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Crystallography of the (3X3) surface reconstruction of 3-SiC(111), 4H-SiC(0002),
and 6H-SiC(000)) surfaces retrieved by low-energy electron diffraction
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The drastic (3 3) reconstruction of 8-SiC(11)) is crystallographically determined by joint application of
guantitative low-energy electron diffraction and holographic interpretation of diffraction intensities, scanning
tunneling microscopy, and Auger electron spectroscopy. The reconstruction is shown to be present also on the
4H- and 6H-SiC(000)) surfaces, i.e., to be largely independent of the SiC polytype. It corresponds to a new
type of semiconductorn(X n) surface restructuring characterized by a considerable reduction of surface dan-
gling bonds. This is equivalent to a very effective passivation of the surfaces, favoring crystal growth by a step
flow mechanism.

I. SURFACE RECONSTRUCTION AND CRYSTAL steps to allow for polytype-preserving crystal growth. The
GROWTH OF SIC material growth by MBE was suggested to take place in two
steps by the alternate supply of silicon and carbon, switching
Rather as a rule than an exception, semiconductor superiodically between more Si-rich and less Si-rich super-
faces exhibit complex surface atomic structures, which cagtructures, confirmed by joint experimental and theoretical
be very different from the bulklike termination geometry. WOrk.” This corroborates in a concrete way the above men-
This is due to the truncation of strong and covalent chemicalioned importance of surface reconstruction with respect to
bonds upon which surface atoms start to rearrange in order fystal growth. The (X3) phase of SiC11) has been
find a new equilibrium state with the number of dangling shown re_cently to be_charactenzed by a massive surface re-
bonds minimized. Not surprisingly, this reconstructed syr-construction with a simultaneous reduction of surface dan-

face dominates the surface properties that determine the S(ﬂl'?fg beogn_?hsi b%/lva f"’rlctf’ir \c/)fdQ C)?mﬁ?nfeﬂ ttcl)l ths butlrk tiu?C%tEd
id’s interaction with the outside world. In particular, as crys—Su ace. This was retrieved experimentally by structure de-

; . termination using quantitative low-energy electron diffrac-
tal growth proceeds via the surface, the reconstruction shoul , . . : X
ion (LEED) combined with scanning tunneling microscopy

a;f_ecct'an%/ gtr)ovvlt(h procctiass. dm fagt, growt? ?lf silicon Carblde(STM) as well as theoretically by surface energy minimiza-
( > ) is the ackground an motivation o the present papet;, , applying density functional theofDFT). As the crys-
which deals with the (&3) reconstruction of(111) and

) ] SN : tallographic details given in this earlier paper had to be
(000])_ surfaces of t.hIS mater_|al. SlQ is m_terestlng because of5ther limited because of space restrictiBee present the

its unique electronic propertieand is on its way to becom- || structure in the present paper. Additionally, we describe
ing an important material for electronic devices. Yet, as itin some detail the structure determination procedure using
exists in many polytype$the development of high-quality quantitative LEED and STM, in particular as this was excep-
crystalline samples is difficult and can only be achievedionally demanding because of the initially unknown type of

through special techniques. One of themsiep-controlled  structural model and the large number of parameters in-
homoepitaxyy chemical vapor depositii€VD) of the ma-  volved. Last but not least, we extended our original investi-
terial on an off-oriented seed crystdbr a review, see Ref. gations of the (X 3) reconstruction of @-SiC(111) to the

3). The off orientation is equivalent to the presence of surequivalent reconstruction phases of the polytypes 4nd
face steps, which appear in units of Si-C bilayers containingsH-SjC(0001).

one sublayer each of silicon and carbon. As the polytypism
mentioned is characterized by the stacking sequence of these
bilayers? the polytype of the seed crystal is exposed at the Il. EXPERIMENTAL AND COMPUTATIONAL DETAILS
steps. So adatoms arriving on a terrace and capable to mi-
grate to steps can easily copy the stacking sequence. This
corresponds to a step flow mechanism which facilitates the The samples used were epitaxial CVD grown crystalline
homoepitaxial growth of a given single polytype matefial. films®° obtained from IMC companyKista, Swedeh The
Interestingly, it became evident by use of reflection high-3C-SiC(111) sample consisted of a 2m thick film grown
energy electron diffraction during both gas-source and soliden a S{111) surface, while the H- and 64-SiC(000)) films
source molecular beam epitaXiMBE) that the step flow were the result of homoepitaxial growth onH4 and
growth is accompanied by the above mentioneck 83 re-  6H-SiC(0001) wafers grown by the modified Lely methdd.
construction of the terracés® It was suggested that the (3 The surfaces were treatazk situin trichloroethylene, ac-
X 3) surface phase enhances the surface mobility of the imetone, and methanol in order to remove organic impurities,
pinging adatoms, so that they are not trapped on the terradellowed by an etching step for the removal of native oxide
(due to largely missing dangling bondskut can reach the using HF buffered with NiF to pH=5. Then the samples

A. Sample preparation and experimental findings
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FIG. 2. Auger electron spectra for axll) and a (3 3) phase
on 4H-SiC(000)), displayed as the energy derivatid®/dE. The
energy positions of the Si peak minimum are indicated by the dash-
FIG. 1. Left: LEED patterns of the (21) (top, 120 ey and  dotted line for the (3 1) phase88 eV) and by the dashed line for
(3% 3) (bottom, 134 eV phases of 8-SiC(111). Right: The same  the (3X3) phase(92 eV).

