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Ab initio calculations of structural and electronic properties of 84-SiC(0001) surfaces
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We reportab initio calculations of structural and electronic properties of hexagoHaS8C(0001) surfaces.
The calculations have been carried out self-consistently within a local density approximation employing su-
percell geometries, smooth norm-conserving pseudopotentials in separable form and Gaussian orbital basis
sets. In a systematic study, we have investigated the relaxation, as WQ’E&S\/(_S)R30° reconstructions of
both Si- and C-terminated substrate surfaces. We have optimized eight structural models for the reconstructed
surfaces with Si or C adatoms and Si or C trimers adsorbed in threefold-symmgtiidH ; positions. In the
case of the Si-terminated substrate surface, our results favor Si adatdinsiias as the optimal configuration
which is compatible with structure data from experiment. For the C-terminated substrate surface, our results
indicate that none of the investigate®x /3 adatom or trimer configurations is the optimal surface structure.
We present the electronic structure of the relaxed and of some representative reconstructed surfaces and discuss
our results in comparison with other theoretical results and with experimental data from the literature.
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I. INTRODUCTION thought to originate from adsorbed Si or C adatoms or Si or
C trimers and are thus interpreted as adsorption-induced re-
Polar (0001 surfaces of the technologically very impor- constructions. ) . .
tant semiconductor compoundi6SiC are attracting consid-  Different preparation methods appear to yield different
erable interest in recent yedr$ The clean, ideal reconstructions.LEED patterns show an unreconstructéd

o . . . . _X1) structure up to 800° and various reconstructions after
6H-SIC(000]) surfaces are either Si or C termmat_ed. Slnceannealing at 900—1100 °©Chemical treatment ifF (Ref.
many reconstruction models for t@001) surfaces involve

adatoms, we refer to them in the following as Si- Or6) or bufferedHF (Refs. 7 and 8removes the oxide and

. . ivates th face. A li t -1 °C i
C-terminated substrate surfaces. They are characterized by %T—T\?N?ezilts einsu; ?/%ex ﬁn n?jc?r?stlrfctigng(?gr tggo SE n

(C) top-layer atoms with one dangling bond and three back ;310 surfadd'® and in a 33 reconstructiohfor the
bonds connecting them with their three nearest-neighbor

Si h d sub | hil ) -terminated surface. Further annealing above 1000 °C
(Si) atoms on the second substrate layer. While experiment, \qeq 5 sj depletion and graphitization of the surface lead-

can distinguish between different substrate-surface termina}hg to a 6,3 % 64/3 reconstructioi:>123Bermudez has pre-
tions, an absolute determination of the Si face or the C faCBared clear(000) surfaces by annealing in a flux of Si va-
seems difficulf The stacking sequence of Si-C bilayers in por and observes &x3) structure for the Si-terminated
the hexagonal0001] direction of €H-SiC and in the cubic ¢ face which converts toyBx 3)R30° upon further an-
[111] direction of B-SiC differs only beginning with the nealing in vacuuri. The author has observed that tt@
ninth layer. Because of this fact, experimental low-energysx 3) surface consists of an ordered layer of Si chemisorbed
electron diffraction(LEED), Auger electron spectroscopy on the Si substrate surface layer while thé8 3)R30°
(AES), and electron energy loss spectroscdpLS) results  reconstruction involves an ordered arrangement of Si vacan-
are almost identical for respective reconstructions of thesies. For the C-terminated surface, Bermudez has observed a
B-SiC(111) and the &1-SiC(000)) surface when using elec- (1x 1) structure which transforms into a poor qualit@
trons with low energy. Based on the indistinguishable X 3) structure upon further annealing. Owman and
LEED results one can conclude that the surfaces are charagtartenssof have investigated Si-terminated
terized by the same reconstruction geometry. The Si- angH_Sic(oooj)_(\@X J3)R30° surfaces by STM. The au-
C-terminateds-SiC(111) and 6H-SiC(0001) surfaces have thors observed images consistent with a structural model
been and still are investigated very intensively by LEED,  composed of 1/3 layer of Si or C adatoms in threefold-
AES*#1% scanning tunneling microcospySTM), ¥ gy mmetric sites above the outermost Si-C bilayer, similar to
atomic force microscopyAFM),'> EELS""*?x-ray photo-  the reconstructions observed for 1/3 monolayer of, e.g., Al,
electron spectroscopiXPS),>'**°angle-resolved photoelec- Ga, In, or Pb on the §i11) surface**~22 Similar structural
tron spectroscopyARPES,'” andk-resolved inverse photo- models had been suggested by Kaffldrefore. From STM
electron spectroscopyKRIPES.*® Among the structures data alone, it is neither possible to identify which one of the
reported are(1x1), V3x /3, (3x3), 63x6\3, and(9  elementsSi or C) constitutes the adatoms nor to determine
X 9) configurations depending sensitively on temperaturén which of the two symmetry-allowed site3 { or Hy) the

and on sample preparation. Th8x /3 and 6/3x 63 re-  adatoms are located. A mixture of adsorbed Si and C ada-
constructions involve 30° rotations of the unit cell and aretoms was excluded in Ref. 9. But more complex structures
R30° reconstructions therefore. These reconstructions areuch as, e.g., trimers could not be excluded. Thus the
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10 562 SABISCH, KR[GER, AND POLLMANN 55
authors did not arrive at a definite structural model for thesults are compared with those of other calculations and with
V3% /3 reconstructed surface. Li and Tsohpave studied available experimental data. A summary concludes the paper
Si- and C-terminated surfaces after annealing at 850—-95@n Sec. V.

