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The structure of the Si-rich 3C-SiCs001d–s332d surface reconstruction is determined using soft x-ray
photoelectron diffraction. Photoelectrons are detected along a full hemispherical sector for different photon
energies. A comparison between the experimental data and multiple scattering calculations of the competing
models favors a modified version of the two-adlayer asymmetric dimer model. AnR-factor analysis has been
employed to refine this model. We determine the interlayer spacings of the last six atomic layers and find a
corrugation ofs0.25±0.10d Å for the atoms in the outermost dimer. Atoms in the second layer dimerize as well,
forming rows of long and short dimers.
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I. INTRODUCTION

Silicon carbide is a IV-IV compound wide band-gap
semiconductor with applications in high-temperature, high-
power, high-voltage, and high-frequency electronic devices
and sensors.1–3 The hexagonalsad polytypes have the larger
band gap (up to 3.3 eV) and are preferred for high
temperature/high power devices. The cubic(b, also called
3C-SiC to stress the cubic symmetry) polytype(band gap of
2.4 eV) is found to be more suitable for high-frequency de-
vices due to higher carrier mobilities.1 However, it is only
recently that well-defined surfaces of 3C-SiC could be ob-
tained. Thes001d face has been the most studied so far due to
the expected similarity with corresponding elemental group
IV semiconductors such as Si or Ge. 3C-SiCs001d has more
than 10 different surface reconstructions ranging from
Si-rich to C-rich surfaces, and it has attracted much attention
both in experiment4–26 and theory.27–33

The general form of the surface reconstructions of Si-rich
3C-SiCs001d is fs2m+1d32g, when m is an integer, when
prepared under adequate conditions.34 The s332d structure
has the smallest unit cell of the series.35 These reconstruc-
tions have deserved attention during the last few years due to
several reasons. First, these surface phases are Si-terminated.
Due to the difference of lattice parameters between Si and
SiC, their last atomic layers are an example of a two-
dimensional Si crystal under compression. Thus the different
layers are subject to significant deformations, but their
atomic arrangement is not known in detail. Second, the high-
m reconstructions are constituted by long atomic chains,
forming in some cases true nanowires on the surface.36–38

Finally, these phases are strongly reactive towards oxygen14

or hydrogen,26 recently found to induce surface metallization
of the s332d reconstruction.26 These very interesting and
unprecedented properties are driving forces towards the
knowledge and the understanding of the surface and subsur-
face atomic structure of thes332d phase.

After the pioneering work of Dayan6,7 using low-energy
electron diffraction(LEED), different well-established sur-
face sensitive techniques have been applied to investigate the
nature of thes332d reconstruction.9–11 More recently, ad-
vanced techniques like core level and valence band
photoemission16–18 and scanning tunneling microscopy
(STM)35 have been also used to analyze this surface. How-
ever, contradictory models are found in the literature for its
atomic structure. This is due to the fact that there is no direct
structural information, besides the lateral atomic distribution
provided by STM,35 with the exception of a recent grazing
incidence x-ray diffraction(GIXRD) study.39 Thus several
different atomic models can be found in the literature for this
reconstruction(see Fig. 1). In ADRM (alternate dimer row
model) s233d,30 the long side of the unit cell is parallel to

the f1̄10g direction. There is one dimer per unit cell over a
full Si layer and dimers are perpendicular to the rows. In
ADRM s332d,35 the long sides of the unit cell are parallel to
the f110g direction. There is one dimer per unit cell over an
unknown layer. Dimers are perpendicular to the rows.
SDRM (single dimer row model)9 has one dimer per unit cell
over a full Si layer. Dimers are parallel to the rows. SDDRM
(symmetric double dimer row model) contains two symmet-
ric dimers per unit cell over a full Si layer.7 ZZAFM-DDRM
(zigzag antiferromagnetic DDRM) has two asymmetric
dimers per unit cell disposed in zigzag over a full Si layer.
Dimers are buckled in the same sense, in such a way that
adjacent atoms of neighboring dimers have different heights.
ZZFM-DDRM (zigzag ferromagnetic DDRM) has two
asymmetric dimers per unit cell disposed in zigzag over a
full Si layer.31 Atoms of different heights of consecutive
dimers are adjacent.31 LAFM-DDRM (layered antiferromag-
netic DDRM) includes two side-by-side asymmetric dimers
per unit cell over a full Si layer.31 Dimers are tilted in oppo-
site senses. LFM-DDRM(layered ferromagnetic DDRM)
has two side-by-side asymmetric dimers per unit cell over a
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full Si layer.31 Dimers are tilted in the same sense. In
TAADM (two adlayer asymmetric dimer model)31 the last
layer (1/3 monolayer, ML) is formed by one dimer per unit
cell. This layer lies on top of a layer with two dimers per unit
cell s2/3 MLd. The third layer is completes1 MLd. Depend-
ing on the element forming this layer(Si or C), we consider
TAADM-Si or TAADM-C models. Finally, the alternating
short and long dimer model(ALSD)39 is a modified version
of the TAADM-Si (not shown in Fig. 1, see also below).

