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Stability, reconstruction, and surface electronic states of group-Ill atoms on SiCl11)
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The adsorption of 1/3 monolayer of the group-lll elements B, Al, Ga, and In on a Si-terminated
SiC(111)/3x /3R30° surface is investigated in dependence on the surface preparation conditions using the
density functional theoryDFT). The energetics, the bonding behavior and the resulting surface electronic
structure are studied and chemical trends are derived. For the metal atoms Al, Ga, and In the replacement of a
Si atom in aT, position always gives the most stable configuration. The first-row element B shows a com-
pletely different behavior. Under Si-rich conditions boron replaces a second-layer C atoi®sipasition,
whereas under C-rich conditions a first-layer Si atom is replaced by boron. The different adsorbate configura-
tions result in completely different surface electronic structures. Al, Ga, and In adsorption passivates the
surface. The fundamental gap is virtually free from empty or occupied surface states. The B adsorption in the
S5 configuration follows this behavior. However, boron substituting a Si-atom gives rise to an empty midgap
surface band.
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[. INTRODUCTION to saturate three dangling bonds of the group-1V atoms on a
(111) or (000Y) surface.

Silicon carbide(SiC) is a wide-band-gap semiconductor In this article, we investigate the influence of the B, Al,
with numerous technological applications in microelectronicGa, and In adsorption on the surface structure and the elec-
devices that require high-temperature, high-frequency, offonic structure of a Si-terminated Si11) surface by means
high-power operation. Interestingly more than 200 SiC poly-of ab initio calculations. Because of the three valence elec-
types exist with different stackings of the atomic Si-C bilay- trons of the group-Iil atoms the SiC(113x 3-Ill adsor-
ers in cubic [111] and hexagonal[0001] direction, bPate is considered as prototypical surface. The stability of
respectively: The variation of the fundamental energy gap certain adato_m configurations are |nvest|gat_ed in dependence
by about 1 eV between the cubic zinc blend€jFolytype on adatom sizes aqd the surface preparation. The mt_athods
and hexagonalr(H) polytypes withn Si-C bilayers in an u_sed are descrlbeq in Sec. Il In Sec. lil an extended dls_cus-
unit celf suggest the fabrication of heteropolytypic devices>'o" of the rgsults is presented. Chem|cal trend§ are .derlved.
with active interfaces consisting of chemically identical butFma"y’ a brief summary and conclusions are given in Sec.
structurally different materiaf$? However, the homoepi-
taxial growth of different polytypes on each other is a hard
challenge, although substantial progress has been demon- Il. COMPUTATIONAL METHODS

strated by means of solid-source molecular beam epitaxy The numerical studies are based on the density functional

(MBE).® o . S
. . theory (DFT) within the local density approximation
The change of the bilayer stacking and, hence, the polyy pa) 10 The electron-electron interaction is described

type during epitaxial growth can be supported by a deliberatgithin the Ceperley-Alder scheme as parametrized by Per-
introduction of a surfactant that alters the free energy of thgje\ and Zungel! The interaction of the electrons with the
growing surfacé. The realization of this idea has been dem-gtomic cores is treated by non-normconserviy initio
onstrated during homoepitaxy of silicon using boron, B, as a/anderbilt pseudopotentials.They allow a substantial po-
surfactanf.® Locally the hexagonal wurtzite polytypeH2  tential softening for the first-row element C with the lack of
can be grown by a periodic arrangement of twin boundariegorep electrons. As a consequence the plane-wave expansion
along the[111] direction. Indeed, during epitaxial growth of of the single-particle eigenfunctions may be restricted by an
Si on a Si(111)/3x 3R30°-B surface, a twin boundary is energy cutoff of 13.4 RY® The eigenvalues and eigenfunc-
formed at the interfacé® The question arises whether the tions of the single-particle Kohn-Sham equatfbare taken
other group-lll elements Al, Ga, and In with the sameto calculate the total energy of the system. Our calculations
valence-electron structure but different sizes and cores maymploy the conjugate-gradient method to minimize the total
also behave as surfactants. energy with respect to all degrees of freedom. Explicitly we
3C-SiC(111) or nH-SIC(000)) surfaces chemisorbed by use the Viennab initio simulation packag& For a bulk of
group-lll elements Al, Ga, and In can be considered as prothe zinc blende polytype we obtain a cubic lattice constant of
totype metal-semiconductor systems in analogy to the corre4.332 A and an indirect energy gap of 1.33 eV within DFT-
sponding metal-silicon systemg\t a coverage of one third LDA.
of a monolayer, chemisorption of the group-lil elements on a In order to study the group-lll adsorbates we restrict the
surface like Si111) leads to the formation of3x y3R30°  considerations to the prototypical cubic polytype 8f SiC.
structures. Being trivalent, each group-Ill atom is expected We found the polytype influence on the structure and ener-
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FIG. 1. Top view(upper pan-
els) and side view(lower panels
of the standard adsorption struc-
turesT,, H;, andS; on a (111
surface. Here a Si-terminated
SiC(111) surface is shown with Si
atoms(open circley and C atoms
(dots. The shadowed circles indi-
cate the group-lll adatoms.