for 4H-SiC(000)) [top: (1X1) at 120 eV, bottom: (& 3) at 135 . .
eVl. sample the extra deposition of silicon was not necessary to

produce the (X 3) reconstruction; simple annealing of the

) ) . (1X1) phase at about 950 °C for 5 min proved to be suffi-
were introduced into a home-made ultrahigh vaculiV)  ¢ient, Obviously, silicon enrichment at the reconstructed sur-

vessel supplied with a hemispheric analy@@LAM) for Au-  face in this case results from diffusion of silicon from the
ger electron spectroscopES) and a back-view LEED op-  gypstrate. This intrinsic Si supply also inhibited the develop-
tics from whichin situ transfer to a beetle-type STM stage ment of the other Si-depleted reconstruction phases on our
was possible. Immediately after introduction into the UHV, 3c_sic sample.

the samples exhibited clear xI1) LEED patterns, which LEED intensity spectra were taken for thex3) diffrac-
were of threefold and sixfold rotational symmetry for the_tion spots of all types of samples, for which a computer-
cubic and hexagonal samples, respectively, as displayed gyntrolled and video-based measurement technique was used
Fig. 1 [see Ref. 12 for preparation and structure of the (loperating from outside the UHV:!® The measurements
X1)-SiC surfacep For the hexagonal samples theX(3)  \vere performed at a sample temperature of about 98X
reconstruction resulted from additional silicon flux suppliedcept for the 61 sample, which was investigated at room
to the (Ix 1) surface under simultaneous annealing at aboufemperature as its data did not enter the calculation proce-
800°C. The same (83) phase could be produced after qurg and at normal incidence of the primary beam as ad-
transition of the surface through other reconstructec]usted by comparison of symmetrically equivalent beams.
phases? namely, a (/3 3)R30° reconstruction upon an- Data collection was in the energy range 40500 eV. The
nealing at 950 °C and a (Bx 6/3)R30° phase after fur- reliability of the measurement was judged by comparison of
ther annealing at about 1100 °C. Subsequent recovery of thepectra of symmetrically equivalent beams and of spectra of
(3% 3) phase again required heating in Si flux, which seemgdentical beams measured from different and differently pre-
to be necessary to overcompensate the loss of Si during apared samples. As a quantitative measure for comparison,
nealing at elevated temperatures. Thex@-reconstructed the PendryR factort® was used. For samples of identical
phases of the various samples appear to be silicon rich gsolytype theR factors were typically belovik=0.1 for inte-
evident from the Si/C ratio of the low-energy Auger peaks,ger as well as fractional order beams, indicating a high level
which is about a factor 3—4 higher than for the unrecon-of reliability of the measurement. Eventually, symmetrically
structed surfaceg¢see Fig. 2 Such silicon-rich conditions equivalent beam spectra were averaged in order to improve
were already found to be essential for the development of théhe signal-to-noise ratio, to reduce errors caused by residual
(3% 3) phase in earlier work'™'° As also shown in Fig. 2, sample misalignment, and to compensate for possible inho-
we find that the position of the Si Auger peékiven by the  mogeneities in the luminescent LEED screen. All spectra
minimum of the differentiated signekhifts from about 88 were normalized with respect to tlienergy dependenpri-

eV for the unreconstructed phase to about 92 eV in the cas@ary beam current, which was measured simultaneously.
of the (3X 3) reconstruction, thus indicating that Si-Si bondsThe average intensity level of fractional order beams is
rather than Si-C bonds dominate in the reconstructed surfaceather high, indicative of a strong reconstruction. So for the
It should be noted that Kaplan deduced the presence of 8C-(3x3) phase the ratio, between fractional and integer
rather continuous Si layer from the additional observation obrder beams averaged in the energy range 50—230theey/

a surface plasmon at an energy typical foraNo traces of range of the intensity analysis; see beJow r;=0.40. A
other elements show up in AES, so the reconstruction seenjgdgment of the potential difference of theX3) structures

