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Reconstructions of the Si-terminated(100) surface in B-SiC: A theoretical study
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Using a self-consistent-charge density-functional based tight-binding approach the structural properties and
relative stabilities of Si-terminated reconstructions of ¢h@0) surface inB-SiC are discussed. All low-energy
surfaces are found to be semiconducting. Over a wide range of growth conditions a modekitheiod-
icity has a low formation energy. Only in a Si-rich environment does>a23structure become stable.
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I. INTRODUCTION review article of Bermudé? is referred to.
The situation for the full-coverage Si-terminated surface

Silicon carbide possesses a variety of interesting physicaé quite unclear. Semiempirical meth8dS predict dimer
properties such as its chemical inertness, high electron mdermation with relatively short dimer lengths~2.16—
bility, high thermal conductivity, and the capability of with- 2.33 A). On the contrary, though, various local-density-
standing high temperatures, which makes it a promising carapproximation—density-functional-theory ~ (LDA-DFT)
didate for application in high-temperature, high-frequency calculation$®*'support a very weak dimerization with rather
and high-power electronic devicds. long bonds(2.73-2.75 A) and no buckling at all. Trab

During the past decade the properties of cubic and somiitio results of Yan, Smith, and Jonsgbwield short dimer
hexagonal polytypes of bulk SiC have been extensively studengths s;.s~2.26 A) while calculations performed with
ied byfirst principle approached:® With regard to the struc- the same method by Catellani, Galli, and G§grather sup-
tural properties of SiC surfaces empirical and semiempiricaport the LDA-DFT predictions ds;.gi~2.58 A).
calculation§™*° have been performed. Moreover, in recent When considering Si-rickl00) surfaces, Yan, Smith, and
years, accompanied by the increasing interest in silicon cadonssoff report a 1/3 monolayer of excess silicon in an al-
bide, a number of studies on a initio basis has also ap- ternate row structure as the most stable surface upon com-
peared discussing a variety of reconstruction models forparison with the added-dimer-row model proposed in Ref.
e.g.,(100 and(111) surfaces in the cubic pha$e®®as well  33.
as for the(0001) surface in the 6H hexagonal phaée?®’ 6H-(000) surfaces have been investigated using, e.g.,

By processing chemical vapor deposition using alternatiow-energy electron diffractiodLEED),%’ scanning tunnel-
ing exposure of the surface to hydrocarbon and silane-ricing microscopy(STM),%® and other surface sensitive tech-
gas phases thél00 and (111) faces of 3-SiC have been niques(for a recent review see Martensson, Owman, and
grown?8-31 The full-coverage Si-terminatedl00 surface Johanssor®) and 3x3, 1x 1, and\/3x /3 reconstructions
appears in (X1) or c(4x2) symmetries which have usu- have been observed. For these surfaces several models have
ally been interpreted in terms of asymmetric dimers, analobeen proposed for the atomic arrangement. For the Si-
gously to Si surface¥ In the presence of excess silicon at terminated surface, Sabisch, er, and Polimanf’
increasing concentration and after long-time exposure td&Northrup and Neugebauét,and Kakell, Furthmuier, and
Si;Hg, 3X2, 5X2, and 7X 2 reconstructions have been ob- Bechsted® agree in that the Si adatoms placed on T4 posi-
served, tod?~34For the 3x 2 surface reconstruction models tions provide the energetically most favorable structure,
with different Si coverage have been proposed by Yanwhile for carbon termination Sabisch, Kyer, and
Smith, and Jonssoti,Haraet al3* and Dayar?* all of which  Pollmanrf* determine a X1 structure consisting of a full
basically consist of Si dimers on top of a silicon-terminatedmonolayer of Si adatoms as the most stable configuration.
surface. In the following we are going to apply self-consistent-

