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Crystallography of the „3Ã3… surface reconstruction of 3C-SiC„111…, 4H -SiC„0001…,
and 6H -SiC„0001… surfaces retrieved by low-energy electron diffraction

J. Schardt, J. Bernhardt, U. Starke,* and K. Heinz
Lehrstuhl für Festkörperphysik, Universita¨t Erlangen-Nu¨rnberg, Staudtstrasse 7, D-91058 Erlangen, Germany

~Received 12 May 2000!

The drastic (333) reconstruction of 3C-SiC~111! is crystallographically determined by joint application of
quantitative 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~0001! surfaces, i.e., to be largely independent of the SiC polytype. It corresponds to a new
type of semiconductor (n3n) 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.
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I. SURFACE RECONSTRUCTION AND CRYSTAL
GROWTH OF SIC

Rather as a rule than an exception, semiconductor
faces exhibit complex surface atomic structures, which
be very different from the bulklike termination geometr
This is due to the truncation of strong and covalent chem
bonds upon which surface atoms start to rearrange in ord
find a new equilibrium state with the number of dangli
bonds minimized. Not surprisingly, this reconstructed s
face dominates the surface properties that determine the
id’s interaction with the outside world. In particular, as cry
tal growth proceeds via the surface, the reconstruction sh
affect any growth process. In fact, growth of silicon carbi
~SiC! is the background and motivation of the present pap
which deals with the (333) reconstruction of~111! and
~0001! surfaces of this material. SiC is interesting because
its unique electronic properties1 and is on its way to becom
ing an important material for electronic devices. Yet, as
exists in many polytypes,2 the development of high-quality
crystalline samples is difficult and can only be achiev
through special techniques. One of them isstep-controlled
homoepitaxyby chemical vapor deposition~CVD! of the ma-
terial on an off-oriented seed crystal~for a review, see Ref
3!. The off orientation is equivalent to the presence of s
face steps, which appear in units of Si-C bilayers contain
one sublayer each of silicon and carbon. As the polytyp
mentioned is characterized by the stacking sequence of t
bilayers,2 the polytype of the seed crystal is exposed at
steps. So adatoms arriving on a terrace and capable to
grate to steps can easily copy the stacking sequence.
corresponds to a step flow mechanism which facilitates
homoepitaxial growth of a given single polytype material3

Interestingly, it became evident by use of reflection hig
energy electron diffraction during both gas-source and so
source molecular beam epitaxy~MBE! that the step flow
growth is accompanied by the above mentioned (333) re-
construction of the terraces.4–6 It was suggested that the (
33) surface phase enhances the surface mobility of the
pinging adatoms, so that they are not trapped on the ter
~due to largely missing dangling bonds! but can reach the
PRB 620163-1829/2000/62~15!/10335~10!/$15.00
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steps to allow for polytype-preserving crystal growth. T
material growth by MBE was suggested to take place in t
steps by the alternate supply of silicon and carbon, switch
periodically between more Si-rich and less Si-rich sup
structures, confirmed by joint experimental and theoreti
work.7 This corroborates in a concrete way the above m
tioned importance of surface reconstruction with respec
crystal growth. The (333) phase of SiC~111! has been
shown recently to be characterized by a massive surface
construction with a simultaneous reduction of surface d
gling bonds by a factor of 9 compared to the bulk trunca
surface.8 This was retrieved experimentally by structure d
termination using quantitative low-energy electron diffra
tion ~LEED! combined with scanning tunneling microscop
~STM! as well as theoretically by surface energy minimiz
tion applying density functional theory~DFT!. As the crys-
tallographic details given in this earlier paper had to
rather limited because of space restrictions,8 we present the
full structure in the present paper. Additionally, we descr
in some detail the structure determination procedure us
quantitative LEED and STM, in particular as this was exce
tionally demanding because of the initially unknown type
structural model and the large number of parameters
volved. Last but not least, we extended our original inve
gations of the (333) reconstruction of 3C-SiC~111! to the
equivalent reconstruction phases of the polytypes 4H- and
6H-SiC~0001!.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A. Sample preparation and experimental findings

The samples used were epitaxial CVD grown crystall
films9,10 obtained from IMC company~Kista, Sweden!. The
3C-SiC~111! sample consisted of a 2mm thick film grown
on a Si~111! surface, while the 4H- and 6H-SiC~0001! films
were the result of homoepitaxial growth on 4H- and
6H-SiC~0001! wafers grown by the modified Lely method.11