not to be induced or stabilized by impurities. On th€ 3 on different polytypes can be made from a comparison of the
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FIG. 4. STM image of #-SiC(0001-(3X 3) acquired in topo-
100 200 300 400 graphic mode. In the top panel/dx data are displayed suggesting
Energy [eV] an image illumination from the lefscan area: 501% 103 A). The
lower panel displays absolutedata processed solely by a linear
FIG. 3. Comparison of LEED spectra of tli£0) and (2/3 2/3 background correction with a (33) grid indicated on the lefiscan
beams(top and bottom panels, respectivefgr the (3x3) recon-  area: 139 A<101 A). Tunneling conditions: }=1.36 V, |
structions of the 8-(111), 4H-(0001), and &H-(000)) surfaces of =0.4 nA.
SiC. Note that(10) and (01) beams were averaged in the case of
3C-SiC in order to allow for comparison with the sixfold degener- perimental information from AES, STM, and LEED. The
ate beams of the hexagonal samples. calculation of the intensities was performed by application of
full dynamical scattering theofy?! and the perturbation
corresponding intensity spectra as displayed in Fig. 3 fomethod tensor LEED(TLEED).?*?* The latter allows for
selected beams. Given that SiC bilayers below the recorgasy and fast variation of structural parameters around the
structed surface slab are differently stacked for the differenvalues of a prechosen reference structure, for which intensi-
polytypes, the spectra compare rather well, i.e.,RHactors ties are calculated fully dynamically. In order to limit the
between spectra of different surfaces averaged over all avaifomputational effort, the maximum energy in the calcula-
able beams are around 0.25. Thus the reconstructions of thi@ns was restricted to 230 eV, resulting in a total energy
three types of surface, must be very simitdfmough not nec- width of the data base ifE=2253 eV(396 eV for integer
essarily strictly identical Additionally, the thickness of the and 1857 eV for fractional order beam# maximum of
reconstructed slab together with the first SiC bilayer appeargine relativistically calculated and spin averaged phase shifts
to be large enough that the different stacking of bilayers(|max=8) proved to be sufficient to describe the scattering of
below has only a little influence on the spectra due to elecboth Si and C atoms. They were corrected fotropio
tron attenuation. Therefore, we restricted the quantitative inthermal vibrations which for bulklike atoms were fixed at
tensity analysis presented below to only one of the surfacegoot mean square amplitudes of 0.07 A and 0.10 A for Si
We chose the 8-SiC(111) surface, as bilayers are uniformly and C atoms according to the Debye temperatures of 750 K
stacked in this sample, so that no different surface domaingnd 860 K, respectively, as determined in earlier work on
resulting from different terminations of the unreconstructednonreconstructed SiC surfacésVibrational parameters for
surface need to be consideréd? atoms near the surface were treated as fitting parameters for
STM images of the (& 3) reconstruction were acquired Whose variation a modified version of TLEED was uéetf
on a 4H-SiC(000)) surface. As demonstrated in Fig. 4 there The Si-C bilayers(spacing in the bulk 0.63 A) and other
is only a single atomic protrusion per ¥3) unit cell. Such ~ closely spaced layersee below were treated as composite
STM images have also been published eafftér:!®They all  layers with the total layer diffraction matrices calculated in
show this single protrusion per unit cell, independent of theangular momentum representation. Layers were stacked by
value and polarity of the tunneling voltage applied. This im-application of the layer doubling methdd* with a maxi-
plies that one prominent feature exists in thex(®) unit ~mum of 478 plane waves used. Electron attenuation was
cell, a fact that is useful in narrowing down the selection ofsimulated by an optical potential Vi <E'?  with
possible models as elaborated in Sec. IlI. V(90 eV)=4.0 eV, as also successful in earlier work. The
real part of the inner potentiaV,,, was assumed energy
independent and treated as a fitting parameter by adjusting
the energy scale of calculated and experimental spectra as
For the surface structure determination the experimentalisual. For the determination of structural parameters an au-
intensities were compared to theoretical spectra for plausibleomated search procedéfeyuided by the Pendri factor'®
model structures that appear to be compatible with the exwas used.

B. Computational details
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lll. TYPE OF STRUCTURAL MODEL

A. Models proposed in the literature

Quantitative surface structure determination by diffraction
methods through a trial-and-error procedure to fit the experi-
mental diffraction intensities is always performed in two
steps. First, a promisintype of structural model has to be
found, by which structural parameters can be defined. Then,
in the second step, the numerical values of these structural
parameters must be determined. Certainly, the second step
cannot take place before the first one. For complex surface
structures this first step is the more difficult the lower the
amount of independent information available in addition to
the measured diffraction intensities. So, e.g., the full quanti-
tative analysi€ of possibly the most complex surface struc-
ture known in detail today, the (¢7) reconstruction of
Si(111), could be achieved by LEED only after key ingredi-
ents of this structurgsuch as the existence of so-called cor-
ner holes of dimers, adatoms, and a stacking faDKS
mode)] had been resolved by the previous application of
other method$%~%° Although the (3<3) unit cell of SiC in
the present study is considerably smaller than the 7Y cell
of Si(111), its structure turned out to be complex enough to
withstand quantitative solution for a long time because the
correcttype of atomic model was not known.

One should keep in mind that the bulk structure of
3C-SiC is the same as that of Si except that Si double layers
are replaced by Si-C bilayers, of course accompanied by a
20% reduction of the lattice parameter;f.sic=4.36 A vs
ag=5.43 A). Now, considering the Si-rich nature of the
(3% 3) phase one is inclined to assume strong similarities
between the $111)-(7x7) and SiG€111)-(3X3) recon-
structions; in particular because inspection of the model of
Si(111)-(7Xx7) shows that the same type of reconstruction
may also develop with any (2+1)X(2n+1) periodicity
(n=1,2,...)%3"n fact, periodicities (55) and (9x9)
(Ref. 38 as well as (1k 11) have been found experimen-
tally for Si(111) as metastable phasésnd even the appear- C Q%
ance of single faulted halves of (¥33) unit cells has been
reported®® So a similar DAS reconstruction seemed to be a O%
good candidate to account also for theX(3) phase of % o