getics of the surface to be negligitie:* The main differ-  potential wgic(puy is @ reservoir which can exchange atoms
ence is related to the position of the lowest unoccupied statggith the surface, the mass action lawg+ wc= SiC(bulk)
due to the gap opening by about 1 eV in the case of thggds. It allows the representation of the surface endigy
hexagonal polytypes. The adsorbate structures are restrlctep_qq_ (1) as a function of eitheps; or uc. The bulk energy
to surfaces with 1/3 monolayer of the considered group-lllper P, fsicqbulg= Asiouly T ouiy— AH(SIC), is equal

element. According to the experience with the(13D) to the sum of the energies of bulk elemental Si and C minus

surfaceS and the analent c;haracter of the adsorbate atomﬁwe heat of formation. The formation enthalpy is calculated to
only overlayers with one third of a monolayer should lead tOAHf(SiC)=O.58 eV using the values cpuiy and sicqou

the formation of stable structures witf8 3R30° transla- calculated for diamond and zinc blende SiC. The correspond-

tional symmetry. ; . : L~y 18
The Si-terminated G-SiC(111) surfaces are modelled by Ing exp(_enmental value 'AHf(S'C)._O'BS eV."The use of
the cubic phases for the calculation @f iy and isic(buik)

repeated slabs containing six Si-C bilayers. A vacuum regior ; ; L
. . . is allowed since the differences between the cohesive ener-
of about the same thickness is taken into account. The.

. . ies of diamond and graphite are negligibleThe same
C-terminated bottom layers of the resulting polar slabs ar . . .
saturated by atomic h))ldrogen. The C-H %o%d length wal910Ids _for the various SiC polytypé%_.The bulk ch(_amlcal
found to be about 0.99 A. During the total-energy optimiza—forfﬁnlt'alfﬂx(b“"g %Lve?];(h_eslij%oer lm't of thel_fhr?m'cs\litﬁo'
tion the coordinates in the lower C-terminated half of the c i OF @ CONSUUENA= SIL xS Kx(bulk) . FENCE,

slab are kept fixed in their ideal bulk positions, whereas théhe mass-action law the thermodynamically allowed region

uppermost six surface bilayers are fully relaxed. The inte Of the potential fluctuation yux = tux — pxui IS defined by

grals over the surface Brillouin zon@®Z) are replaced by the interval — AH(SIC)< A ux=<0. Si-rich (C-pooy prepa-

summation over six special points of the Monkhorst PacKation conditions correspond tusi=0, whereasA ui=
t;pel(i inlthe i:/reducl:>i(bleppalrt. pot —AH;(SiC) describes Si-podiC-rich) conditions.

Since a compound semiconductor is studied, the group-Ii The TE calculations are performed for a variety of adsor-
adsorption may depend on the surface prepcliration condpate structures. The threefold-coordinated standard adatom
tions. Despite of the fact that the adsorbate coverage is fixeBOSItions on a _S|C(111]}§>< V3R30° surface are referred to
to be one third of a monolayer and results in \8 asT, andHj sites(cf. Fig. 1, left and middle panglThey

x J3R30° translational symmetry, the numbbl, of X are known from the group-IIl metal adsorption or(13i1).”