°C under a Si flux using STM. On both surfaces the authors

observed a (X 3) reconstruction after annealing at 850 °C, Il. CALCULATIONAL FRAMEWORK

which changed into a/3x 3 reconstructiorin both cases ) _ )
after further annealing at 950 °C. In general, the experimen- Our calculations are carried out in the framework of

tal structure data seem not to be entirely conclusive, yet. genfcl)%-rfr?al?ticct)lrgg?:lor :Egogch;\gthemanthorré?z:t?gn doetg?tti)él
To date, only very few theoretical investigations of polar PP : 9 P

hexagonal 61-SiC(0001) surfaces have been reported. we employ the functional of Ceperley and Aléfeas param-

etrized by Perdew and Zung&Nonlocal, norm-conserving

(23,24 : ; " ;
Badziag>?* has carried out semiempirical structure StUd'eSpseudopotentials in separable form, as suggested by Klein-

of Si- and C-terminated/3x y3R30° configurations. The man and Bylandet* are used. They were generated follow-
author employed semiempirical quantum-chemical cluste[ng the prescription given by Hamann, Sdely and
calculations of the modified neglect of differential overlap Chiang? and have been reported elsewh&é&mploying
(MNDO) type and arrived at C trimers saturated by hydrogerpur very smooth pseudopotentials in particular for the second
atoms as the optimal configuration for the Si-terminatedrow element carbon, the numerical effort is strongly reduced.
surface’® For the C-terminated 1B-SiC(0001)-(y/3x \/3) The wave functions are expanded in terms of linear combi-
surface Badziag favored a model containing Si adatoms andations of Gaussian orbitals with p, d, ands* symmetry.

C atoms substituting for Si in the second layer of the unrewe find that 30 Gaussians per surface-layer atom and 20
constructed substrate surf&CAb initio calculations within ~ Gaussians per atom for all other atoms in the supercell yield
local density approximatioLDA) of density functional sufficient accuracy**® Using these pseudopotentials and
theory have been reported by Northrup and Neugeb@uer.Gaussian orbital basis sets we have successfully investigated
These authors have studied Si-terminat@dSiC(111)-  the relaxed-SiC(110-(1x 1) surfacé* and a number of
(V3% \3)R30° surfaces. As mentioned before, these areeconstruction models fg8-SiC(001) surfaces® previously.
largely equivalent to the respective hexagonal surface sincéhe total energy is calculated self-consistently using the
the stacking sequence of Si-C bilayers along[ttEL] direc-  momentum-space formalism of Ihm, Zunger, and Colfen.
tion in B-SiC and along th¢0001] direction in 64-SiC,  All computations are performed using sets of Kjxpoints
respectively, is equivalent down to the eighth layer. For thefor the (1x1) unit cell and threek; points for the
Si-terminated substrate surface the authors favored adsorps/3x /3)R30° unit cell in the irreducible part of the surface
tion of Si adatoms i, sites as optimal structure. We have Brillouin zone (SBZ). Using the supercell method we em-
previously presented brief accounts of results of our LDAploy eight layers of SiC, one layer of adatoms, and seven
calculations for the structure and the electronic structure ofacuum layers in the supercell. In addition, the brolsqn%

Si- and C-terminated IS-SiC(OOO])-(\/§>< \/§)R30° bonds at the bottom layer atoms in each supercell are satu-
surfaceg®2’ rated with one hydrogen atom, each. The lower four atomic

To contribute to the vivid current discussion of the recon-layers of SiC are fixed in the bulk configuration employing
structions of &1-SiC(0001) surfaces, we have systematically the theoretical lattice constan#s=3.07 A andc=15.05 A.
studied the relaxed1x 1), as well as a number of recon- We optimize the structure by calculating the forces. We
structedy3x /3 configurations of both Si- and C-terminated move the atoms of the upper four substrate layers and the
(0001 surfaces of 61-SiC. In this paper we present and adlayer atoms in the supercell until all forces vanish within
discuss a full account of the results of @l initio pseudo- 10~ Ry/a.u.
potential LDA calculations. We have optimized eight struc-
tural models for the reconstructed surfaces with Si or C ada-
toms and Si or C trimers adsorbed in threefold-symmetric
T, or H3 positions. The calculations have been carried out Clean relaxed B-SiC(0001) surfaces, so far, have not
within the supercell approach using smooth pseudopotentialseen observed in experiment. At the unreconstructed Si-
and localized Gaussian orbitals. For the Si- and C-terminateterminated(1x 1) surface there is usually a disordered layer
substrate surfaces we present optimal reconstruction configaf impurities like O which can be removed by annealing in
rations of the investigated structure models and for som&HV. The C-terminated1X 1) surface results from impuri-
representative configurations we present and discuss the rges at the surfaceas well. For reference sake, we first ad-
spective surface electronic structure. dress the clean relaxedH6SiC(0001)-(1X 1) surfaces.