SiC(111) and, by modifying the stacking in the substrate, for
the respective phases oH4 and 8H-SiC(000)). In fact this

has been proposttfor 3C-SiC(111)-(3%3), taking into
account that by the silicon enrichment the formation of sili-

con dimers and adatom configurations can easily take place. @-f
Figure 5a) exhibits the corresponding model with unfaulted
and faulted halves of the unit cell indicated by light and dark
shading, respectively. Evidently, the unit cell contains two
adatoms, which should clearly show up in STM images. Yet,
as such images exhibit only 1 single protrusion per unit
cell®>1516 a5 demonstrated above, this model must be dis-

carded. As a consequence, al\garlf';mt of the DAS model ha}ﬁ on-top and side views with unit cellshaded and Wigner-Seitz
been. proposed by KUIak_OM al=> with one of the adator_ns cells indicated. Small dark sphereshown only in the side views

and its three nearest neighbors as well as the atom directgyresent C atoms, all others Si atoms. The side views enclose part
below removed, so that an atomic hole—in addition to theyf the substrate and atoms within the unit cell are projected on the
corner hole—is created as displayed in Figo)5(Kulakov (1120) plane.(a) DAS model.(b) Kulakov et al. model (Ref. 15.

et al. mode). Only one of the two possibilities of atom re- () Full Si adlayer(top positions, unrelaxed+ Si adatom cluster
moval is shown(faulted configuratioh If atoms in the other (positions from holographic analysisNote that bonds are not
half of the unit cell were removed, the adatom tetrafd@rk  drawn between the Si atoms of the adlayer with a spacing of
shaded atomswould be differently orientedrotation by  3.08 A.

FIG. 5. Model candidates for the §33) reconstruction of SiC
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60 °, unfaulted orientation Of course, with only the protrud-
ing atom imaged and not its neighbors below, STM cannot
differentiate between the two cases. Based on the observe
tion by STM a further model was suggested by Li and Tsong
that consists of isolated tetramers immediately on the SiC
substraté? it will be discussed below.

B. Model type selection by holographic LEED, intensity .
calculations, and STM ‘

The structure of the Kulakoet al. model displayed in
Fig. 5(b) is rather complex, i.e., the unit cell includes a con-
siderable number of atoms. Therefore, before starting a con
ventional LEED intensity analysis applying this model we
tried to get some additional information about the atomic
arrangement in the real surface structure and by that also te¢ .-
the relevancy of the model. Direct, i.e., holographic-type, """ ...
image reconstruction from the experimental LEED intensi- . .
ties was applied as the STM images clearly show that there it
a single adatom per unit cell protruding from the surface.
This is a methodical prerequisite of the holographic method
as there must be a single distinguished atom to serve as
beam splitter for the incoming primary electron wave. The
method was first proposed to work using diffuse LEED FIG. 6. Three-dimensional real space image of the atomic clus-
intensitie4 and in fact was shown to be successful usingter surrounding the adatom in theX3) unit cell of 3C-SiC(111).
such experimental dafa. The suggestion of application to Thg adatom itselfdark spher)scannot be reconstructed; its position
ordered structuré3* as in the present case, i.e., to discretedefines the zero of coordinates.
LEED intensities, was successfully followed in our earlier
paper on the present isstien short, the waves scattered analysis produces a best-fR factor as high as 0.78, by
back from the beam splitter atom and forward to the subwhich the Kulakov modeét al. must also be ruled out.
strate and subsequently backscattered act as reference andAt this point reinspection of the STM images and com-
object waves, respectively. They interfere to produce the hoparison to images available for ($11)-(7X7) (e.g., Ref.
logram from which the real space image can be reconstructe®B) suggest that the structure under investigation exhibits no
by a Fourier-like transform. Additional scattering contribu- corner holes as assumed so far. The latter clearly show up for
tions and disturbances by multiple scattering cancel to a ceSi(111)-(7X7) but not for SiC-(3<3). In addition, if the
tain extent by proper energy averaging included in the transdiffraction intensities calculated for the Kulaket al. model
form (for recent reviews, see Refs. 45347Using all  are used for the holographic image reconstruction, the result-
available LEED intensities in the energy range 50—300 e\ing image suffers from considerable noise and artifdas
(for more details, see Ref. #8 clearly resolved atomic im- opposed to the image based on experimental data displayed
age results as displayed in Fig(ifhage data below 25% of above. These disturbances can be interpreted as due to the
the maximum value were interpreted as noise and trungatedcorner hole being effective as awlditionalbeam splitter, so
Only atoms in the neighborhood of the adatom are reconthat the prerequisite of a single beam splitter is violated and
structed; more distant onéi particular in the lateral direc- the reconstructed image must be considerably disturbed as
tion) do not appear because their contribution to the objecobserved? Therefore, the correct model must be character-
wave is too small due to electron attenuation and off-normaized by the adatorfor adclusterbeing the prominent feature
scattering. The beam splitter atom itself is not reconstructe@f the reconstruction with corner holes and vacancies absent.
but defines the origin of the coordinates. It is artificially The simplest model in this sense is a single adatom
added in Fig. 6 as a dark sphere and the inset displays dih the T4 site on the otherwise unreconstructeat only
atoms in a ball-and-stick model together with the corre-modestly reconstruct¢dSiC substrate as found, e.g., for
sponding interlayer spacings. the 4H-SiC(0001)-(1/3% /3)R30° phaseé® However, this