— Si.C atoms in the surface region may vary with the prepa:I'he T, site lies directly above a second-layer carbon atom,

ration. In the near thermal equilibrium the variation of theWhIIe theHs site is above a fourth-layer carbon atom. In the
preparation conditions can be described by the actual chem0rON c€ase, the most stable structure on the Si(Ja1)
cal potentialsuy of the surface constituenté=Si,C. The % J3R30° surface, on the other hand, has been found to be
corresponding thermodynamical potential is the grandcath® So-calledss geometry(see Fig. 1, right pangivhere the
nonical oné"’ In the low-temperature limit and with respect B atom substitutes for a second-layer carbon atom directly

to the surface unit cell one has to study the surface energyPelow theT, site, and theT, site is occupied by a silicon
atom.®““Moreover, adsorbate structures with an additional

Si atom are studied. They are characterized by two adatom
sites. For instance, By(Si) + H3(B) system corresponds to a
with the total energy(TE) E, of the considered slab. For surface structure with one Si adatom &t gsite, whereas the
given preparation conditiongg; and uc the thermodynami- boron atom occupies 3 site.

cally stable surface structure follows by minimization of the Because of the covalent radius of boron one expects a
surface energy. Since the bulk solid SiC with the chemicapreferential replacement of a carbon atom, i.e., an adsorption

O =Eo— psiNsi— ucNc (1)
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at aS; site. Nevertheless, we also consider a situation where [z
a B adatom replaces a Si atom belonging to the three basis 3.0 —-H?+T4 H T
atoms of the Si adatom in &, position. We call such an W’ ot
adsorbate geometry as sup-Ste. Since, in addition the Si = '
adatom in ar, position also a Si adatom atHy; site can be %‘ -\5 ~
considered, we differ betweerT,(Si)+subS,(B) and a1 Sub-S,(H,) T
H;(Si)+subS,(B) overlayer geometries. In addition, we .
also consider adsorbate configuratios(H;) and ' S,(H,)
subS,(H3), where the Si adatom occupies a blte instead 0
of a T, position. { Sub-S, S,
-AH{SIC) 0
IIl. RESULTS AND DISCUSSION 407 H,+S;~ T,+S,
A. Energetics 30 | Aluminum
The surface energieQ of the considered 11 adsorbate
configurations are presented in Fig. 2 versus the variation %‘2_0 T Bridee+T
Apug of the Si chemical potential with respect to its bulk = g
value. In the boron case the standard adatom configurations G 1.0+ |
H; and T, as well as their combinations with an additional . H,
Si adatom are energetically unfavorable. Rather, the incorpo- 0l—
ration d a B atom in the subsurface region connected with . T,
an exchange of a C atom in the second atomic layer below — =
the T, site (i.e., S5) or a Si atom in the first atomic layer 'AH"S'C) 0
bonded to theT,-Si adatom(i.e., subS,) gives the lowest- 4.0 =~ :
energy configurations. The occurrence of a substitutiSgal Gallium
adsorption site in Fig. 2, upper panel, under Si-rich prepara- 30 H,+S;
tion conditions is in complete agreement with the theoretical
and experimental findings for the Si(14Bx 3R30° >'20+ Tt
surface?’~?® Under less Si-rich surface preparation condi- ‘g' _HAT, *Ss
tions the situation changes dramatically. Here, boron substi- 10+
tutes a Si basis atom of the Si adatom in a Sulposition. H
Until now there are no experimental observations of this fact. P ]
However, it seems that boron impurities exhibit a similar T,
behavior in a bulk environmeRt. A is,c o
In the case of adsorption of the metal atoms Al, Ga, and In b H'(_ )
the occupation of thd@, site is the most favorable or(see 40T ——
Fig. 2, lower panels Adsorption in aH 5 site above a fourth- \LIndlum
layer carbon atom gives rise to a higher surface energy by 3.0t
0.7 (Al), 0.6(Ga), and 0.4 eMIn). The surface energy of the T,+S;
adsorption of an additional Si atom intd; position Hs %‘ 20+
+ T, structurg comes close to that of the most favorable ‘a‘ H,+T,
configuration for very Si-rich preparation conditions, at least 101+
for Ga and In. In the Al case this configuration relaxes to a :HS
kind of a bridge site and a top site for the Al atom, as indi- 01—
cated by BridgéSi) +T41(Al). The aluminum atom forms a T,
direct bond with the underlying Si atom. Such an adatom -AH{SIC) 6

configuration has been already discussed for th@19i
surface’® The energy gain may be a consequence of the
strong Al-Si bond, even if the long-range adsorbate interac- kG, 2. surface energy versus the variation of the Si chemical
tion gives rise to an opposite tendency. . potential for various adsorbate configurations of boron, aluminum,
The explanation of the different adsorption behaviors fol-gallium, and indium. The thermodynamically allowed range is in-
lows the chemical bonding as already discussed (13 dicated by dashed lines. The s8p{T,) adsorption configuration
surfaces? The favorization of al, site versus &5 siteisa  of boron (aluminum, gallium, indiuhis used as energy zero.
consequence of the shorter group-111-Si bonds, in particular
in the (111 plane. In theT, geometry the metal adatom configuration, both the Si adatom and the metal atom ona C
transfers charge to its three nearest-neighboring silicon asite transfer electrons to the neighbors. As a consequence a
oms. This results in an attractive Coulomb interaction be-Coulomb repulsion between Si adatom and metal atom oc-
tween adatom and the uppermost Si atomic layer. InShe curs, making this configuration unfavorable. In the case of