The paper is organized as follows. In Sec. Il we briefly A top and a side view of the Si-terminated
summarize the framework of our calculations. Section Ill is6H-SiC(0001)-(1x 1) substrate surface as resulting from our
devoted to the presentation of surface structural and elegelaxation calculations is shown in Fig. 1. The parameters
tronic properties for both the Si- and the C-terminated recharacterizing the relaxed structure are introduced in the fig-
laxed (1X 1) substrate surface. In Sec. IV we present andure, as well. Due to the hexagonal symmetry of the lattice
discuss our results for five different configurations with Si oronly atomic relaxations along the surface vertical axis (
C adatoms and Si or C trimers adsorbed in threefolddirection can occur. For the relaxed C-terminated surface
symmetricT, or Hy positions at the Si-terminated3x 3  full dots and open circles have to be interchanged in Fig. 1.
substrate surface. In addition, we discuss three adatom stru€able | shows the structure parameters for the optimally re-
tures at the C-terminated3x \/3 substrate surface. Our re- laxed Si- and C-terminated substrate surfaces in comparison

Ill. RELAXED 6 H-SiC(000)-(1x1) SURFACES
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top view side view TABLE I. Optimized structure parametefas defined in Fig. 1
and energy difference pétx 1) unit cell between the ideal and the

relaxed surfac@A E in comparison with the ideal surface parameters
., ., for the Si- and C-terminatedHs-SiC(0001) substrate surfaces.
Ve ) (A1x1) Si-term.(1X 1) C-term.(1X 1)
VA K . : .
l ideal relaxed relaxed
y\%(

x d; (A) 1.88 1.84 1.81

O Si atoms ® C atoms d; R) 1.88 1.88 1.87

21, (R) 0.63 0.48 0.38

FIG. 1. Top and side view of the relaxed Si-terminated zy3 (A) 1.88 1.92 1.97
6H-SiC(0001) surface. In this and in all following figures related to z, (A) 0.63 0.61 0.60
the surface structure, Si atoms are represented by open circles whike (ev) 0.00 —0.09 -0.30

C atoms are represented by black dots. Bonds lying in the drawing
plane or parallel to it are shown by full lines and those forming an
angle with the drawing plane are shown by dashed lines. (Tne in the gap energy region. These bands originate from the
% 1) unit cell is indicated by heavy lines and the labeling of char-dangling bonds which are localized at the Si and C top-layer
acteristic structure parameters is introduced. atoms, respectively. The dangling-bond band is half filled in

both cases since there is only one top layer atom (fer

X 1) unit cell. The resulting band structures are thus metallic.
with the respective parameters of the ideal surfaces. The vef-omparing the energetic positionsdf; andD it becomes
tical distance between neighboring layemnd] is given by ~ obvious thaD ¢ occurs roughly 1.5 eV lower in energy than
z;j= z—z;. The most significant effect to be observed is aDs;. This is due to the stronger C potential, as compared to
pronounced inward relaxation of the top-layer atoms for bottthe Si potential. This potential difference gives rise to the
surfaces. The respective decreasegf as compared to its ionicity of SiC (see also Ref. 34 causing a charge transfer
value at the ideal surfaces, amounts-t6.15 A for the Si- from the Si to the C atoms. The dispersion§; is more
and —0.25 A for the C-terminated surface. Concomitantly pronounced than that d., becauseDyg; is laterally more
the bond lengthsl; decrease by 0.04 A and 0.07 A, respec-extended. This can be seen in Fig. 3, which shows the charge
tively, for the two surfaces. The relaxation-induced energydensities of the dangling-bond stat€s; and Dc. They
gain of 0.30 eV at the C-terminated surface is more thar¢learly reveal that the dangling bonds are predominantly lo-
three times as large as that at the Si-terminated sufta68  calized at the top-layer atoms and are oriented perpendicu-
eV) due to the larger relaxation of the C face. Bond-bendindarly to the surface. The charge densities of the two dangling-
angular forces at the second-layer atoms are involved ipond states, however, show significant differences. While
these downward relaxations of the surface-layer atoms. Thel)s; is predominantly directed outward into vacuum, the
are considerably weaker at Si atoms than at C atoms so thazaximum ofD¢ is directed towards the substrate. This could
the C-terminated surface shows the larger relaxation effect@riginate from the stronger relaxation of the C-terminated
The atomic relaxation on lower lying layers is very small. surface.