Evidently, the atomic cluster determined holographicallymodel could not explain the excess amount of Si present on
compares nicely with that around the adatom of the Kulakowthe surface as retrieved from AES and one would not expect
et al. model in Fig. %b). The trimer below the adatom and a stacking fault in the topmost substrate bilayer. In addition,
the two atoms vertically underneath clearly show up. As theahe atom immediately below the beam splitter must be a
orientation of the substrate is known from investigation ofcarbon atom, which according to recent tests should barely
the unreconstructed surfate®**° it is easily possible to be visible in the image reconstruction due to the much
identify the cluster as the faulted atomic arrangement. So oneeaker scattering of carbon compared to silicbConsis-
is inclined to accept this type of model as the starting structently, the best-fiR factor for this model is only 0.69. Also
ture whose parameters, including the positions of the nonrenvalidating the model, the calculated ratio of average frac-
constructed atoms in the unit cell, can now be determined ational and integer order beam intensities is onjy= 0.09,
refined in a conventional LEED analysis. Yet the TLEED compared to the experimental value of 0.40. The ratio in-
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creases if a full tetramer of atonfhe beam splitter plus the
trimer below is positioned on the SiC substrate as suggested
by Li and Tsong® Such a modelwith Si constituing the
tetramergwould also be more compatible with the Si enrich-
ment observed. However, it is not consistent with thelo-
graphically reconstructed atomic cluster because in the sub-
strate bilayer there are no two atoms directly below the
adatom independent of the position of the tetrafsee Ref.
48 for details. In addition, and not surprisingly, the bestit
factor is again too higlf0.76 to take this model further into
account.

As a consequence of all findings retrieved by the various FIG. 7. Model according to Fig.(6) with atoms numbered for
methods applied, i.e., that the surface is silicon AES  reference in the textatom no. 13 is below atom no).1Unit cell
and Ref. 14, there is a single protruding ato(8TM), there  and Wigner-Seitz cell are indicated by gray and black lines, respec-
is a (known) silicon pentamer belowholographic LEED, tively. On the right side atomic numbers are given for the topmost
there are no corner holes or vacanci&M), and simple substrate layer with a translated Wigner-Seitz cell indicating the
adatom models are ruled qWEED I (E) ], we have to return  position with respect to the adlayer atoms on the left. Arrows indi-
to a more complex type of model, which contains the reconcate relaxational movements of the adlayer atoms off the positions
structed cluster, but has to be considerably modified comin the reference structure. For a cylindrical coordinate representa-
pared to the model displayed in Fig(bb so that no atomic tion of the final (optimized atomic positions(cf. Table | belowy
holes are present. To account for the Si enrichment this rdhe definition of the azimuthal angl¢ is sketched for the case of
quirement could be met by fall silicon adlayer on the Sic atom 9.
substrate with the additional tetramer of atoms residing o
top of this adlayer. From comparison to the unreconstructe%

(1x1) surface(see abovethe faulted arrangement of the y,\"\vith the slab above, which involves another 18 atoms,
adatom cluster has to be chosen. This situation is sketched Mere are a total of 31 atoms with not yet or not precisely

Fig. .S(C)' The reconstructed clusterlgs appearing in Fig. fimown positions. Their coordinates together with some non-
consists of t_he tetramer and the t\ﬁs)_llcon) atoms dlr_ectly structural parameters amount to about p@rameters to be
under_neath in the ao_llayer and the first subsrate b|Iay_er, r%onsidered in the intensity analysis. Yet, by inspection of the
spectively. The detailed structure of the adlayer remains Qomic arrangement around the adatom as displayed and

bedsolv(ﬂj. (;Iearly, it cann?ctst.)g anuII Si bilaygrhdugto thenumbered in detail in Fig. 7, one notices that certain atoms,
reduced lattice parameter of SiC. So we start with a 'monohamely, of groups(2,3.4, (5,6,7, and (8,9,10, are in

layer as displayed in Fig.(6). There the Si atoms are posi-
tioned on top of the Si atoms of the topmost SiC bilayer
although this still cannot be the final structure as Si atoms ar f Fig. 5(c) according to the mirror plane of the substrate

singly bonded to the substrate' and 3.08 .’B‘ apa}rt. Neverthqqowever, if the displacements allowed in the adlayer include
less, except for the cluster region, the unit cell is rather flaty \oia40n around the adatom this mirror plane is lost and
so there is no other structural unit acting as an effective beargy, ., yhreefold rotational symmetry remains, which differen-
sphtte_r. Cons_lstently, holographic reconstruction qf an Imag&jates these two groups. In effect, we can expect that three
from intensities calculated for such (aot yet optimized .coordinates will describe the full group of three atoms in

8 . .
EOd%ﬂ [E)roducehs thefsameblatobmlc dplustt_ar as dlsplaygéj bach case due to symmetry constraints. For the same reason
Ig. 6. Due to the unfavorable bonding situation, considersy,y yerical variations should occur for atoms 1,11,12,13,
able atomic relaxation must be expected to take place, i.e

: ; - s ; and with the substrate assumed to be bulklike terminated as a
the precise atomic positions of all atoms involved in the

: . ; first approximation, a total of only 84=13 coordinates re-
surface reconstruction must be determined. For this, conven: —in for the moment They were used for a first coarse fit

tional LEED @ntensity analysis was applied as presented irﬂxsing TLEED. For the reference calculation, the structural
the next section. parameters resulting from the holographic reconstruction
were used and an unbuckled adlayer was assumed with po-