The surfaces were treatedex situ in trichloroethylene, ac-
etone, and methanol in order to remove organic impurit
followed by an etching step for the removal of native oxi
using HF buffered with NH4F to pH55. Then the samples
10 335 ©2000 The American Physical Society
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10 336 PRB 62J. SCHARDT, J. BERNHARDT, U. STARKE, AND K. HEINZ
were introduced into a home-made ultrahigh vacuum~UHV!
vessel supplied with a hemispheric analyzer~CLAM ! for Au-
ger electron spectroscopy~AES! and a back-view LEED op-
tics from which in situ transfer to a beetle-type STM stag
was possible. Immediately after introduction into the UH
the samples exhibited clear (131) LEED patterns, which
were of threefold and sixfold rotational symmetry for th
cubic and hexagonal samples, respectively, as displaye
Fig. 1 @see Ref. 12 for preparation and structure of the
31)-SiC surfaces#. For the hexagonal samples the (333)
reconstruction resulted from additional silicon flux suppli
to the (131) surface under simultaneous annealing at ab
800 °C. The same (333) phase could be produced aft
transition of the surface through other reconstruc
phases,13 namely, a (A33A3)R30° reconstruction upon an
nealing at 950 °C and a (6A336A3)R30° phase after fur-
ther annealing at about 1100 °C. Subsequent recovery o
(333) phase again required heating in Si flux, which see
to be necessary to overcompensate the loss of Si during
nealing at elevated temperatures. The (333)-reconstructed
phases of the various samples appear to be silicon ric
evident from the Si/C ratio of the low-energy Auger pea
which is about a factor 3–4 higher than for the unreco
structed surfaces~see Fig. 2!. Such silicon-rich conditions
were already found to be essential for the development of
(333) phase in earlier work.14–16 As also shown in Fig. 2,
we find that the position of the Si Auger peak~given by the
minimum of the differentiated signal! shifts from about 88
eV for the unreconstructed phase to about 92 eV in the c
of the (333) reconstruction, thus indicating that Si-Si bon
rather than Si-C bonds dominate in the reconstructed surf
It should be noted that Kaplan deduced the presence
rather continuous Si layer from the additional observation
a surface plasmon at an energy typical for Si.14 No traces of
other elements show up in AES, so the reconstruction se
not to be induced or stabilized by impurities. On the 3C

FIG. 1. Left: LEED patterns of the (131) ~top, 120 eV! and
(333) ~bottom, 134 eV! phases of 3C-SiC~111!. Right: The same
for 4H-SiC~0001! @top: (131) at 120 eV, bottom: (333) at 135
eV#.
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sample the extra deposition of silicon was not necessar
produce the (333) reconstruction; simple annealing of th
(131) phase at about 950 °C for 5 min proved to be su
cient. Obviously, silicon enrichment at the reconstructed s
face in this case results from diffusion of silicon from th
substrate. This intrinsic Si supply also inhibited the develo
ment of the other Si-depleted reconstruction phases on
3C-SiC sample.

LEED intensity spectra were taken for the (333) diffrac-
tion spots of all types of samples, for which a comput
controlled and video-based measurement technique was
operating from outside the UHV.17,18 The measurement
were performed at a sample temperature of about 90 K~ex-
cept for the 6H sample, which was investigated at roo
temperature as its data did not enter the calculation pro
dure! and at normal incidence of the primary beam as
justed by comparison of symmetrically equivalent beam
Data collection was in the energy range 40–500 eV. T
reliability of the measurement was judged by comparison
spectra of symmetrically equivalent beams and of spectr
identical beams measured from different and differently p
pared samples. As a quantitative measure for compari
the PendryR factor19 was used. For samples of identic
polytype theR factors were typically belowR50.1 for inte-
ger as well as fractional order beams, indicating a high le
of reliability of the measurement. Eventually, symmetrica
equivalent beam spectra were averaged in order to impr
the signal-to-noise ratio, to reduce errors caused by resi
sample misalignment, and to compensate for possible in
mogeneities in the luminescent LEED screen. All spec
were normalized with respect to the~energy dependent! pri-
mary beam current, which was measured simultaneou
The average intensity level of fractional order beams
rather high, indicative of a strong reconstruction. So for
3C-(333) phase the ratior I between fractional and intege
order beams averaged in the energy range 50–230 eV~the
range of the intensity analysis; see below! is r I50.40. A
judgment of the potential difference of the (333) structures
on different polytypes can be made from a comparison of

FIG. 2. Auger electron spectra for a (131) and a (333) phase
on 4H-SiC~0001!, displayed as the energy derivativedN/dE. The
energy positions of the Si peak minimum are indicated by the da
dotted line for the (131) phase~88 eV! and by the dashed line fo
the (333) phase~92 eV!.
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PRB 62 10 337CRYSTALLOGRAPHY OF THE (333) SURFACE . . .
corresponding intensity spectra as displayed in Fig. 3
selected beams. Given that SiC bilayers below the rec
structed surface slab are differently stacked for the differ
polytypes, the spectra compare rather well, i.e., theR factors
between spectra of different surfaces averaged over all a
able beams are around 0.25. Thus the reconstructions o
three types of surface, must be very similar~though not nec-
essarily strictly identical!. Additionally, the thickness of the
reconstructed slab together with the first SiC bilayer appe
to be large enough that the different stacking of bilay
below has only a little influence on the spectra due to e
tron attenuation. Therefore, we restricted the quantitative
tensity analysis presented below to only one of the surfa
We chose the 3C-SiC~111! surface, as bilayers are uniforml
stacked in this sample, so that no different surface dom
resulting from different terminations of the unreconstruc
surface need to be considered.12,13

STM images of the (333) reconstruction were acquire
on a 4H-SiC~0001! surface. As demonstrated in Fig. 4 the
is only a single atomic protrusion per (333) unit cell. Such
STM images have also been published earlier.13,15,16They all
show this single protrusion per unit cell, independent of
value and polarity of the tunneling voltage applied. This i
plies that one prominent feature exists in the (333) unit
cell, a fact that is useful in narrowing down the selection
possible models as elaborated in Sec. III.