Figure 2 shows the surface band structure for the relaxed

Si- and C-terminated surfaces. The vertically shaded areas  IV. RECONSTRUCTED 6 H-SiC(0001) -(\/3% /3)
represent thg 0001 projected bulk band structuréPBS SURFACES
which is, of course, the same for both surfaces. The PBS has
an indirect gap of 1.97 eV which is smaller than the experi-
mental gap of 3.02 eV. This is due to the well-known under-
estimate of the band gap energy in LDA. For both Si- and The /3 /3 unit cell is three times as large as that of the
C-terminated relaxed surfaces we find a dangling-bond banrklaxed surfaces and contains three atoms per layer unit cell

A. Adsorption-induced reconstructions
of the Si-terminated substrate
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top view side view

Dyg; state D state

(a) Si(T4)

FIG. 3. Charge density contours of the dangling-bond states at
the I' point for the relaxed Si-terminatedleft pane) and
C-terminated (right panel 6H-SiC(000)-(1X1) surfaces. The
charge densities are presented for a side view of the relaxed struc-
tures(see also Fig. 1

in the substrate. The STM measurements of Owman and
Martenssofi for the Si-terminated H-SiC(0001-
(y3% \3)R30° surface have yielded images similar to the
Si(111) surface covered with 1/3 monolayer of Al, Ga, In, or
Pb. Stimulated by this work we have investigated five ad-
sorption models of the Si-terminated H6SIC(000))-
(/3% 3)R30° surface. They are shown in Fig. 4 by top and
side views. The structure parameters characterizing the dif-
ferent configurations are introduced in Fig. 4, as well. We
have considered Si adatoms Ty [Fig. 4@] and H3 [Fig.
4(b)] and C adatoms iif, positions[Fig. 4(c)]. In addition,

we have optimized Si and C trimers T, positions[Figs.

4(d) and 4e)]. Adatoms inT, (H3) positions reside above
second(fourth) substrate-layer atomisee, e.g., Figs. (4)

and 4b)]. For the sake of brevity, we will refer to the dif-
ferent configurations as Sig), Si(H3), etc. The resulting
optimal structures obtained from our total-energy minimiza-
tion are drawn to scale in Figs(al—4(e).

1. Surface structure

In all five adsorption configurations the three substrate-
surface dangling bonds pef3x /3 unit cell become fully
saturated by the adatoms. But now the adatoms have dan-
gling bonds. Their number, however, is smaller than the ¥
number of the original dangling bonds at the clean substrate O Si atoms @ C atoms
surface. In the configurations of Figsat4(c) the number
of dangling bonds is reduced by adatom adsorption to one F|G. 4. Top and side views of the optimized/3x y3)R30°
third. In the case of the Si and C trimeisee Figs. &) and  reconstructions of Si-terminated H6SIC(0001) surfaces. The
4(e)] the dangling-bond reduction sensitively depends on ta/3x /3 unit cells are indicated by heavy lines in the left panels.
which extent the dangling bonds at the trimer atoms becomehe structure parameters are introduced in the side vieas also
involved in chemical bonding. caption of Fig. 1.

The newly established surface bonds have a bond
length which turns out to be slightly larger than respectiveangle of 109.5°. There is an important difference between
bulk bonds(2.33 A for Si and 1.88 A for SiCand close to theT, andH; configurations to be noted at this point. In the
the sum of the covalent radii of the involved atomsT, configuration, the system can reduce its strain and in-
(rc=0.77 A andr5=1.17 A). The new surface bonds are crease the bond angéeby pushing down the second-layer C
significantly strained, however, since the respective bonétom residing vertically below the adatom and lifting the
angle (see Fig. 4 and Table)liis far from the tetrahedral other two C atoms in the/3x /3 unit cell on the second
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TABLE Il. Optimized structure parametetas defined in Fig. ¥for the Si and C adatom and Si and C
trimer reconstructions of the Si-terminate¢i &iC(0001)-(y/3% 3)R30° surfaces adressed in this work.
The values in parentheses are the results of Ref. 25.

Adsorption models for the Si-terminate@®x /3 surface

Si(T,) Si(Hjg) C(Ty) Si trimer(T,) C trimer(T,)
dy (A) 2.59 1.41
d; (A) 2.41(2.42 2.44 1.93(1.99 2.39 1.92
d, (A) 1.71(1.79 1.73 0.92(1.22 2.37 1.69
d; (A) 2.50 2.36 1.70 3.03 2.46
d, (A) 1.88 1.88 1.87 1.87 1.89
Az (A) 0.25(0.22 0.31(0.52 0.07 0.25
a(®) 70 53 105 86

substrate layer. In consequence, a buckling of the secontd the Si substrate-surface atoms than the Si adatoms in
substrate layer, characterized by (see Fig. 4 and Table)ll  Si(T,). Northrup and Neugebaférhave found a similar
occurs. In theH3 configuration, on the contrary, all three C bond length between the C adatoms and the Si surface-layer
atoms per unit cell on the second substrate layer are equivatoms. But in their optimized configuration the C atoms in
lent so that no buckling of the second layer can occur. Thushe second substrate layer residing vertically below the C
strain relief can be accomplished much more efficiently inadatoms show a larger relaxation towards the substrate. The
the T, than in theH; configuration. _ authors find a buckling oAz=0.52 A which is larger than