Chemical potential Pg=Hspu
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FIG. 3. (a) Top and side view
of a subS, adsorption site on a
SiC(111)/3% /3R30°  surface.
(b) Top and side view of &5 ad-
sorption site.(c) Top and side
view of aT, adsorption site. Open
circles: Si atoms, filled circles: C
atoms, shadowed circles: group-
Il atom. Important atomic sites
and atomic distances parallel to
the (111) direction are indicated.

the boron coverage the charge transfers are substantially rdeminated by the characteristic bond length in the bulk SiC.

duced, allowing a reversed energetical ordering. The interlayer distances,, z;, andzs in Table | approach
the values found for the pure SiC surfdéeHowever, the
B. Geometry boron adsorption induces the layer bucklirmg or z,,. In-

Th ti tant ¢ ; fth t.terestingly the geometry parameters in the uppermost layers
€ most Important geometry parameters of the energeti the S structure are not very different from those for the B
cally favorable adsorbate structures sah-Sg, and T, are

indicated in Figs. @&)—3(c). The values of the geometry pa- adsorpr;uon ?n sISI(S;l]\)—gng.Aphotjoddg?trgnl ggfr’a&ctlcfﬁ
rameters are listed in Tables | and Il. They are the bond@V® the value f(h'ad) L ay? (Sig)=1. .
lengthd(Si,g) [d(Ill )] between Si or group-Ill adatom in In the case of the stable, adsorbate structurgsee Table
T, position and a neighboring Si atomi(Si;) between B in II) the characteristic bond lengtl$lll ,4) andd(C,) clearly

S position and a first-layer Si atord(C,) between B or Si follow the increase with the covalent radius of the group-Ili

: o ; tal. The sum of the covalent rady;+r,, amounts to 2.19
in subS, position and a second-layer carbon ataiSis) me Sh L :

between B or C irS; and a third-layer Si atom. The param- Ab(Al)‘ 25I37fA (ﬁ]a)’ an(tj_ 2'|53.'B{(|n)' Afs;r;ular(;n::rea?e IS
etersz,q, Za1,» Z2, Za2, Z3, and zs describe vertical layer observable for the vertical distanegqy of the adatom from

separations between two atomic layers parallel to(ftig) the S'qlll) surface. The layer spacings, zs, and.z3 are
direction. We have to mention that all these values SuﬁEHrather independent of the adsorbate species. Their values are

from the slight LDA overbinding effect as indicated by the €/0Se to the findings for a clean SIC(14Bx 3 surface

computed lattice constaat,=4.332 A of the cubic SiC in With Z2=0.63 A,z;=1.89 A, andzs=4.38 A
comparison to the experimental oag=4.360 A 1°

In the case of the suB; (Ss) boron adsorbate structures
the valuesd(Siyq)=2.24 (2.16 A and z,4=1.38 (1.55 A
come close to the values of the pure SiC(l\ﬁ) The adsorption of the group-lll elements also influences
% /[3R30° overlayer with values 2.43 and 1.74%0nly the ~ the surface electronic structure. This is directly demonstrated
adclusters are somewhat compressed. The bond length Fig. 4 which represents the charge density and the ar-
d(C,)=1.65 A between the B atom and a carbon atom in th¢angement of aluminum, gallium, and indium atoms i ,a
second atomic layer only slightly overestimates the value fopdatom position. The trivalent adatoms form bonds with the

a single C-C bond. The B-Si bond lengthd(Si,)  underlying Si basis atoms with strong covalent character.
=1.90 A andd(Siz)=1.90 A in the S; structure are The partial ionic character of these bonds is indicated by the

center of mass of the electron density that is slightly dis-
TABLE I. Structural parameters of the energetically most favor-Placed towards the Si atoms. This is most clearly visible for

able B adsorbate configurations. All values are given in units of Athe Al adsorption. In the case of Ga and In adsorption the
plotted shallow Ga8 and In4d electrons reduce this impres-