B. Computational details

For the surface structure determination the experime
intensities were compared to theoretical spectra for plaus
model structures that appear to be compatible with the

FIG. 3. Comparison of LEED spectra of the~10! and ~2/3 2/3!
beams~top and bottom panels, respectively! for the (333) recon-
structions of the 3C-~111!, 4H-~0001!, and 6H-~0001! surfaces of
SiC. Note that~10! and ~01! beams were averaged in the case
3C-SiC in order to allow for comparison with the sixfold degene
ate beams of the hexagonal samples.
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perimental information from AES, STM, and LEED. Th
calculation of the intensities was performed by application
full dynamical scattering theory20,21 and the perturbation
method tensor LEED~TLEED!.22,23 The latter allows for
easy and fast variation of structural parameters around
values of a prechosen reference structure, for which inte
ties are calculated fully dynamically. In order to limit th
computational effort, the maximum energy in the calcu
tions was restricted to 230 eV, resulting in a total ener
width of the data base ofDE52253 eV~396 eV for integer
and 1857 eV for fractional order beams!. A maximum of
nine relativistically calculated and spin averaged phase sh
( l max58) proved to be sufficient to describe the scattering
both Si and C atoms. They were corrected for~isotropic!
thermal vibrations which for bulklike atoms were fixed
root mean square amplitudes of 0.07 Å and 0.10 Å for
and C atoms according to the Debye temperatures of 75
and 860 K, respectively, as determined in earlier work
nonreconstructed SiC surfaces.24 Vibrational parameters for
atoms near the surface were treated as fitting parameter
whose variation a modified version of TLEED was used.25,26

The Si-C bilayers~spacing in the bulk 0.63 Å) and othe
closely spaced layers~see below! were treated as composit
layers with the total layer diffraction matrices calculated
angular momentum representation. Layers were stacked
application of the layer doubling method20,21 with a maxi-
mum of 478 plane waves used. Electron attenuation w
simulated by an optical potentialV0i}E1/3 with
V0i(90 eV)54.0 eV, as also successful in earlier work. T
real part of the inner potential,V0r , was assumed energ
independent and treated as a fitting parameter by adjus
the energy scale of calculated and experimental spectr
usual. For the determination of structural parameters an
tomated search procedure27 guided by the PendryR factor19

was used.

f

FIG. 4. STM image of 4H-SiC~0001!-(333) acquired in topo-
graphic mode. In the top paneldz/dx data are displayed suggestin
an image illumination from the left~scan area: 501Å3103 Å). The
lower panel displays absolutez data processed solely by a linea
background correction with a (333) grid indicated on the left~scan
area: 139 Å3101 Å). Tunneling conditions: Ut ip51.36 V, I
50.4 nA.
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III. TYPE OF STRUCTURAL MODEL

A. Models proposed in the literature

Quantitative surface structure determination by diffract
methods through a trial-and-error procedure to fit the exp
mental diffraction intensities is always performed in tw
steps. First, a promisingtype of structural model has to b
found, by which structural parameters can be defined. Th
in the second step, the numerical values of these struc
parameters must be determined. Certainly, the second
cannot take place before the first one. For complex surf
structures this first step is the more difficult the lower t
amount of independent information available in addition
the measured diffraction intensities. So, e.g., the full qua
tative analysis28 of possibly the most complex surface stru
ture known in detail today, the (737) reconstruction of
Si~111!, could be achieved by LEED only after key ingred
ents of this structure@such as the existence of so-called co
ner holes of dimers, adatoms, and a stacking fault~DAS
model!# had been resolved by the previous application
other methods.29–35 Although the (333) unit cell of SiC in
the present study is considerably smaller than the (737) cell
of Si~111!, its structure turned out to be complex enough
withstand quantitative solution for a long time because
correcttypeof atomic model was not known.