In our optimized Si,) structure each Si adatom forms a our respective value. These differences may be related to
bond of lengthd, =2.41 A[see Fig. 48) and Table [l with  sjight differences in technical detailasis sets, number of
each of the three Si substrate-surface layer atoms. This borghecial points used in the Brillouin-zone integrations,
Iength is Iarger than the Si-Si bulk-bond |ength of 2.33 A. pseudopotenti&us’ and slab geomem’imich can be ex-
The three Si surface atoms in th@x /3 unit cell slightly  pected to be more pronounced for C adatoms than for Si
shift in the direction of the adatoms. By pushing down theadatoms since the C potential is more strongly structured
second-layer C atom residing below the adatom and liftinghan the Si potential and the C orbitals are more localized
the other two C atoms on the second substrate layer the boRHan the Si orbitals.
anglea increases to 70°. So a buckling 4z=0.25 A oc- When Si trimers are adsorbed Th positions at the sub-
curs. The relaxation of the atoms on the third and fourthstrate surface, we observe that the individual Si atoms of the
layer is smaller than 0.09 A. The bond lengths between  trimers move into new positions vertically above the Si sub-
the first and second substrate-layer atoms result as bulklikestrate surface atonfsee Fig. 4d)]. In the optimized configu-

The numbers in parentheses in Table Il are the LDA reration their lateral distance of 2.59 A is considerably larger
sults of Northrup and Neugebatf@rThe agreement between than twice the covalent radius of Si or the Si-Si bulk-bond
their results and ours for Si adatomsTg positions is very |ength of 2.33 A, respectively. Therefore in Fig(d# no
close. bond was drawn between the Si adlayer atoms in the opti-

Figure 4b) shows our optimized Si3) structure by a mized configuration. The structure parameters are shown in
top and a side view. The respective structure parameters amble Il. The bonding configuration is nearly tetrahedal, re-
given in Table Il, as well. The bond lengtlds, d,, andd,  sulting in an angle ofx=105° and a concomitantly small
for Si(H;) are very similar to those for the optimized bucklingAz=0.07 A of the second substrate layer. The bond
Si(T,) configuration. The discerning feature of the two con-length d, between the Si adatoms and the Si substrate-
figurations is the bucklinghz=0.25 A in the second sub- surface-layer atoms of 2.39 A is close to the bulk-bond

strate layer which can occur only for adatomsTip posi-  length of Si and to the sum of the covalent radii of two Si
tions. The SiH3) configuration turns out to be energetically atoms.
less favorable than the Sif) configuration byAE=0.60 eV When C trimers are adsorbedTn positions the resulting

per /3% /3 unit cell. This result is in very close agreement C-Si bond lengthd; =1.92 A is again close to the sum of the
with the respective energy difference AE=0.54 eV, re- covalent radii of C and Si. The three C trimer atoms saturate
ported in Ref. 25. the substrate-surface dangling bonds and form
When C adatoms are adsorbedTip positions, the bond C-C bonds with a bond length af,=1.41 A. This value is
length of d;=1.93 A between the C adatoms and the Sibetween the length of €C double bond€1.36 A) in mol-
substrate surface-layer atoms is smaller than that for the Sicules and C-C single bonds.52 A) in bulk diamond. The
adatoms because of the smaller covalent radius of carbobond anglea=86° is closer to the tetrahedal angle than for
The distance of the C adatoms to the second-layer C atonthe Si(T,) and CH;) adatom geometries. Because of the
turns out to be onlyl;=1.70 A. In consequence, the second smaller strain in the bonds, the buckling of the C atoms in
substrate-layer bucklingz is as large as 0.31 A in our re- the second substrate layek=0.25 A) is smaller than for
sults. The surface bonds are very strongly strained sigi®  the C(T,) structure Az=0.31 A).
very small ande turns out to be only 53°. Because of their  If we adsorb, instead, a full C monolayer in on top posi-
smaller covalent radius the C adatoms inTg)(reside nearer tions above Si substrate-surface-layer atoms the C atoms
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become onefold coordinated to the substrate and exhibitf the SiC bulk crystal. The above relation allows one to
three dangling bonds each. This configuration is very unfaeliminate uc in the grand canonical potential. Thus we can
vorable (by 11 eV per unit ce)| as compared to our opti- evalute() as a function of the chemical potential of the in-
mized C3(T,) configuration. Badziag favored this type of volved Si atoms, alone. The formation enthalpii; results

configuration® containing, however, H atoms saturating the g AH;=0.51 eV in our calculations. Northrup and

C adatom dangling bonds. NeugebauéP obtained a value of 0.75 eV in their calcula-
o ) tions. The experimental value is 0.72 eV.
2. Determination of optimal surface structure The chemical potentigk g is restricted to the ran§é38

for the Si-terminated substrate surface

The different optimized adsorption models cannot directly
be compared in a meaningful way since the nunmoee or Msibul — AH < (i< 1 sibulk) -
three and the specie&Si or C) of the adatoms are different.
Nevertheless, we can compare the energies of the different

structures using the grand canonical potential &0 K, as In Fig. 5 we show the change i relative to its value for
suggested by Qian, Martin, and Ch#dind by Northrup and  the ideal surface for the six different configurations studied
Froyen® as a function ofug;. Obviously, C adatoms and C trimers are

less favorable than the ideal Si-terminated surface. This re-
Q=E—2 win; . sult derives from the fact that C adatoms are too small to
i efficiently saturate the dangling bonds on the Si substrate-
. . . . surface-layer atoms, as has been pointed out already by
The p; are the chemical potentials of atomic spedi@nd  Norhryp and Neugebau®tin particular, the bonds between
n; is the number of atomsin the system. Now, if & SyStem ¢ aqatoms and Si substrate-surface-layer atoms are far from
consisting of a SiC crystal and Si and C atoms in the 9ageiranedral and thus strongly strained. The relaxation of the
phase is in thermodynamic equilibrium, the following rela-;ja51 surface slightly lowers the energy. I8i) and Si(T,)

tion holds: configurations are more favorable. The energetic order of
= e Si(T,) and C(T4) corresponds to the size of the bond angle
Hsi™ e Rsicibulk - a which is 70° and 53°, respectively, in the two cagese
In addition, the following relation holds: Table I). Note that the change i increasegdecreasedsor
adsorbed GSi) atoms as a function ofg;.
Mesicibulk) = Msicbulk) T cibu — AH¢ . From our analysis we conclude that the Si-terminated

