were located in the valence band,
empirical potential$’ gave an inward displacements of Si ¢ in this work they are found in the gap. In the model used

and C atoms by the relaxation. This is in contrast t0 théygre the electronic exchange and correlation effects in
ab initio stud)?_whe_re displacements of the Si and C atomszc sjc are not completely described. This can explain the
into different directions have been reported. _discrepancies in the dispersion of the bonding surface states

The atomic geometries found in Refs. 3 and 4 are SiMineay thel"-point calculated in the present work from the data
lar. The most essential difference of these results is the buckss the ap initio study?

ling of the surface bonds. The value of the buckling
(~0.24 A) obtained by theab initio calculationd exceeds
remarkably the data reported previously, e-¢0.09 A found

in Ref. 4. Proven in this work is that the surface gap depends
strongly on the buckling of the surface-SC bonds. To dem-
onstrate further the sensitivity of the differential reflectance
to the buckling of the surface bonds tidR/R spectra are

[T *e00eae,, oot oo
ML ITT vy -
%, o

Energy (eV)
=3
=

TABLE Ill. Characteristic energiegin eV) of 3C SiC calculated in this

work and those available in the literature. -10 Toeneeseet 2090000000 0e duconnenr®” 1

Energy This work TheoryRef. 1) Exp.

g —T1c 7.58 7.40

g —Tis 8.81 8.27

Xy — X1c 6.07 5.80 6.0 M X r

Xsp— X3¢ 8.14 8.52 8.3

Xze— X1c 2.27 2.90 3.1d

g — X 2.38 2.38 2.38 FIG. 2. Electron energy structure of the surface states on relakEd
(1% 1) surface of £ SiC (bold circles. Bulk band structure has been pro-

*Reference 13. jected on 2D Brillouin zone of th¢110) surface. The zero of the energy

PReference 1. scale indicates position of the Fermi energy.
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Another important difference is that according to Ref. 3
in the X—M region in the BZ the surface bonding and anti-

bonding bands are found to overlap, which indicates the van- 2oy
ishing of the interatomic interaction between dangling bonds
for k; vectors alongX—M direction® This does not agree _ oo b

with the results of the present calculations where the inter- 3
atomic interactions between the dangling bonds of the sur-§
face atoms do not vanissee Fig. 2 In Ref. 3 the density 0.00
functional theory(DFT) with the local density approximation
(LDA) has been used. Strictly speaking the one-particle
LDA—eigenvalues have no formal justification as quasiparti- 1.0 : ; s
cle energies! Further investigations of the SiC-surface band 00 Y e ey (V) 30 0
structure showf that the quasiparticle correction to the LDA
leads to the increase of the gap between the OC.CUpqu arI]:clj . 3. Calculated differential reflectanc&R/R=(R(110~ R(110))/Ro, Of
empty surface states and some changes in the dISperSIOntﬂ relaxed110)(1x 1) surface of & SiC for atomic geometries reported
the surface bands. in Refs. 3(solid line) and 4(dashed ling

On the other hand the semiempirical scheme of tight

binding theory may include corrections to the one-partical . _ _ )
band structure on the many-body and local-field effects b)pons between almost parallel bonding and antibonding dan-

the fitting to the experimental datAHowever the restriction 91ing bonds related surface bands in ¥ie M region in BZ.
of the number of interatomic interactions to be included intoAS €xpected the spectral position of th&/R peak depends
the Hamiltonian to nearest neighbors only leads to the errorgtrongly on the buckling of the surface bondee Fig. 3
in the calculations of the eigenvalues. For a more realistic  In conclusion, the surface band structure of (&&0)(1
description of the conduction band in SiC, in the presentX 1) surface of & SiC is characterized by the existence of
calculation the excited* state has been added into the basisthe bonding and antibonding dangling bond states in the gap
of the Hamiltonian. This scheme has been shown previouslgnd shows a metallic character. Differential reflectance spec-
to provide reliable predictions of the surface band structurera reveal a strongly polarized peak in the region around
and DR of St*°and some AB® compoundgsee e.g., Ref. 8 1.0-1.5 eV. The spectral position of this peak is strongly
and references thergiwhich agree well with the experimen- gependent on the buckling of the surface bonds, and may
tal data. The forbidden gap between empty and occupieghys provide information on the latter.
surface states corresponds to the value of the interaction be-
tween the dangling bonds. The present tight-binding results.
are in better agreement with tlad initio calculation of Ref. ~ SIONS.
18, which include quasiparticle corrections than with the ear-
lier DFT—LDA calculations of Ref. 3 which did not.

In Ref. 4 the(110(1X 1) surface of £ SiC, in contrast
to Ref. 3, has been found to be semiconducting. In this work
the surface has been found to be metallic for both geometries\. R- Lambrecht, B. Segall, W. Suttrop, M. Yoganathan, D. P. Devaty, W.
in Refs. 3 and 4. The metallic character of the surface band?:; €hovke. J. A. Edmond, J. A. Powell, and M. Alouani, Appl. Phys. Lett
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