One should keep in mind that the bulk structure
3C-SiC is the same as that of Si except that Si double lay
are replaced by Si-C bilayers, of course accompanied b
20% reduction of the lattice parameter (a3C-SiC54.36 Å vs
aSi55.43 Å). Now, considering the Si-rich nature of th
(333) phase one is inclined to assume strong similari
between the Si~111!-(737) and SiC~111!-(333) recon-
structions; in particular because inspection of the mode
Si~111!-(737) shows that the same type of reconstruct
may also develop with any (2n11)3(2n11) periodicity
(n51,2, . . . ).36,37 In fact, periodicities (535) and (939)
~Ref. 38! as well as (11311) have been found experimen
tally for Si~111! as metastable phases39 and even the appear
ance of single faulted halves of (13313) unit cells has been
reported.40 So a similar DAS reconstruction seemed to be
good candidate to account also for the (333) phase of
SiC~111! and, by modifying the stacking in the substrate,
the respective phases of 4H- and 6H-SiC~0001!. In fact this
has been proposed14 for 3C-SiC~111!-(333), taking into
account that by the silicon enrichment the formation of s
con dimers and adatom configurations can easily take pl
Figure 5~a! exhibits the corresponding model with unfaulte
and faulted halves of the unit cell indicated by light and da
shading, respectively. Evidently, the unit cell contains t
adatoms, which should clearly show up in STM images. Y
as such images exhibit only 1 single protrusion per u
cell13,15,16 as demonstrated above, this model must be
carded. As a consequence, a variant of the DAS model
been proposed by Kulakovet al.15 with one of the adatoms
and its three nearest neighbors as well as the atom dire
below removed, so that an atomic hole—in addition to
corner hole—is created as displayed in Fig. 5~b! ~Kulakov
et al. model!. Only one of the two possibilities of atom re
moval is shown~faulted configuration!. If atoms in the other
half of the unit cell were removed, the adatom tetramer~dark
shaded atoms! would be differently oriented~rotation by
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FIG. 5. Model candidates for the (333) reconstruction of SiC
in on-top and side views with unit cells~shaded! and Wigner-Seitz
cells indicated. Small dark spheres~shown only in the side views!
represent C atoms, all others Si atoms. The side views enclose
of the substrate and atoms within the unit cell are projected on
~112̄0! plane.~a! DAS model.~b! Kulakov et al. model ~Ref. 15!.
~c! Full Si adlayer~top positions, unrelaxed! 1 Si adatom cluster
~positions from holographic analysis!. Note that bonds are no
drawn between the Si atoms of the adlayer with a spacing
3.08 Å.
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60 °, unfaulted orientation!. Of course, with only the protrud
ing atom imaged and not its neighbors below, STM can
differentiate between the two cases. Based on the obse
tion by STM a further model was suggested by Li and Tso
that consists of isolated tetramers immediately on the
substrate;16 it will be discussed below.

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

The structure of the Kulakovet al. model displayed in
Fig. 5~b! is rather complex, i.e., the unit cell includes a co
siderable number of atoms. Therefore, before starting a c
ventional LEED intensity analysis applying this model w
tried to get some additional information about the atom
arrangement in the real surface structure and by that also
the relevancy of the model. Direct, i.e., holographic-typ
image reconstruction from the experimental LEED inten
ties was applied as the STM images clearly show that the
a single adatom per unit cell protruding from the surfa
This is a methodical prerequisite of the holographic meth
as there must be a single distinguished atom to serve
beam splitter for the incoming primary electron wave. T
method was first proposed to work using diffuse LEE
intensities41 and in fact was shown to be successful us
such experimental data.42 The suggestion of application t
ordered structures43,44 as in the present case, i.e., to discre
LEED intensities, was successfully followed in our earl
paper on the present issue.8 In short, the waves scattere
back from the beam splitter atom and forward to the s
strate and subsequently backscattered act as reference
object waves, respectively. They interfere to produce the
logram from which the real space image can be reconstru
by a Fourier-like transform. Additional scattering contrib
tions and disturbances by multiple scattering cancel to a
tain extent by proper energy averaging included in the tra
form ~for recent reviews, see Refs. 45–47!. Using all
available LEED intensities in the energy range 50–300
~for more details, see Ref. 48! a clearly resolved atomic im
age results as displayed in Fig. 6~image data below 25% o
the maximum value were interpreted as noise and trunca!.
Only atoms in the neighborhood of the adatom are rec
structed; more distant ones~in particular in the lateral direc
tion! do not appear because their contribution to the ob
wave is too small due to electron attenuation and off-norm
scattering. The beam splitter atom itself is not reconstruc
but defines the origin of the coordinates. It is artificia
added in Fig. 6 as a dark sphere and the inset display
atoms in a ball-and-stick model together with the cor
sponding interlayer spacings.

Evidently, the atomic cluster determined holographica
compares nicely with that around the adatom of the Kulak
et al. model in Fig. 5~b!. The trimer below the adatom an
the two atoms vertically underneath clearly show up. As
orientation of the substrate is known from investigation
the unreconstructed surface,12,24,49 it is easily possible to
identify the cluster as the faulted atomic arrangement. So
is inclined to accept this type of model as the starting str
ture whose parameters, including the positions of the no
constructed atoms in the unit cell, can now be determine
refined in a conventional LEED analysis. Yet the TLEE
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analysis produces a best-fitR factor as high as 0.78, by
which the Kulakov modelet al. must also be ruled out.