Here uu; and ¢ are the chemical potentials of the free at- 6H-SIC(000]) surface shows 3 /3 reconstruction if Si
oms in the gas phase Whiletgpuiy, Mcpuig, and and C atoms are offered in the gas phase. Our conclusion and

Ksic(ouly are the chemical potentials of the atoms in the re-OU" actual SiT,) structure are compatible with experimental

,4,6,7,9,11 H :
spective bulk crystals. FinallyH; is the formation enthalpy Jat& and in very good agreement with the LDA re-
sults of Northrup and Neugebatfér.
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FIG. 5. Comparison of grand canonical potentigislative to
that of the ideal surfagédor six different structural model&elax- FIG. 6. Surface band structure of the Si-terminated
ation and five different reconstructionof the Si-terminated 6H-SiO(OOOJ)-(\/§>< \/§)R30° surface for Si adatoms if, posi-
6H-SiC(0001)-(1/3% y/3)R30° surface as a function of the Si tion [see Fig. 4a)]. The projected bulk band structure for the
chemical potentialg; for the allowed range. J3x+/3 SBZ is shown by vertically shaded areas.
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top view side view

P state P, state D state

FIG. 7. Charge density contours of salient surface states at the
M’ point of the (/3X3)R30° SBZ of the Si-terminated
6H-SiC(0001)-(1/3% 4/3)R30° surface for Si adatoms ifi, posi-
tion. The charge density of tHe, state is presented in thyez plane
(see Fig. 4. The charge densities of tHe, andD states are pre-
sented in the-z plane containing the middle Si-C zigzag chéee
also caption of Fig. L

3. Surface electronic structure T4)

(c) C(
We have calculated the surface electronic structure for all
optimized adsorption models of the Si-terminated }_ 1d; o
6H-SiC(0001)-(/3x /3)R30° surface. For the sake of brev- I
ity, we restrict ourselves to a discussion of the surface band
structure and salient charge densities for the energetically .
<

optimal Si(T,) configuration[see Figs. &) and 5-1. Con- z
cerning the surface band structures of the other models stud-Y L

ied, the interested read\% is\/Leferred to Ref. 39. Figure 6 X
shows the PBS of the (3 y3)R30° SBZ by vertically .

dashed lines. Bands of localized surface states and of surface OSistoms @ C atoms
resonances are shown by full lines. Within the projected gap
energy region we find three bands of localized states. The
bandsP; and P, with p, and p, symmetry originate from
the interaction of the Si{,) adatoms with the Si substrate-
surface-layer atomésee Fig. 7. The bandD having mostly

p, wave-function character originates from the dangling-

bond states localized at the $j{) adatomgsee Fig. J. The would result within the gap. But no empty dangling-bond

dispersion of theD band is very small because the Si ada-panq would occur, in contrast to the observation of Themlin
toms have a large distance of 5.32 A and thus interact only; 418 aApother possible explanation could be related to
very weakly. The dangling-bond charge density shows gnany_hody correlation effects of the Hubbard type in the
strong contribution at the C atoms that reside on the Seco”&'angling-bond band giving rise to a splitting of tBeband.
substrate layer vertically below the Si adatomsTinposi-  This would result in an occupied and an empty dangling-
tions. 'The dangling-bond-derived ba@dls half filled SINC®  pond band within the gap energy region. These topics have
there is only one adatom pgBX /3 unit cell. The resulting  peen briefly addressed already in Refs. 17, 18, and 25. Cer-

this surface, as resulting from our calculations, is in agree-

ment with the theoretical results of Ref. 25. Contrary to these
theoretical results, recent ARPERef. 19 and KRIPES
(Ref. 18 investigations have observed a band of occupied
and a band of empty dangling-bond states in the gap energy We have also investigated severai3(x y3)R30° recon-
region, respectively. In both Refs. 17 and 18 the authorstruction models of the C-terminated substrate surface. Three
conclude on the basis of their data that the surface is seméifferent adsorption configurations have been optimized. We
conducting. This is an obvious contradiction between theorjnave considered Si and C adatomsTinposition[Figs. 8a)

and experiment which calls for further investigations. Oneand 8c)] and Si trimers inT, position[Fig. 8b)]. The re-
possible reason for the discrepancy could be the fact that trgulting optimal structures obtained from our total-energy
actual structure of this surface is more complex than we haveinimization are shown in Figs.(8—-8(c) by top and side
anticipated so far. Adatoms with five valence electrons, e.gyiews. The relevant structure parameters are defined in the
instead of Si adatoms would lead to a semiconducting surfigure. In experiment there seemed to be no indication of a
face. In such a case a fully occupied dangling-bond bangy3x 3)R30° reconstruction for the C-terminated

FIG. 8. Top and side views of the optimized/3x v/3)R30°
reconstructions of the C-terminatedH6SiC(0001) surfaces. The
structure parameters are introduced in the side vieses also cap-
tion of Fig. 4.