Carbon-terminated100 surfaces are either produced by charge density-functionddasecdtight-bindingmethod(SCC-
prolonged exposure to 8, (Ref. 3) or by a long-time DFTB) to investigate the reconstruction of zinc-blende SiC
annealing of the Si-terminated SiC surface at 1256®C. (100 surfaces. We concentrate on Si-terminated surfaces
Similar to the related diamond counterpart this surface i©nly since for the C-rich surfaces there is now general agree-
stabilized by dimer formation, now developing, however, ament between theoretical predictions and experimental re-
staggerect(2x 2) symmetry. For a more extensive accountsults (see, e.g., the review of Bermud&z Moreover, in
of the experimental situation on tH&00) surfaces a recent view of a future application of our method to the study of
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TABLE |. Structural parameters of thel10 surface. Bond angles are defined as follows: (Si'
— Csur— Sisul% B: (Csur_ Sisur— Csur), and,y:(csur_ Sisur— Csub)_

(110 1x1 surface

dg’c (A) dgie® (A) a B v Method
1.821 1.897/1.87 98.16 118.2 115.6 SCC-DFTB
1.767 1.86/1.823 99.8 120.2 116.4 DFT-LORef. 20
1.761 1.89/1.84 106 122 112 ASHRef. 10

oxidation processes on Si-terminated SiC surfaces it is ofvith the self-consistent-fieldSCPH LDA results%¢2° and
interest to determine the range of stability of different recon-are shown in Table I. Moreover we calculated a surface for-
struction models at this termination. In the next section wemation energy of 224 meV/A a value which agrees well
briefly describe the computational approach. In Sec. Il rewith the reportedab initio result of 243 meV/& >
sults for the(110) and (111)/3x 3 surfaces are presented  Concerning thg111) surface its reconstruction behavior
as a benchmark for our method. In Sec. IV we consider theBhould be expected to be similar to that of {8601 surface
diff_erent surface models for t@00) orientation at Si termi-  of the 6H polytypes due to the similar surface topologies. A
nation. variety of experimental investigations has been reported for
the latter(see, e.g., the review of Martensson, Owman, and
Il. SIMULATION METHOD AND GEOMETRY Johanssori®) concentrating mainly on the atomic structure

The interatomic potentials and forces are derived by?f (V3X3)R30 reconstructions. Recent calculations by
means of adensity-functionalbased nonorthogonaight-  Northrup and Neugebaugt, Kackell, Furthmilier, and
binding schemé®® which has recently been improved by in- Bechstedf® and Sabisch, Kiger, and Polimarfit support
cluding a self-consistent calculation of the Mulliken chargethe experimental conclusions that structures with Si adatoms
distribution at each relaxation sté&p. placed on T4 or H3 positions are energetically favored. We

We model our surfaces within slabs periodic in two di- have investigated the stability of different reconstructions
mensions containing eight monolayers of SiC. The first fivewith Si and C adatoms and basically obtained the same en-
monolayers are allowed to relax whereas the atoms of thergetic order as in Refs. 24-26, see Fig. 1 where the surface
last three monolayers are fixed to preserve bulk symmetnformation energies of some of the studied reconstructions are
The dangling bonds at the bottom of the surface slabs arglotted versus the Si chemical potential according to(Ey.
saturated with hydrogen. Fokipoints are used to sample the The energy differences between different surface models are
Brillouin zone. in good agreement with the predictionsai initio calcula-

Assuming thermodynamic equilibrium, the formation en-tions. Surface structures with Si adatoms are always ener-
ergies of surfaces can be expressed as a function of tt@etically favored over those with C adatoms. In particular, in

chemical potentials describing the growth conditions: agreement with thab initio predictions a configuration with
Si adatoms on T4 places turns out to have the lowest forma-
Eior=E—Ncpc—Nsits;, tion energy over a wide range of variation of the Si chemical

potential. Under very rich Si-growth conditions a §i8)

whereE is the total energy of the supercat, the numbers trimer configuration has, however, a slightly lower energy.

of each type of atoms in the cell, and the corresponding
chemical potentials. According to Quian, Martin, and