At this point reinspection of the STM images and com
parison to images available for Si~111!-(737) ~e.g., Ref.
38! suggest that the structure under investigation exhibits
corner holes as assumed so far. The latter clearly show up
Si~111!-(737) but not for SiC-(333). In addition, if the
diffraction intensities calculated for the Kulakovet al.model
are used for the holographic image reconstruction, the res
ing image suffers from considerable noise and artifacts48 as
opposed to the image based on experimental data displ
above. These disturbances can be interpreted as due t
corner hole being effective as anadditionalbeam splitter, so
that the prerequisite of a single beam splitter is violated a
the reconstructed image must be considerably disturbe
observed.48 Therefore, the correct model must be charact
ized by the adatom~or adcluster! being the prominent feature
of the reconstruction with corner holes and vacancies abs
The simplest model in this sense is a single adat
in the T4 site on the otherwise unreconstructed~or only
modestly reconstructed! SiC substrate as found, e.g., fo
the 4H-SiC~0001!-(A33A3)R30° phase.50 However, this
model could not explain the excess amount of Si presen
the surface as retrieved from AES and one would not exp
a stacking fault in the topmost substrate bilayer. In additi
the atom immediately below the beam splitter must be
carbon atom, which according to recent tests should ba
be visible in the image reconstruction due to the mu
weaker scattering of carbon compared to silicon.51 Consis-
tently, the best-fitR factor for this model is only 0.69. Also
invalidating the model, the calculated ratio of average fr
tional and integer order beam intensities is onlyr I50.09,
compared to the experimental value of 0.40. The ratio

FIG. 6. Three-dimensional real space image of the atomic c
ter surrounding the adatom in the (333) unit cell of 3C-SiC~111!.
The adatom itself~dark sphere! cannot be reconstructed; its positio
defines the zero of coordinates.



te

h-

ub
th

u

on
m

r

o
te
e
d
.

, r

he
n
i-
e
a
th
a
a
g

e
i.e
he
ve

so
s
n
th
m

e
b

y’
in

ta

trate
rac-
s,

ely
on-

the
and

ms,

s
re
te.
de
nd
n-
ree
in
ason
3,

as a

fit
ral
ion
po-

tely
s of
th,
he
s
uc-
oms
ows
ota-

in

ec-
ost
the
di-
ions
nta-

f

10 340 PRB 62J. SCHARDT, J. BERNHARDT, U. STARKE, AND K. HEINZ
creases if a full tetramer of atoms~the beam splitter plus the
trimer below! is positioned on the SiC substrate as sugges
by Li and Tsong.16 Such a model~with Si constituing the
tetramers! would also be more compatible with the Si enric
ment observed. However, it is not consistent with the~holo-
graphically! reconstructed atomic cluster because in the s
strate bilayer there are no two atoms directly below
adatom independent of the position of the tetramer~see Ref.
48 for details!. In addition, and not surprisingly, the best-fitR
factor is again too high~0.76! to take this model further into
account.

As a consequence of all findings retrieved by the vario
methods applied, i.e., that the surface is silicon rich~AES
and Ref. 14!, there is a single protruding atom~STM!, there
is a ~known! silicon pentamer below~holographic LEED!,
there are no corner holes or vacancies~STM!, and simple
adatom models are ruled out@LEED I (E)#, we have to return
to a more complex type of model, which contains the rec
structed cluster, but has to be considerably modified co
pared to the model displayed in Fig. 5~b! so that no atomic
holes are present. To account for the Si enrichment this
quirement could be met by afull silicon adlayer on the SiC
substrate with the additional tetramer of atoms residing
top of this adlayer. From comparison to the unreconstruc
(131) surface~see above! the faulted arrangement of th
adatom cluster has to be chosen. This situation is sketche
Fig. 5~c!. The reconstructed cluster as appearing in Fig
consists of the tetramer and the two~silicon! atoms directly
underneath in the adlayer and the first substrate bilayer
spectively. The detailed structure of the adlayer remains
be solved. Clearly, it cannot be a full Si bilayer due to t
reduced lattice parameter of SiC. So we start with a Si mo
layer as displayed in Fig. 5~c!. There the Si atoms are pos
tioned on top of the Si atoms of the topmost SiC bilay
although this still cannot be the final structure as Si atoms
singly bonded to the substrate and 3.08 Å apart. Never
less, except for the cluster region, the unit cell is rather fl
so there is no other structural unit acting as an effective be
splitter. Consistently, holographic reconstruction of an ima
from intensities calculated for such a~not yet optimized!
model48 produces the same atomic cluster as displayed
Fig. 6. Due to the unfavorable bonding situation, consid
able atomic relaxation must be expected to take place,
the precise atomic positions of all atoms involved in t
surface reconstruction must be determined. For this, con
tional LEED intensity analysis was applied as presented
the next section.