In this paper we investigate the structure of the 3C-
SiCs001d–s332d surface reconstruction using the informa-
tion provided by soft x-ray photoelectron diffraction
(PED).40,41 This technique has been successfully applied to
determine the structure of many semiconductor and metal/
semiconductor surfaces.42–52 At variance with GIXRD or
LEED, the PED technique allows one to obtain atom-specific
structural information. This is especially interesting in the
case of a compound semiconductor because photoelectrons
from both Si and C atoms can be detected and used for the

structural determination(see Fig. 2). It is also important in
the case of a complex reconstruction like thes332d phase
that involves several Si layers. Furthermore, the PED tech-
nique does not need long range order in the surface, but only
short range order. The PED technique has not yet been ap-
plied to the 3C-SiCs001d, with the exception of a study on
the C-terminatedcs232d phase53 made in the backscattering
mode. In this paper we use two ranges of photon energies
(150–210 eV and 1253.6 eV) to investigate both the atomic
structure of thes332d surface reconstruction and the inter-
layer spacing of the last bulk atomic layers. We obtain a large
data set(,350 experimental points) that is analyzed using an
exact multiple scattering formalism using spherical waves.
This allows us to discern easily the atomic model of the
reconstruction and to refine it with high accuracy. We con-
clude that thes332d reconstruction is well described by the
recently proposed alternate long and short dimer model
(ALSD),39 a modification of the TAADM-Si model.31 The
different sensitivity of PED as compared to GIXRD allows
us to provide new detailed structural information on several
aspects of the surface reconstruction.

II. DATA ANALYSIS AND EXPERIMENT

The outgoing electron wave field originating in the exci-
tation of a core level in a photoemission experiment is dif-
fracted by atoms in the vicinity of the emitter, so that the far
field distribution of photoelectrons carries information on the
relative positions of neighboring atoms with respect to the
emitting atom. This phenomenon is used in the PED tech-
nique to gain insight into atomic surface structures. We refer
the reader to Refs. 40 and 41 for more details. In this work,
the experimental intensity modulations were compared with
the results of a suitable scattering formalism that simulates
the measured PED by modeling the structure of the last
atomic layers.54,55 The EDAC code was used for the
simulations,55 conveniently adapted to the geometry of our
experimental setup. The code is based upon a multiple-
scattering cluster approach, where the surface is represented
by a sufficiently large number of atoms surrounding the
emitter(over 2000 in the present case). Multiple scattering of
the photoelectron in its way towards the detector is solved
using a stable iterative technique until convergence is
achieved(here, after 11 iterations) with full inclusion of
curved wave effects and no further approximations besides
those inherent of a muffin-tin construction. The converged
calculated results were used to discern the correct surface
structure of Si-rich 3C-SiCs001d–s332d, obtained from a
systematic search between the models proposed in the
literature.6,7,9,11,30,31,35,39

We use a cluster of more than 2200 atoms, with a mean-
free-path dependent attenuation of the electron yield.56 The
inner potential and the surface position are considered a pa-
rameter that is fitted to optimize the agreement with the ex-
periment. We use isotropic Debye-Waller factors to account
for the thermal vibrations. No difference between surface
and bulk atoms is considered. Simulated PED patterns are
generated with emitters at symmetry-inequivalent sites in the
first to seventh topmost surface layers. Two-domain samples

FIG. 1. (Color online) Schematic representation of the atomic
positions in the different models found in the literature for thes3
32d reconstruction of 3C-SiCs001d. See text for details and model
description.
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(corresponding to 180° rotation) are considered in the
simulation.58 The Si and C muffin-tin scattering phase shifts
are used. The quality of the surface model is judged on the
basis of the agreement between theory and experiment that is
measured by the figure of meritR (R1-factor of Saiki et
al.59,60 ), defined as

R=
on

uxexp
‡ snd − xth

‡ u

on
uxexp

‡ sndu
s1d

wherexexp
‡ andxth

‡ are the experimental and theoretical nor-
malized anisotropies, respectively,59,60 and n corresponds to
the channel of the azimuthal scan. This is a very useful factor
as it avoids excess influence of experimental noise at high
polar angles.R also allows one to know the sensitivity of the
different parameters and to refine the atomic structure. The

surface model is modified until a good value ofRs&0.04d is
reached.