Chadf? the above expression can be simplified to
Efor= E—Ncud— (Ngi—No) s 1) ~ 3500
EC I C3(T4)
>
Ill. BENCHMARKS g 300l
Recentab initio data on the110) (Refs. 10,16, and 20 J‘? (T4
and (111) (Refs. 24-2p surface reconstructions provide a = as0l
benchmark for applications of the SCC-DFTB method to SiC E
surfaces. g | Si3(T4) .
In accordance with predictions from the aforementioned =~ @ 200p... STI(H”
studies for theg(110) surface we find a buckling of the first :
surface layer. This buckling is driven by a charge transfer 150
from the Si atom to the more electronegative C atom. This C-rich Si-rich

results in an emptied Si-derived dangling bond and a full Hsi

lone pair localized at the C atom. Therefore the Si atom giG. 1. Formation energies as a function of the Si chemical

adopts arsp?-like hybridization whereas the C atom moves potential for surface reconstructions (h11) B-SiC at Si termina-

outward into ap®-like configuration. The resulting surface is tion. The Si chemical potentialg; ranges fromAH — 2% to x 2,
therefore semiconducting. The details of the geometry founghere for the SiC formation energyH we take the experimental

within the SCC-DFTB approximation are in good agreementvalue of 0.7 eV.
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TABLE Il. Structural parameters of the reconstructions on the Si-termind@@ surface. The AUDD
model evolves into an asymmetric dimer configuration vei(d <X 2) symmetry but with a slightly smaller
dimer buckling. Since in the calculations by Yan, Smith, and Jonsson thd Y Zurface transforms into a
pattern withp(2Xx2) symmetry, the dimer bond length and buckling height shown below refer to the latter

one.
(100)-Si-terminated surface
dsisi (A) Az(A) Method
c(4x2) 2.544 0.29 SCC-DFTB
c(4x2) (AUDD) (Ref. 43 2.547 0.26 SCC-DFTB
4x1 2.68 0.035 SCC-DFTB
2X1 2.56 0.15 SCC-DFTB
2.73 0.0 ab initio (Ref. 21
2.75 0.0 ab initio (Ref. 19
2.26 0.05 ab initio (Ref. 27
ab initio (Ref. 23
[p(2x2)]
2.58 0.0 ab initio (Ref. 22
2.46 Tersoff potentialRef. 49
2.16 ASED(Ref. 10
IV. RESULTS show almost the same dimer lengths, 2.56 A and 2.54 A,

respectively, values which are similar to that reported by

We now turn to the reconstructions at th&00 Si- Catellani, Galli, and Gy ds.s~2.58 A. The Si-Si bond

terminated surface. Following recent experimental and theoc—)n the 4x 1 surface, on the contrary, is strongly stretched to

retical work (see Introductionwe consider models with 2 2.68 A, which is quite close to the results of Sabigtkal2*

X1,c(4X2), 4X1, 3X2, and 2<3 periodicities. and Wenzien, Kekell, and Bechstedf Furthermore, the
symmetric dimers of the AUDD model become asymmetric
(100) Si termination upon relaxation, still retaining the>42 symmetry with ba-

_ sically the same Si-Si bond length (2.547 A) as in tifé

~ Experimentally, thec(4X2) and the X1 reconstruc- 2y configuration mentioned above. The instability of the
tions have been fourtf. While thec(4 X 2) appears in well- AUDD model has also been recently supported by dhe
formed surfaces, the21 structure is now conceived as be- jnitio calculations of Lu, Krger, and Pollmanf’
ing related to a high density of defects. For completeness we The obtained buckling heights are substantially spread in
also have investigated a configuration witbk4 symmetry  their values: while they are relatively large, 0.19, 0.29, and
and a recently proposed new alternatively up- and downe.26 A for the 2<1, c¢(4%x2), and AUDD structures, re-
dimer model.(AUDD modef*®) for the c(4X 2) reconstruc-  spectively, the surface dimers are only buckled slighfly (
tion consisting of symmetric dimers which are displaced up~0.035 A) in the 4<1 cell.
and down along the surface normal to form & 2 pattern. The results of semiempirical methods yield, when com-
Dimer bond lengths of the resulting structures are listed irparing to our calculations, in most cases symmetric and sys-
Table 1l and compared with those obtained by other aptematically shorter dimers, ranging from 2.16 [Atomic-
proaches. super_position and eIectron—deIO(_:aIization (ASI_EI_I))