IV. STRUCTURAL PARAMETER DETERMINATION sitions on top of an ideally arranged Si-C bilayEig. 5(c)].

First, vertical and lateral coordinates were varied separately

In the structural model evolving from the discussion soin subsequent steps. Then, in a next step the silicon atoms of
far [Fig. 5(c)], the atomic slab above the substrate consists ofhe top substrate bilayer were also allowed to vary with,
13 atoms per (X 3) unit cell, i.e., nine atoms in the silicon however, lateral coordinates of all other atoms fixed. The
adlayer and four atoms in the tetramer. As outlined above thintermediate best-fiR factor resulting by this procedure is
analysis has to optimize the positions of the Si adlayer atomR=0.31. One important feature of the corresponding struc-
(bonding situation However, it will also have to include the ture is that there are pronounced lateral relaxations of atoms
atoms whose positions were holographically determined ben all three groups denoted above, as indicated by the arrows
cause the accuracy of this procedure is of the order of 0.5 An Fig. 7. These movements are both radial and indeed rota-
only, i.e., insufficient with respect to the standards of today'sional around the centered adatdmo. 1) with each set of
surface crystallography. Equivalently, the model drawn inthree atomgfrom adjacent Wiegner-Seitz cells as drawn in
Fig. 5(c) does not yield a satisfying fit between experimentalFig. 7) of groups(5,6,7 and(8,9,10 closing in toward atoms

(Osi-Adlayer (QSi-Trimer  (1)Si-Adatom O Si  © C (Substrate)

nd calculated model intensities. As at least the top substrate
ilayer must be expected also to reconstruct due to interac-

equivalent bonding configurations. In fact, all six atoms
5,6,7 and(8,9,10 are equivalent in the unrelaxed structure
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0.5\-------/

0.4 \o o /
0.3 \ /

0.2 oo

R - factor

0.1

0 2 4 6 8 10 12 14 18 20
Rotation angle of Si trimer atoms (°)

FIG. 9. R factor variation with the rotation angle of trimer
atoms.

atomic group(2,3,4, 7.4°, for group(5,6,7, and 9.8° for
group(8,9,10. Of course, additional buckling displacements
were detected, too. Yet, with this DFT determined structure
FIG. 8. Top and side views of the optimized twist reconstructedentering the LEED calculation, &R factor of only 0.52 re-
model, drawn in the same style as Fig. 5. sults. However, taking this as a reference and allowing for
new vertical relaxations and isotropic vibrations of adlayer
11 and 12, respective|y_ This Obviou5|y takes p|ace to Opt|.and adcluster atoms in the TLEED fit prOCEdUre, we arrive at

mize the bonding and coordination in the surface and trig2 best-fit value oR=0.19 with similar values for fractional
gered the naméwist model that we propose. Note that the (0.20 and integer order0.18 beams and a variance of
crystallographic fit procedure finds these displacement¥ar(R)=0.02. In order to check the rotation angles, we al-
based on the diffraction data alone without any input oflowed these to vary, but with all other parameters fixed. Fig-
bonding, coordination, or energy considerations. Top andire 9 demonstrates for the trimer ator(%3,4 that the
side views of the model in its eventual best-fit configurationR-factor minimum remains at the value given by DFT. As a
are displayed in Fig. 8 for comparison to thetwistedstart- last check for the validity of the model, the concentration of
ing structure[Fig. 5c)]. It should be noted that the twist atoms(11,12 was varied in applying chemical TLEE?5:>?
rotation may be present clockwise or anticlockwise on theThe best fit was indeed found for a 100% concentration,
surface, most probably in ordered domains of considerablgonfirming that no corner holes exist.

size. This can be concluded from the absence of any obvious The best-fiR factor achieved is convincingly low in view
domain boundaries within (33) ordered regions in the of the complexity of the structure. Figure 10 further displays
STM images, as two unit cells of opposite rotational orien-€xperimental and calculated spectra for two selected beams
tation should contain more than one unsaturated bond at thefier Visual comparison. Additionally, the ratio between calcu-
border. Correspondingly, for the fit procedure calculated inlated average fractional and integer order bean$=<0.48
tensities of both types of domain were averaged, or, technwhich compares favorably with the experimental value
cally speaking, beams were averaged according to the origf0-40 in view of the fact that the calculation neglects defects
nal substrate mirror plane. To further underline theOr disordered surface patches. Even the high intensity of the
significance of the rotational displacements the coupling o{30) spot[factor of 2.4 with respect to the average intensity
the three atomic groups was removed for a test calculationsf the (10) spofl is almost quantitatively reproduced. The
Then the trend for the rotation could be detected as wellyibrational root mean square amplitudes for the temperature
with the atoms moving in a concerted fashion in the same

orientational direction. — I N o o o o B i o o e
Although these lateral relaxations undoubtedly take place, 2 (01) exp— (2132/3)

as also indicated by the decrease of Ehéactor, the preci- g B

sion of their determination by LEED is limited. This is due . -

L : " ol

to the reduced sensitivity of the intensities for lateral param- P

eters as compared to those normal to the surface—at least for = B T

a diffraction geometry as chosen with normal primary beam = -

incidence. An additional factor contributing to this insensi- S \ \

tivity certainly is the multidimensionality of the parameter € ' \\'l\ ,'\ N7 1 / 7]

space. We therefore fixed the lateral parameters to values - RS R 2 CE P R A

that had resulted from first-principles calculations for 100 200 100 200

3C-SiC(111)-(3%x 3) applying DFT in the local density ap- Energy [eV]