B. Adsorption-induced reconstructions
of the C-terminated substrate



10 568 SABISCH, KRUGER, AND POLLMANN 55

TABLE Ill. Optimized structure parametefas defined in Fig.

8) for the C and Si adatom and Si trimer reconstructions of the 2
C-terminated 61-SiC(0002)-( J3X \/§)R30° surfaces addressed in ] : I
this work. Adsorption of Si trimers leads to an idéak 1) structure C(Ty)
in our calculations, in which the Si surface atoms are onefold coor-
dinated with the C substrate-surface-layer atoms and have three AQ(eV) 0o ideal
unsaturated dangling bonds each.
1x1) relaxed
Adsorption models for the C-terminate®x /3 surface (1x1)
C(Ty) Si(T,) Si trimer(T,) -2 4
do (A) 307 ] Si(T4) |
d; () 1.66 2.04 1.88 ]
d, (A) 0.73 1.24 1.88 . .
ds (A) 1.86 291 251 -4 7 Sis(Ty) = Si monolayer
d, (A) 1.87 1.89 1.88
Az (R) 0.68 0.50 0.00
a(®) 63 68 109.5 ¢ v
Bsibuik) — DH psi —— HSi(bulk)

surfac&® until very recently when the STM results of Li and
Tsong! were published. For this termination rath@x 3)
reconstructions or impurity-stabilizgdx 1) structures were
mostly observed.

FIG. 9. Comparison of grand canonical potenti@slative to
that of the ideal surfagdor four different structural modelgelax-
ation and three different reconstructipnef the C-terminated
6H-SiC(0001)-({/3x /3)R30° surface as a function of the chemi-

1. Surface structure cal potentialug; for the allowed rangéfor details, see text
adatoms inT, position on the C-terminatedHs-SiC(0001) for the C-terminated surface

surface. The optimized structure is shown in Fige) &nd
8(c) by top and side views. The structure parameters are,
given in Table Ill. At this surface, the (Si) adatoms are

bound to three substrate-surface-layer atoms. The respecti

In Fig. 9 we show the change in the grand canonical po-
ntial () relative to its value for the ideal surface for the
investigated structures as a function @§;. Similar to the

. ¥&se of the Si-terminated substrate surface, C adatoms turn
C-C and Si-C bond lengts, (see Table Il are somewhat out to be less favorable than the ideal surface structure. The

larger than respective bulk-bond lengths of diam¢ing2 A elaxation of the ideal surface reduces the total energy in this
and of SiC(1.88 A)-_'” both Si(T,) and C(T4) configura-  case more than for the Si-terminated surface. Tha Si(
tions the resulting distance; between adatoms and Si at- configuration is, however, considerably more stable for all
oms in the second substrate layer are relatively small becaug@lues ofus;. The grand canonical potential is even lower
of the very small covalent radius of C. In consequence, ahan that for the Si[,) configuration(see Fig. 5 of the
large bucklingAz of the second substrate layer results. TheSj-terminated substrate surface.

Si atoms on this second substrate layer show a much larger Concerning the Si monolayer which results from adsorbed
buckling than the C atoms on the corresponding second laye3i trimers after energy minimization it turns out that it is
of the Si-terminated surfadsee Table Ii. These differences energetically most favorable. In this case there are three
are again related to the differences in angular forces at the €quivalent adatoms pex/3x /3 unit cell while in the

or Si atoms which are involved in the reconstruction-inducedSi(T,) configuration there is only one adatom per unit cell.
bond bending® Correspondingly, the bond angteis 68°  The Si monolayer gives rise to (@x 1) structure in which

for Si(T,) at the C-terminated surface while it is only 53° for the Si adlayer atoms have three unsaturated dangling bonds

C(T,) at the Si-terminated surface. The bonds are les§ach. Considering the grand canonical potential we have to
strained in the former case, therefore. compare the energies of three Si adatoms adsorbed in ideal

For Si trimers adsorbed ifi, positions we obtain an un- ©nefold-coordinated sites, having three dangling bonds each,

expected result. It turns out that upon energy minimizatiorith one Si adatom adsorbed irTg site of they3x '3 unit

the Si atoms move to ideal on top positions above the ¢€ll and two free Si atoms in the gas phase. Although the

atoms at the substrate-surface layer and a geometrically idegi(T4) adatom is stronger bound than each Si adatom in the

(1x 1) structure results. But in this structure the Si adatomddeal (1x1) configuration, the monolayer system has the
gwer grand canonical potential.

are only onefold coordinated to the substrate and thus ha _ )
three unsaturated dangling bonds, each. Finally we note that Our results clearly S_hOW that the mvestlgatgfé_x V3
in all reconstructions considered in our work the bondStUCtures of the C-terminated S“rf?ice aré no minimum con-
lengthsd, between Si and C atoms on the first and Secon(Pgurano_ns. Instead, an adsorbed Si monolayertums out to be
substrate layers are nearly the same as in b#IkSC energetically much more favc_;rable. It seems obvious, how-