Starting from the unreconstructed<1L surface, in our technique¥’] to 2.46 A [Tersoff potential¥ and modified
calculations it turns out to be metallic and the same is trud€glect oflgilfferentlgl overlagMNDO) calculations on the
for exactly symmetric dimer rows. As a consequence, in suc M3-Ie\|2/|7el. The ab initio calculations of Yan, Smith, and
a case energy may be gained by favoring a Jahn-Teller digC"SSOft surprisingly support the s'e&m|emp|r|ca| results of
tortion (making the dimers asymmetric and inducing a he short Si dimer lengths of 2.26 A. However, the initial

) i : tructure with rows of symmetric dimers arranged in a 2
charge transfer from the lower- 1o the upper-lying Si atom, a 1 pattern they start from changes after relaxation into a

?exlljIgléegﬁgrgléla“t?&:rllsgésif Stf(;og\/nﬂ\(l)hl(e:zilrl]ftsotp Z FZ”% th8(2>< 2) configuration of slightly asymmetric dimerg\g
g Y: 9 P 9 gap =0.05 A). On the contrary, from DFT-LDA calculations,

electronic spectrum. : : .
. . . I . . the dimers are expected to be quite long and symmetric,
This result disagrees with ttab initio calculations in Ref. s.s~2.73-2.75 A. The results of Catellani, Galli, and

21, where the unreconstructed<1 surface proves to be gi?2 also point in this direction.

semiconducting. Thus, only a comparatively small relaxation “The energy differences between the reconstructions are

is needed in order to further stabilize the surface. This is th@,my a few meV, so that a clear energetic order is quite

reason the authors only find a very weak dimerization of thejitficult to specify. This fact combined with quite differently

surface ato_ms. _ _ ~ obtained geometries indicate that the energy hypersurface for
We particularly observed a difference in the obtainedthese(100-type reconstructions is so flat that the results may

dimer bond lengths. The21 andc(4X2) reconstructions be sensitive to the computational scheme used.
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FIG. 3. Surface formation energy as a function of the Si chemi-
cal potential for different models of thex® reconstructioriSi-rich
surface in (100 B-SiC. For comparison we also show the forma-
tion energy of thec(4x2) Si-terminated surface. The range of
variation of ug; is the same as in Fig. 1.
3% 2, it should be noted that it actually has & 3 symmetry
(100) surf ; :
dgi_si as pointed out, e.g., in Ref. 45,
(b) (110)

In Fig. 3 we show the calculated surface formation energy
. . . for these three models as a function of the Si chemical po-
AD';'%(;’; ;C”tzg@'ﬁ;go; zu;?;;gfyonsuucnons' Note that the tential. For comparison the formation energy of the previ-
' ously discussed clear(4 < 2) Si-terminated surface is also
shown. The ADR model in our calculation has the lowest
In the presence of excess silicon the most stable structuresirface formation energy over a wide range of the Si chemi-
reported experimentally arex32, 5X2, and 7x2 surface cal potential. The MDR model of Dayan is less stable than
cells?8:29.32.3443 Concerning the %2 surface a missing the ADR structure with the exception of a small region under
dimer-row(MDR) model with a silicon coverage of 2/3 was very Si-rich growth conditions where it becomes energeti-
early proposed by Dayadhby analyzing LEED and Auger- cally more favorable than the ADR configuration. The
electron spectroscopy results, see Fidp) 2It did not, how- ADDR model is energetically quite unfavorable. Under Si-
ever, correlate with other experiments, indicating that thegich conditions it lies about 15 meV/A higher in energy
excess silicon coverage is a 1/3 monolajsse Ref. 36 for a than the ADR and about 10-14 me\fAabove Dayan’s
review). Molecular dynamics simulations carried out by Ki- model. Under low Si-growth conditions both the ADR and
tabatake and Greetreon the basis of empirical Tersoff po- MDR models become increasingly unfavorable and a surface
tentials indicated, however, that the MDR model is a low-with c(4X2) symmetry has then the lowest formation en-
energy configuration. Furthermore, recent core-levekrgy, as expected.
photoemissiofr measurements again give some supporttoit. We will now consider some structural details of these
Two other surface models have still been suggested bgnodels. Since the ADDR model turns out to be energetically
Yan, Smith, and Jonssadti and Semoncet al. “® [alternate  unfavorable we only discuss the structural properties of the
dimer-row (ADR) model, and Haraet al33 [added dimer- ADR and MDR configurations. Some relevant structural pa-
row (ADDR) model, both having a 1/3 silicon coverage. rameters are displayed in Table Ill. Let us first discuss the
These authors favor the ADR model to be about 3.58 eV/adADR configuration, Fig. ). According to Ref. 27 the
dimer lower in energy than the ADDR configuration. Al- added dimers are highly asymmetria;,~0.52 A) and
though Yan, Smith, and Jons$nabel the ADR model as very strongly bonded Li’_r;i=2.28 A). Our calculations, on