proximation. These calculatiori$ to which the above holo-
graphl(:é}"y reconStrU(?ted C|U_Ster had been input, detected G, 10. Experimental(solid lines and bestit calculated
lateral displacements in the Si adlayer of as much as 0.74 Adashed lingsspectra for two selected bearf@l) and (2/3 2/3 of
relative to the on-top positions from Fig(cd. The rotation  the 3C-SiC(111)-(3x 3) structure. Note that here t{@1) beam is
relative to the vertial axis through the adatom is 9.3° for thedisplayed alone, unlike Fig. 3.
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TABLE I. Cylindrical coordinates of atoms numbered in Figs. 7
and 11. The origire=r=0 is positioned at atom no. 1; the azi-
muthal angle¢ is given relative to the direction toward atom 12
(see the example given for atom 9 in Fig. For comparison the
azimuthal anglep, is also given for the unrelaxed position, as well
as the lateral displacement due to the twist rotation. Atom groups
coupled according to symmetry considerations are represented by
their member closest t¢p=0. Atoms 1, 13, and 22 being posi-
tioned on the origin axis have no azimuthal angle defined as indi-
cated by the dashes in th columns. Dashes in thAs column
indicate the lateral displacements are frozen due to symmetry con-
straints of the model.

FIG. 11. Vertical cut through the best-fit model. Atomic num-
bers are consistent with those of Fig.(font size indicating per-
spective depth On the right, intefsublayer spacinggcenter of
mass planesare given; the numbers on the left refer to the maxi-

Atomno.i  z(RA) r(A) ¢ (deg) ¢, (deg) As(A)

mum buckling amplitudes of the respective layers. 1 0 0
2 (3,9 1.45 2.00 —-9.3 0 0.38
of measurement90 K) are rather high for the protruding 6 (5,7) 242 368 377 —30 0.74
adatom and the trimer atoms below (0.27 A and 0.24 A2 (8,10 247  3.60 20.2 30 0.74
respectively, not unreasonable in view of the bonding situ- 11 247 534 180 180 -
ation. With values of 0.12 A for Si atoms in the adlayer, 12 260 534 0 0 -
bulk vibrational amplitudes are approached with increasing.3 2.69 0 - - -
depth (0.07 A and 0.10 A for Si and C atoms, respectively:14 (15,16 479 312 —28.9 -30 0.06
cf. Sec. I B. 17(18,19 480  3.10 31.1 30 0.06
The main vertical parameters of the model are displayecgo 4.85 5.34 180 180 -
in Fig. 11 indicated as intésublayer spacings with respect 21 4.89 5.34 0 0 _
to the center of mass planes and maxim{sublayer buck- 5o 4.92 0 - - -

ling amplitudes. In Table | the cylindrical coordinates of the
atoms numbered in Figs. 7 and 11 are given, where the origin

refers to the adatom with azimuthal orientation around thenext section, the structural results retrieved make much
surface normal and atom 12 in the 0° position. The definitionsense; in particular, Si-Si chemical bond lengths are very
of the angleg is displayed for the example of atom 9 in Fig. close to what is known from the silicon bulk.

7. The table also contains angular valufgsfor the original
unrelaxed positionfFig. 5(c)] for comparison as well as the
total lateral displacemenits for each atom. Table Il displays
the corresponding bond lengthg, between atoms$ and k The twist reconstruction retrieved is in impressive agree-
and the bond angl®;,; between the respective atoms. The ment with results of DFT calculatio’é Compared to an
estimation of the error limits involved is rather difficult be- unreconstructedyet relaxed 3C-SiC(111)-(1x 1) surface
cause of the many parameters being strongly coupled. Nehe (3x 3) structure yields an energy reduction of as much
glecting this coupling, errors for, e.g., adlayer atoms are oas 0.91 eV per (X 1) unit cell. The structural parameters
the order of=0.1 A for length coordinates anct 2° for  determined in the LEED analysis agree favorably with those
rotational angles. Of course, with full coupling consideredobtained by thezero temperatujeenergy minimization by
the errors are certainly larger. Yet, as will be discussed in th®FT; deviations are 0.08 A at maximum for atomic coordi-

V. DISCUSSION AND CONCLUSION

TABLE II. Bond lengthsL; between atomg,k and bond angled ;. between atomsg,k,j according to
the numbering given in Figs. 7 and 11.

Atom pairsi, L (A) atomsi, j,k D (deg)

1,2 1,3 1,4 2.47 2,13 3,14 4,1,2 88.8

2,6 3,7 4,5 2.35 1,2,13 1,3,13 1,4,13 67.9

2,9 3,10 4.8 2.31 6,2,9 7,3,19 5,4,8 97.6

2,13 3,13 4,13 2.35 5,11,6 6,11,7 7,115 120.0
511 6,11 7,11 2.39 5,11,20 6,11,20 7,11,20 91.3
5,10 6,8 7,9 2.36 8,12,21 9,12,21 10,12,21 93.2
8,12 9,12 10,12 2.35 8,12,9 9,12,10 10,12,8 119.7
5,16 6,14 7,15 2.47