IV. STRUCTURAL PARAMETER DETERMINATION

In the structural model evolving from the discussion
far @Fig. 5~c!#, the atomic slab above the substrate consist
13 atoms per (333) unit cell, i.e., nine atoms in the silico
adlayer and four atoms in the tetramer. As outlined above
analysis has to optimize the positions of the Si adlayer ato
~bonding situation!. However, it will also have to include th
atoms whose positions were holographically determined
cause the accuracy of this procedure is of the order of 0.5
only, i.e., insufficient with respect to the standards of toda
surface crystallography. Equivalently, the model drawn
Fig. 5~c! does not yield a satisfying fit between experimen
d
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and calculated model intensities. As at least the top subs
bilayer must be expected also to reconstruct due to inte
tion with the slab above, which involves another 18 atom
there are a total of 31 atoms with not yet or not precis
known positions. Their coordinates together with some n
structural parameters amount to about 102 parameters to be
considered in the intensity analysis. Yet, by inspection of
atomic arrangement around the adatom as displayed
numbered in detail in Fig. 7, one notices that certain ato
namely, of groups~2,3,4!, ~5,6,7!, and ~8,9,10!, are in
equivalent bonding configurations. In fact, all six atom
~5,6,7! and~8,9,10! are equivalent in the unrelaxed structu
of Fig. 5~c! according to the mirror plane of the substra
However, if the displacements allowed in the adlayer inclu
a rotation around the adatom this mirror plane is lost a
only threefold rotational symmetry remains, which differe
tiates these two groups. In effect, we can expect that th
coordinates will describe the full group of three atoms
each case due to symmetry constraints. For the same re
only vertical variations should occur for atoms 1,11,12,1
and with the substrate assumed to be bulklike terminated
first approximation, a total of only 914513 coordinates re-
main for the moment. They were used for a first coarse
using TLEED. For the reference calculation, the structu
parameters resulting from the holographic reconstruct
were used and an unbuckled adlayer was assumed with
sitions on top of an ideally arranged Si-C bilayer@Fig. 5~c!#.
First, vertical and lateral coordinates were varied separa
in subsequent steps. Then, in a next step the silicon atom
the top substrate bilayer were also allowed to vary wi
however, lateral coordinates of all other atoms fixed. T
intermediate best-fitR factor resulting by this procedure i
R50.31. One important feature of the corresponding str
ture is that there are pronounced lateral relaxations of at
in all three groups denoted above, as indicated by the arr
in Fig. 7. These movements are both radial and indeed r
tional around the centered adatom~no. 1! with each set of
three atoms~from adjacent Wiegner-Seitz cells as drawn
Fig. 7! of groups~5,6,7! and~8,9,10! closing in toward atoms

FIG. 7. Model according to Fig. 5~c! with atoms numbered for
reference in the text~atom no. 13 is below atom no. 1!. Unit cell
and Wigner-Seitz cell are indicated by gray and black lines, resp
tively. On the right side atomic numbers are given for the topm
substrate layer with a translated Wigner-Seitz cell indicating
position with respect to the adlayer atoms on the left. Arrows in
cate relaxational movements of the adlayer atoms off the posit
in the reference structure. For a cylindrical coordinate represe
tion of the final ~optimized! atomic positions~cf. Table I below!
the definition of the azimuthal anglef is sketched for the case o
atom 9.
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11 and 12, respectively. This obviously takes place to o
mize the bonding and coordination in the surface and t
gered the nametwist model that we propose. Note that th
crystallographic fit procedure finds these displaceme
based on the diffraction data alone without any input
bonding, coordination, or energy considerations. Top a
side views of the model in its eventual best-fit configurat
are displayed in Fig. 8 for comparison to theuntwistedstart-
ing structure@Fig. 5~c!#. It should be noted that the twis
rotation may be present clockwise or anticlockwise on
surface, most probably in ordered domains of considera
size. This can be concluded from the absence of any obv
domain boundaries within (333) ordered regions in the
STM images, as two unit cells of opposite rotational orie
tation should contain more than one unsaturated bond at
border. Correspondingly, for the fit procedure calculated
tensities of both types of domain were averaged, or, tec
cally speaking, beams were averaged according to the o
nal substrate mirror plane. To further underline t
significance of the rotational displacements the coupling
the three atomic groups was removed for a test calculat
Then the trend for the rotation could be detected as w
with the atoms moving in a concerted fashion in the sa
orientational direction.

Although these lateral relaxations undoubtedly take pla
as also indicated by the decrease of theR factor, the preci-
sion of their determination by LEED is limited. This is du
to the reduced sensitivity of the intensities for lateral para
eters as compared to those normal to the surface—at leas
a diffraction geometry as chosen with normal primary be
incidence. An additional factor contributing to this insen
tivity certainly is the multidimensionality of the paramet
space. We therefore fixed the lateral parameters to va
that had resulted from first-principles calculations f
3C-SiC~111!-(333) applying DFT in the local density ap
proximation. These calculations,7,8 to which the above holo-
graphically reconstructed cluster had been input, dete
lateral displacements in the Si adlayer of as much as 0.74
relative to the on-top positions from Fig. 5~c!. The rotation
relative to the vertial axis through the adatom is 9.3° for

FIG. 8. Top and side views of the optimized twist reconstruc
model, drawn in the same style as Fig. 5.
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atomic group~2,3,4!, 7.4°, for group~5,6,7!, and 9.8° for
group~8,9,10!. Of course, additional buckling displacemen
were detected, too. Yet, with this DFT determined struct
entering the LEED calculation, anR factor of only 0.52 re-
sults. However, taking this as a reference and allowing
new vertical relaxations and isotropic vibrations of adlay
and adcluster atoms in the TLEED fit procedure, we arrive
a best-fit value ofR50.19 with similar values for fractiona
~0.20! and integer order~0.18! beams and a variance o
var(R)50.02. In order to check the rotation angles, we
lowed these to vary, but with all other parameters fixed. F
ure 9 demonstrates for the trimer atoms~2,3,4! that the
R-factor minimum remains at the value given by DFT. As
last check for the validity of the model, the concentration
atoms~11,12! was varied in applying chemical TLEED.26,52

The best fit was indeed found for a 100% concentrati
confirming that no corner holes exist.