TABLE lll. Structural parameters of 82 reconstructions on the Si-ri¢i00 surface. For notatons see

Fig. 2.
(100-Si-rich surface
d3'% (A) a3 (A) Azgys (A) Azgy (A) Method
2% 3 alternate dimer- 2.36 2.52/2.41 0.38 0.02 SCC-DFTB
row model(Ref. 27
2.28 2.60/2.75 0.52 0 ab initio (Ref. 29
3X 2 missing dimer-row 2.357/2.452 2.41 0.34/0.28 0.02 SCC-DFTB

model (Refs. 29 and 34
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the other side, yield a dimer length of 2.36 A and a bucklingcarbon atoms are only slightly larger than in the bulk, 1.90—
of 0.38 A indicating a weaker asymmetry of the dimers yet1.91 A, indicating a very weak relaxation of the substrate.
in any case stronger than in the ADDR model. The back-The semiempirical results of Kitabatake and Gréerso

bonds connecting the added dimers and sublayer dimers ageipport the formation of asymmetric added dimers although

2.47 A, and 2.38 A for the higher and lower positionedthey do not apparently show the alternating buckling found
added dimers atoms. Both values exceed those reported gy ys,

Ref. 27, where 2.40 A and 2.32 A have been listed. The In summary, we have presented an investigation of Si-
lengths of the sublayer dimers are 2.52 A, and 2.40 A, interminated surface reconstructions in SiC using a self-
dicating stronger Si-Si bonds than obtained within #t®  consistent-charge density-functional based tight-binding ap-
initio scheme, 2.75 A and 2.60 A. Furthermore, theseyrpach. The full-coveragé100) Si-terminated surface is
dimers are almost symmetriczz~0.02 A. The isolated gtapjlized by the formation of asymmetric dimer rows. The
subsurface dimers show a buckling 42~0.19 A and a assertion ofab initio calculations that by the 21 recon-
Si-Si bond at 2.60 A which is weak compared to the muchstryction no dimerization would occur could not be con-
smaller value of 2.29 A obtained by Yan, Smith, and Jonsfirmed, although the obtained bond lengths indicate a weaker
son. _ _ Si-Si bonding than that usually obtained by semiempirical
Consider now the MDR model of Dayan, Figh2 While  methods. For Si-rich surfaces the alternate dimer-row model
in the original structure the dimers formed by the adatomfbroposed by Yan, Smith, and Jonsson possesses the lowest
are all symmetric}*° they now become asymmetric after energy over a wide range of growth conditions. However, a

relaxation, and pairs of adjacent dimers along the0) di-  modified Dayan model becomes energetically more favor-
rection develop an alternating buckling with two different gple under very Si-rich growth conditions.

dimer lengths: 2.35 A and 2.45 A and related different
buckling heightsA zy,,s0f 0.34 A and 0.28 A, respectively.

At places where adatoms are missing, almost symmetric sub-
surface dimers £zy,~0.02 A) are formed developing
rows at a length of 2.41 A, which is also in contrast to the We gratefully acknowledge support obtained from the
original Dayan model, where no subsurface dimerization wa®eutsche Forschungsgemeinschaft. We thank Mbeufor
postulated. The backbonds of all subsurface atoms to theseful discussions.
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