' ever, that such a monolayer is not stable since each adlayer
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FIG. 10. Surface band structure of the C-terminated
6H-SiC(0001)-(1/3% y/3)R30° surface for Si adatoms ifi, posi- FIG. 11. Charge density contours of salient surface states at the
tion [see Fig. &)]. M’ point of the SBZ of the C-terminated H5SiC(000))-
(V3% \/3)R30° surface for Si adatoms i, position. The charge

Si atom has three unsaturated dangling bonds in(fhisl) ;iiegrgge:hgirisp;r:slzeigte; In thez plane containing the middle Si-C

configuration. A more complicated reconstruction is there-
fore to be expected. This conclusion is in accord with experi- . . . .
ment, which has observe@x 3) reconstructiors® of this ?ml%/ different from the respective coupling of tBestate in
surface. To study more extendedX3) reconstructions one 9. /-

would have to consider slabs with nine atoms per layer unit

cell. We have, so far, not yet addressed such large recon- V. SUMMARY

structions. Another possibility could be\@x /3 Bs model,

as discussed in Refs. 11 and 23, in which Si adatoms ar .

: s ’ : 3X /3 reconstructed 18-SiC(0001) surfaces. For the re-
adsorbed il positions above the C-terminated surface an Z;edJs—urfaces we find an ir?\fvard])relaxation of the top-layer
all second-layer substrate Si atoms are replaced by C atoms '

X ) " afoms towards the substrate in both cases. This top-layer
Also impurity-stabilized(1Xx 1) structures, as observed by relaxation is larger at the C-terminated 0.25 A) than at the
BermudeZ should be considered in this context. 9 '

Si-terminated ¢0.15 A) (1x1) surface. For they3x /3
reconstruction at the Si-terminated substrate surface, our re-
3. Surface electronic structure sults favor Si adatoms if, positions with a distance of 2.44
In the discussion of the electronic structure of theA to the Siatoms in the top layer of the substrate. This is in
C-terminated 61-SiC(000D(\3X y3)R30° surfaces we ¢lose agre_emgsnt with the results of a complemenddiryni-
concentrate on the optimized $i{) adatom configuration. 10 calculation”™ The optimal SiTy) geometry is also more

The surface band structure for this configuration is shown ifavorable than the relaxed Si-terminatélk 1) surface con-
Fig. 10. The electronic surface structure for the otherfiguration. Our optimal Si(,) structure is compatible with
optimized adsorption geometries of  C-terminated€XPeriment, which finds an ordered arrangement of Si vacan-
6H-SiC(0001) surfaces is given in Ref. 39. cies in a chemisorbed Si layer on the/3x/3)R30°

We address this surface band structure for the sake dEconstructiod. The 3X3 reconstructions of the
comparison with Fig. 6 although the $if) configuration of C-terminated substrate surface which we have studied turn
the C-terminated surface obviously is not the energy mini-Out to be energetically less favorable than a full monolayer
mum configuration. In the gap energy region we find an ocOf Si adsorbed in &1x 1) configuration. In the latter struc-
cupied valence ban® and a half-occupied dangling-bond ture, the Si adatoms are onefold coordinated to the substrate
bandD. Comparing these bands with those in Fig. 6 it be-and they have three unsaturated dangling bonds, each. This
comes obvious that they result roughly 1 eV lower in energystructure, certainly, is not expected to be stable. A more
than the corresponding bands at the Si-terminated surfaceé@mplex reconstruction such as, e.g.(3x3) structure or
This originates from the stronger C potentials on thepossibly a/3Xx 3 Bs structure is to be expected. This
substrate-surface layer of the C-terminated substrate as coiwould be compatible with recent experimental data for the
pared to the Si potentials on the substrate-surface layer of tHé-terminated substrate surfat®™
Si-terminated substrate. The related charge defséy Fig. All configurations for the relaxed and the
11) of the dangling-bond stat® is localized at the Si{,) (V3x \/3)R30° reconstructed surfaces which we have inves-
adatoms but shows a strong coupling to the C atoms on thégated have a metallic nature. This is caused by the fact that
first and third substrate layers, in addition. This is signifi-there is an odd number of valence electrons per surface-layer

We have reportedab initio studies of relaxed and
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unit cell, in each case, which can only partially occupy thenumber of valence electrons. These open questions call for
dandling-bond bands in the gap energy region. For the cadarther studies of more extended reconstructions or of
of the Si-terminated substrate this finding is in contradictionimpurity-stabilized surfaces which are beyond the scope of
to experiment, which observes thg'3x /3) surface to be our current calculations.

semiconducting’*® These conflicting results mean that ei-

ther the optlm_al_ structure for this surface is more compli- ACKNOWLEDGMENT

cated than anticipated in our work or that many-body corre-

lation effects give rise to a splitting of the dangling-bond One of us(M.S.) would like to acknowledge support by
bands. Another possibility to arrive at semiconducting surthe Bischdliche Studienfoderung CusanuswetiBonn, Ger-
faces would be adatoms other than Si or C with an oddnany).
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