C. Electronic structure

Parameter suls, S5

d (Si,e) 224 216 _TABLE Il. Structural parameters of the most ;taﬁl@configu-
d (Siy) 1.90 ration of the group-1ll adsorption. All values are given in units of A.
d(C)) 1.65

d (Siy) 1.90 Parameter Al Ga In

Zad 1.38 1.55 d (I 5q) 2.44 2.46 2.65
Za1 0.27 d (Cy) 2.28 2.43 2.64

Z, 0.53 0.53 Zad 1.68 1.73 1.98
Zpo 0.04 Z5 0.60 0.59 0.59

Z3 1.91 1.90 Z3 1.90 1.90 1.89

Zs 4.43 4.36 Z 4.41 4.41 4.41
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Al, Ga,, In,, r M K Tr

— 2.5

I 7 420

s T\

OR: 110

@ \\f 0.5

FIG. 4. Charge density projected ontqZ0) plane of the Al-, g T T

Ga-, and In-covered SiC(11{3 X \3R30° surface. Si atoms: open = i -0

circles, C atoms: dots, group-IIl atoms: shadowed circles. Results +| Bgus:SIC(111) 1-1.0

are presented for the most stable adsorption geomdyy. (Note I I I .15

that for Ga(Iln) the 3d- (4d-) electrons are included as valence \

electrons. T “ _/ 20

~ I - L 1.5

sion. Again this bonding behavior is very similar to that % I L 1.0

found for Al, Ga, and In on the Si(11yBX \/3 surface?®3° E i [ s

The two different stable boron adsorbates give rise to 51 - o

completely different surface electronic structures. This is in- g ’

dicated by the surface band structufes Fig. 5, first and ol = (<05

second pangl For boron substituing a Si atom in the first- 1| Bg:SiC(111) +-1.0

atomic layer under C-rich preparation conditions, i.e., the | | 15
subS, configuration, an unoccupied band occurs in the —— 4

middle of the fundamental gap. In DFT-LDA, i.e., without T ’_/_ 20

taking into account the excitation aspect, it is situated 0.3— =1 T L5

0.7 eV above the valence band maxim(mMBM). It is origi- Qo + 1.0

nated by an overlap of the empty dangling bonds situated at KB [ Los

the Si adatom and the B-Si antibonding states of the back ST R 1 o0

bond due to the nearest-neighbor interaction. In the case of [_E] : | os

the hexagonal polytypes we expect a similar behavior of the I ;
surface bands. Only the projected conduction bands should 1 Al,:SiC(111) -1.0

be shifted to higher energies by about 1 eV. L -15
Thg s.urface—mduced bands .change cqmpletely for 'boron B 1 50
substituting a C atom under Si-rich conditions. For t8is —_ \/
adsorbate structure the fundamental gap almost remains % [ P 1S
empty. Close to the BZ boundary along the MK line occu- ~—T T 10
pied surface bands appear below the VBM. Unoccupied sur- @ L L 0.5
face bands are observed near the CBM. They are to the Si e_L 1 00
dangling bonds and B-Si antibonding states. The situation is kT | 05
similar to the B adsorption on the Si(1W3x 3R30° . I
surface®® The smaller distances of the empty surface band to -1 Ga,:SiC(111) 7710
the VBM is a consequence of the larger Si-B bond lengths. - : o -1.5
The band structures of the group-Ill adatoms if apo- L [ 20
sition (Fig. 5, lower panelsare rather similar to that of boron L
in a Sg structure. With an energy of about that of the bulk ST —~ 1"
VBM occupied surface bands occur along the MK line in the 21 T 0
surface BZ as well as unoccupied surface bands around the ] r 05
CBM. In addition, there is a pronounced occupied surface g = I -+ 0.0
band above the VBM at the high-symmetry poikt. It &3] T | I 05
shows significant chemical trends concerning energetical po- o
sition and dispersion. The energetical position changes from 1 In,:SiC(111) T
a position above the VBMAI) to a position below the VBM - M II( T il

(Ga, In and its dispersion decreases along the row Al, Ga, In
of the adatom. This is mainly a consequence of the trend
with the 11I-Si bond length and the overlap of group-lll with £, 5. Band structure o monolayer boror{aluminum, gal-
bulk states. lium, indium) adsorbates on the SiC(11i3x y3R30° surface.

An interesting quantity in all these band structures is theresults for the most stable adsorbate geometries are plotted. The
uppermost occupied state. Its distance to the vacuum levekojected band structure of the bulk cubic SiC is indicated by the
gives the ionization energy of the system. We extract thishaded regions. Surface bands are indicated by solid lines versus
guantity using the local electrostatic potential that is averthe high-symmetry directions in the surface BZ.
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TABLE lll. lonization energies for different adsorbates and ad-
of sorbate geometries.