8,19 9,17 10,18 2.43

12,21 2.30

13,22 2.23

11,20 2.38
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nates. The reconstruction is characterized by a full silicorthat only bond angles are distorted, although significantly.
adlayer on top of the SiC substrate and a single silicon tetOne should also note that a strong reconstruction should al-
ramer per unit cell above. Locally, the surface protrudingready be expected from the fact that the surface is silicon
adatom resides in @, site with the trimer in faulted orien- rich (a “rough Si monolayer” of 13/9 coverage above the
tation with respect to the atomic stacking below. As a conSiC substrate and that the Si and SiC lattice parameters
sequence, bonding angles to the trimer adatoms belodiffer by as much as 20%, so that the considerable surface
(88.8°) deviate considerably from the usual tetrahedrabtress involved should induce reconstruction.

bonding situation (109.5°) and bond lengthk; ¢(3)a) The SiC-(3x 3) reconstruction determined corresponds to
=2.47 A) are expanded compared to the silicon bulk valuean (nxn) semiconductor surface reconstruction that is dif-
(2.35 A). All silicon atoms in the surface are fourfold co- ferent from the DAS model holding for @i11)-[(2n+1)
ordinated except the adatom at which the only dangling bon& (2n+1)] reconstructions and different from the Kulakov
in the unit cell is located. The existence of a single danglinget al. model in that there are no corner holes or vacancies
bond per unit cell should entail metallic character of the surpresent. Dangling bond saturation is optimal; only one out of
face. Yet angle-resolved ultraviolet photoelectron spectrosnine dangling bonds per ¢33) cell remains. This is inter-
copy and inverse photoelectron spectroscopy experiments rereted as allowing for the high mobility of arriving atoms

veal that the surface is semiconductiig’ This discrepancy during crystal growth, i.e., for their easy migration to surface
can be resolved in favor of the latter property by inclusion ofSteps to copy the underlying polytype by a step flow growth
electron correlations in the DFT calculatiofisin this con- _mgchanl;m asfd;]scussled In Se(;' . As th('js plc_ture_shouléidbe
o : independent of the polytype under consideration, it is addi-
X -
Ez)étetzﬁo(ﬁ b\e/:§ane3n(:iorﬁ)2§S?I'r?enreﬂ;’ea zi(glaé\(sog(l)sj)osger:en tionally supported by our finding that the diffraction intensi-
retrieved using LEED intensities of a H4SiC-(\3 ties of the (3<3) phases of @-, 4H-, and &H-SiC are very

. e similar. The reconstructed surface slab extends rather deep
% \/3)R30° reconstructed surfatewith very similar bond :
lengths (2.42-2.47 A for different domains with different into the surface, from the top adatom down to the first carbon

o . (sublayer; only below the latter can different bilayer stack-
surface terminations of the substrate .Iaye.r Sta(.:k"?g Selhg characteristic of the different polytypes develop. From
quence,. alsso_ 55|n good agreement with first-principles the structural parameters determined we take it that the depth
calculations’>~%° Yet for this surface also an apparent con- of the slab amounts to about 5.5 A, so by electron attenua-
tradiction existed between the semiconductingonature of thﬁon the influence of the stackin.g, i.é., of the polytype under
(_\/§X \/§)R3(_)° structure found experimentaif*® and the consideration, should be rather small—in agreement with the
single dangling bond per unit cell. Theygx \/§)R30° experimental finding and, at least in the end, not surprisingly.
structure was the first SIiC surface phase where this type Qb course, we cannot exclude the possibility that some of the
problem. occurred _and it was resolved by considering strongmq| discrepancies might be due to polytype-specific modi-
electronic correlation effecf. _ ~ fications of the surface reconstruction, but these modifica-
The adlayer geometry retrieved for theX3) phase is  tions have to be small.
nearly planar as can be seen from its small maximum buck- | conclusion, we have shown that the combined applica-
ling amplitude (0.27 A). The bond angles between two adyion of different surface sensitive tools, such as quantitative
layer atoms and a substrate atéeng., P79 are close to | EED, STM, AES, and holographic LEED in the present
90°, i.e., there is again no ideal tetrahedral bonding as igase, can resolve complex surface structures even when the
usually present for Si. Instead, the coordination of, e.g., attype of the correct model is initially unknown. For the
oms no. 11 and 18vhich do not coordinate to the trimer that densely packed SiC surfaces under consideration, i.e.,
supports the adatonto their neighbors rotationally is nearly 3C-(111) as well as #- and 64-(0001), the (3% 3) recon-
ideally threefold symmetric, as indicated by the respectivesiryction investigated is largely independent of the polytype.
angles 119.7° and 120.0°%, i.e., there is a cloverlike in-plang; corresponds to a type of semiconductor restructuring char-
bonding configuratiofi.For the other atoms in the adlayer acterized by a very effective reduction of surface dangling
the situation is similar. This indicates &P’ or (SP+p)  honds. This passivates the surface considerably so that atoms
hybridization of in-plane orbitals and—in view of the nearly arriving during crystal growth are not instantly trapped but
90° bonding angle to the substrat@-bonding in the verti-  can find their ideal crystallographic site by diffusion. This

cal direction. Although from the latter circumstance an ex-corroborates the importance of surface structure and recon-
panded bond length compared to the value in the silicon bulktryction for crystal growth.

should be expected, the deviationsadif bond lengths from

the bulk value are rather smalt-(0.15 A; cf. Table ). Cer- ACKNOWLEDGMENTS
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