The best-fitR factor achieved is convincingly low in view
of the complexity of the structure. Figure 10 further displa
experimental and calculated spectra for two selected be
for visual comparison. Additionally, the ratio between calc
lated average fractional and integer order beams isr I50.48
which compares favorably with the experimental val
~0.40! in view of the fact that the calculation neglects defe
or disordered surface patches. Even the high intensity of

( 1
3 0) spot@factor of 2.4 with respect to the average intens

of the ~10! spot# is almost quantitatively reproduced. Th
vibrational root mean square amplitudes for the tempera

d

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

FIG. 10. Experimental~solid lines! and best-fit calculated
~dashed lines! spectra for two selected beams~01! and ~2/3 2/3! of
the 3C-SiC~111!-(333) structure. Note that here the~01! beam is
displayed alone, unlike Fig. 3.
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of measurement~90 K! are rather high for the protrudin
adatom and the trimer atoms below (0.27 Å and 0.24
respectively!, not unreasonable in view of the bonding sit
ation. With values of 0.12 Å for Si atoms in the adlaye
bulk vibrational amplitudes are approached with increas
depth (0.07 Å and 0.10 Å for Si and C atoms, respective
cf. Sec. II B!.

The main vertical parameters of the model are displa
in Fig. 11 indicated as inter~sub!layer spacings with respec
to the center of mass planes and maximum~sub!layer buck-
ling amplitudes. In Table I the cylindrical coordinates of t
atoms numbered in Figs. 7 and 11 are given, where the or
refers to the adatom with azimuthal orientation around
surface normal and atom 12 in the 0° position. The definit
of the anglef is displayed for the example of atom 9 in Fi
7. The table also contains angular valuesf0 for the original
unrelaxed positions@Fig. 5~c!# for comparison as well as th
total lateral displacementDs for each atom. Table II display
the corresponding bond lengthsLik between atomsi and k
and the bond angleF ik j between the respective atoms. T
estimation of the error limits involved is rather difficult be
cause of the many parameters being strongly coupled.
glecting this coupling, errors for, e.g., adlayer atoms are
the order of60.1 Å for length coordinates and62° for
rotational angles. Of course, with full coupling consider
the errors are certainly larger. Yet, as will be discussed in

FIG. 11. Vertical cut through the best-fit model. Atomic num
bers are consistent with those of Fig. 7~font size indicating per-
spective depth!. On the right, inter~sub!layer spacings~center of
mass planes! are given; the numbers on the left refer to the ma
mum buckling amplitudes of the respective layers.
,
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next section, the structural results retrieved make m
sense; in particular, Si-Si chemical bond lengths are v
close to what is known from the silicon bulk.

V. DISCUSSION AND CONCLUSION

The twist reconstruction retrieved is in impressive agr
ment with results of DFT calculations.7,8 Compared to an
unreconstructed~yet relaxed! 3C-SiC~111!-(131) surface
the (333) structure yields an energy reduction of as mu
as 0.91 eV per (131) unit cell. The structural parameter
determined in the LEED analysis agree favorably with tho
obtained by the~zero temperature! energy minimization by
DFT; deviations are 0.08 Å at maximum for atomic coord

-

TABLE I. Cylindrical coordinates of atoms numbered in Figs.
and 11. The originz5r 50 is positioned at atom no. 1; the az
muthal anglef is given relative to the direction toward atom 1
~see the example given for atom 9 in Fig. 7!. For comparison the
azimuthal anglef0 is also given for the unrelaxed position, as we
as the lateral displacement due to the twist rotation. Atom gro
coupled according to symmetry considerations are represente
their member closest tof50. Atoms 1, 13, and 22 being pos
tioned on the origin axis have no azimuthal angle defined as i
cated by the dashes in thef columns. Dashes in theDs column
indicate the lateral displacements are frozen due to symmetry
straints of the model.

Atom no. i z (Å) r (Å) f (deg) f0 (deg) Ds (Å)

1 0 0
2 ~3,4! 1.45 2.00 29.3 0 0.38
6 ~5,7! 2.42 3.68 237.7 230 0.74
9 ~8,10! 2.47 3.60 20.2 30 0.74
11 2.47 5.34 180 180 –
12 2.60 5.34 0 0 –
13 2.69 0 – – –
14 ~15,16! 4.79 3.12 228.9 230 0.06
17 ~18,19! 4.80 3.10 31.1 30 0.06
20 4.85 5.34 180 180 –
21 4.89 5.34 0 0 –
22 4.92 0 – – –
TABLE II. Bond lengthsLik between atomsi ,k and bond anglesF i jk between atomsi ,k, j according to
the numbering given in Figs. 7 and 11.