50 Adsorbate structure lonization ener@@V)
10 T4(Si)+H3(B) 4.35
i} H3(Si)+ T4(B) 4.38
3 T4(Si)+subS,(B) 4.13
3 H3(Si)+subS,(B) 4.12
: TA(Si)+ S5(B) 3.91
— In(T4) H3(Si)+Ss5(B .84

____________ ne) | 3(Si)+Ss(B) 3.8

- él T4)) T4(Al) 3.91
TRERs | MO
Bridge (Si)+ T(Al) 3.96
T4(Ga) 4.03
T4(In) 3.64

4th 3 rd 2 nd 1 st
atomic layer

FIG. 6. Averaged electrostatic potential of differently covered .mOSt stable adsorption silg, are listed. A comparison of the

. . . . ionization energies of the three similar adsorption sites of Al,
X pdr ' .
SIC(111)/3x V3R30° surfaces vs the bulk deptérbitary units Ga, and In shows the largest surface dipole for the Ga adsor-

aged over the plane perpendicular to thél) surface nor- bate. This can be explained with the high electronegativity of

mal (see Fig. 6 The energetical distance between its @(1.8) compared to A(1.5 and In(1.9).%
vacuum position and the spatially averaged value in the bulk

is defined by the dipole potential related to the displacements I[V. CONCLUSIONS

of the charges in the surface and, hence, strongly depends on . . .
the adsorbate geometry and the coverage. The surface dipole " conclusion, we have studied structural, thermodynamic
influences the ionization energy. It is obtained in DFT-LDA @nd €lectronic properties_of group-lil adsorbates on a Si-
quality as the energetical distance of the highest occupietfrminated SIC(1113x y3R30° surface. In these studies
state and the asymptotic value of the electrostatic potential iW'¢ have combinedirst-principlestotal energy optimizations
the vacuum. In order to take into account also the excitatio@nd €lectronic-structure calculations with thermodynamical
aspect the quasiparticle shift of the VBM towards lower en-considerations. Explicitly a pseudopotential-plane-wave code

ergies has to be added. It amounts to about 0.64R&f. 3)  has been used. As already found for the group-NEED
for bulk cubic SiC. systems the adsorption of boron or the group-Ill metals leads

Table 11l shows the ionization energies for the different 0 completely different results because of the smaller cova-
adsorbate atoms and the corresponding adsorption sites. TIRAt radius and the higher electronegativity of the B atoms
geometries considered for the boron adsorption can be cla§ompared to the corresponding properties of the metal atoms

9
sified into three groups: two with B on top of the surfaceAl» G& and Int _

[T4(Si)+Ha(B), Hs(Si)+T4(B)], two with boron in the In the case of the boron adsorption we have observed two
first surface, layer [T4(Si,)+sub—s4(B) Ha(Si) different stable adsorbate geometries depending on the sur-

+subS,(B)], and two with boron in the second surface face growth conditions. Under Si-rich conditions the carbon-
layer [T4(Si),+ Ss(B), Ha(Si)+Ss(B)]. Owing to the ac- substitutingSs site is energetically favorable, whereas under

companying charge transfer the ionization energies also dé&ich conditions a silicon-substituting si8-site is found.

crease from values close to the surface with a Si atom at thEh€ results are in seemingly agreement with the behavior
T, site (4.35, 4.38 eV over 4.13 eV [i.e., T4(Si during B doping of bulk SiC crystals. For Al, Ga, and In we

+subS,(B)] to about 3.91 eV[T,4(Si)+Ss(B)]. The ion- have found the gdsqrption onlg adatom sitg to.be favored._
ization energies of the geometries considered for the Al ag” G& and In give rise to a complete passivation of the SiC
sorption on SiC(111)3x y3R30° vary only little with the surface. The fundamental gap is virtually free of surface
different adsorption sites. The main reason is that aluminuntates:

always occurs on top of the surface. The corresponding ion- This work has been supported by the Deutsche Fors-
ization energy of 4.4 eV of the clean SiC(11/B chungsgemeinschafiSonderforschungsbereich 196, project
X y3R30° is by about 0.4-0.5 eV larger, since here an adA8). Most of the computations have been done using the
ditional electron is localized at the Si adatom. For Ga and Irfacilities of the J. v. Neumann Institute for ComputifigIC)

a similar behavior is found. Hence, only the values for theat the Forschungszentrumlidh.
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