Atom pairsi , j L ik (Å) atomsi , j ,k F i jk (deg)

1,2 1,3 1,4 2.47 2,1,3 3,1,4 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 7,11,5 120.0
5,11 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 silic
adlayer on top of the SiC substrate and a single silicon
ramer per unit cell above. Locally, the surface protrud
adatom resides in aT4 site with the trimer in faulted orien
tation with respect to the atomic stacking below. As a co
sequence, bonding angles to the trimer adatoms be
(88.8°) deviate considerably from the usual tetrahed
bonding situation (109.5°) and bond lengths (L1,2(3)(4)
52.47 Å) are expanded compared to the silicon bulk va
(2.35 Å). All silicon atoms in the surface are fourfold c
ordinated except the adatom at which the only dangling b
in the unit cell is located. The existence of a single dangl
bond per unit cell should entail metallic character of the s
face. Yet angle-resolved ultraviolet photoelectron spectr
copy and inverse photoelectron spectroscopy experiment
veal that the surface is semiconducting.56,57This discrepancy
can be resolved in favor of the latter property by inclusion
electron correlations in the DFT calculations.58 In this con-
text the (A33A3)R30° phase on the SiC~111!/~0001! sur-
face should be mentioned. There, aT4 site has also been
retrieved using LEED intensities of a 4H-SiC-(A3
3A3)R30° reconstructed surface50 with very similar bond
lengths (2.42–2.47 Å for different domains with differe
surface terminations of the substrate layer stacking
quence!, also in good agreement with first-principle
calculations.53–55 Yet for this surface also an apparent co
tradiction existed between the semiconducting nature of
(A33A3)R30° structure found experimentally59,60 and the
single dangling bond per unit cell. The (A33A3)R30°
structure was the first SiC surface phase where this typ
problem occurred and it was resolved by considering str
electronic correlation effects.61

The adlayer geometry retrieved for the (333) phase is
nearly planar as can be seen from its small maximum bu
ling amplitude (0.27 Å). The bond angles between two
layer atoms and a substrate atom~e.g.,F7,11,20) are close to
90°, i.e., there is again no ideal tetrahedral bonding a
usually present for Si. Instead, the coordination of, e.g.,
oms no. 11 and 12~which do not coordinate to the trimer tha
supports the adatom! to their neighbors rotationally is nearl
ideally threefold symmetric, as indicated by the respect
angles 119.7° and 120.0°, i.e., there is a cloverlike in-pl
bonding configuration.8 For the other atoms in the adlaye
the situation is similar. This indicates ansp2 or (sp1p)
hybridization of in-plane orbitals and—in view of the near
90° bonding angle to the substrate—p bonding in the verti-
cal direction. Although from the latter circumstance an e
panded bond length compared to the value in the silicon b
should be expected, the deviations ofall bond lengths from
the bulk value are rather small (60.15 Å; cf. Table I!. Cer-
tainly, this is due to the fact that all adlayer atoms are fo
fold coordinated. Obviously, the reconstruction is driven
dangling bond minimization and bond length optimization
-
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that only bond angles are distorted, although significan
One should also note that a strong reconstruction should
ready be expected from the fact that the surface is sili
rich ~a ‘‘rough Si monolayer’’7 of 13/9 coverage above th
SiC substrate! and that the Si and SiC lattice paramete
differ by as much as 20%, so that the considerable surf
stress involved should induce reconstruction.

The SiC-(333) reconstruction determined corresponds
an (n3n) semiconductor surface reconstruction that is d
ferent from the DAS model holding for Si~111!-@(2n11)
3(2n11)# reconstructions and different from the Kulako
et al. model in that there are no corner holes or vacanc
present. Dangling bond saturation is optimal; only one ou
nine dangling bonds per (333) cell remains. This is inter-
preted as allowing for the high mobility of arriving atom
during crystal growth, i.e., for their easy migration to surfa
steps to copy the underlying polytype by a step flow grow
mechanism as discussed in Sec. I. As this picture should
independent of the polytype under consideration, it is ad
tionally supported by our finding that the diffraction intens
ties of the (333) phases of 3C-, 4H-, and 6H-SiC are very
similar. The reconstructed surface slab extends rather d
into the surface, from the top adatom down to the first carb
~sub!layer; only below the latter can different bilayer stac
ing characteristic of the different polytypes develop. Fro
the structural parameters determined we take it that the d
of the slab amounts to about 5.5 Å, so by electron atten
tion the influence of the stacking, i.e., of the polytype und
consideration, should be rather small—in agreement with
experimental finding and, at least in the end, not surprising
Of course, we cannot exclude the possibility that some of
small discrepancies might be due to polytype-specific mo
fications of the surface reconstruction, but these modifi
tions have to be small.

In conclusion, we have shown that the combined appli
tion of different surface sensitive tools, such as quantitat
LEED, STM, AES, and holographic LEED in the prese
case, can resolve complex surface structures even when
type of the correct model is initially unknown. For th
densely packed SiC surfaces under consideration,
3C-~111! as well as 4H- and 6H-~0001!, the (333) recon-
struction investigated is largely independent of the polyty
It corresponds to a type of semiconductor restructuring ch
acterized by a very effective reduction of surface dangl
bonds. This passivates the surface considerably so that a
arriving during crystal growth are not instantly trapped b
can find their ideal crystallographic site by diffusion. Th
corroborates the importance of surface structure and re
struction for crystal growth.
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