The experiments are performed in an ultrahigh vacuum
chamber equipped with an angle resolving hemispherical
analyzer and a manipulator that allows sample rotation, re-
ceiving synchrotron light from the 7.0.1 beamline of the Ad-
vanced Light Source. Since the PED scans are made by ro-
tating the sample, the angle between incident light and
electron analyzer is kept constant during the measurements.
For each polar emission angle, a series of Si 2p (hn=150,
175, and 210 eV) and C 1s (hn=340 and 365 eV) spectra
corresponding to different azimuthal angles is recorded. Ad-
ditional high energy data for both core levels are obtained
using a MgKa shn=1253.6 eVd x-ray source. The symmetry
of the system is checked with several 180° azimuthal scans.
The sample is oriented by LEED and the orientation is re-
fined in situ using photoelectron diffraction scans. Thef110g

FIG. 2. (a) C 1s core level forhn=340 eV and normal emission.(b) Si 2p core levelhn=150 eV and normal emission.(c) Si 2p core
levels as a function of emission angleu for f=0. Note the changes in intensity and line shape.
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direction is taken as the reference for azimuthal emission
angles and the normal emission for polar emission angles. A
series of azimuthal scans(f, azimuthal emission angle) is
obtained by rotating the sample around its normal 100° for
low energy incident photons and 120° for Si 2p Mg Ka data.
The polar emission angleu is varied between 0° and 72°(8°
steps for low photon energy and 4.5° steps for high photon
energy data). In each of the Si 2p low energy series, 105
experimental points are taken. For C 1s and for the high
energy data, 320 points are taken. The absolute angular pre-
cision is 0.5° foru and 1° forf.

We use 1mm SiC thin films prepared at LETI(CEA-
Technologies Avancées) by C3H8 and SiH4 chemical vapor
deposition(CVD) growth on Sis100d wafers with a miscut
angle of 4° to prevent the formation of 90° rotated domains.
The high-quality Si-rich 3C-SiCs001d–s332d surface recon-
struction is obtained by thermal cleaning, followed by Si
evaporation at room temperature to restore the Si stoichiom-
etry and flashing the crystal to 1000°C, as explained in Ref.
35.

III. RESULTS

As first step, we monitor the Si 2p peak for hn
=1253.6 eV. Since the kinetic energy of both core levels is
several hundreds of eV, forward scattering dominates the
PED process.40,41 In this kinetic energy range and due to the
larger electron mean free path, data are more sensitive to
bulk atomic positions, i.e., to atomic layers well below those
affected by the surface reconstruction[see Fig. 3(a)]. The
mean free path calculated from the TPP-2 approximation is
19 Å.57 A good agreement between theory and experiment is
reached with only minor distortions of bulk atomic positions.
The cluster employed in the simulations is of TAADM type,
but the results are almost independent of the surface recon-
struction for this photon energy because the surface layer
represents a minor contribution to the total signal. Figure
3(b) shows theR-factor variation for Si 2p data with respect
to its minimumsRmind as a function of the factorf =c/4.36,
which corrects the lattice parameterc. f is varied between
0.75 and 1.25 in 0.05 steps. TheR-factor analysis shows that
c=s4.36±0.10d Å, consistent with the expected bulk lattice
parameters4.36 Åd. A comparison between theory and ex-

periment for a polar cut along thef1̄10g direction is also
shown in Fig. 3(d) sf =1.00d. Maxima, minima, and the
shape of the experimental curve are well reproduced by the
simulation.61 The high kinetic energy regime allows also to
study subsurface layers independently of the surface recon-
struction [see Fig. 3(c)]. After optimizing the atomic posi-
tions, we find that the interlayer spacings areDzsIII-IV d
=s0.89±0.05d Å, DzsIV-V d=s1.00±0.05d Å, and DzsV-VI d
=s1.09±0.05d Å, that is equal to the bulk value.

As a second step, the bulk atomic positions so determined
are used to construct a series of clusters that reproduce the
different structural models shown in Fig. 1. The atomic po-
sitions of the surface layers are taken from the values pro-
posed in the literature for each model. These clusters are
used to model the experimental anisotropy curves. Low-

energy data are sensitive to the structure of the topmost sur-
face layers, and thus they are adequate to distinguish be-
tween the different models.62 A perfect agreement between
experiment and theoretical simulation is not expected at this
level because this would require a detailed model refinement.

FIG. 3. (Color online) High kinetic energy studies.(a) Sche-
matic representation of the layers. A TAADM model has been con-
sidered, but for these experimental conditions there is a negligible
contribution of the surface signal.(b) R-factor relative to its mini-
mum as a function of the factorf =c/4.36.(c) R-factor relative to its
minimum as a function of the interlayer spacing between layers IV
and V (red squares) and layers V and VI(circles). The vertical line
shows the bulk spacing between consecutive layers in 3C
-SiCs001d. While there is a small relaxation in the spacing between
layers IV and V, the spacing between layers V and VI is identical to

the bulk value.(d) Polar scan along thef1̄10g direction in the clus-
ter corresponding to the minimum in(a) and theoretical simulation.
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However, if the agreement between model and experiment is
poor, the model can be safely discarded without further tests
because minor modifications of the atomic positions are not
able in general to revert the situation to a good agreement.
Mostly Si 2p data were used during the refinement because
they are more sensitive to structural changes than C 1s data.
Figure 4 shows a comparison between the experimental azi-
muthal anisotropy curves at three different polar angles for
the photon energies of 175 and 210 eV, and the predictions
of the different models. We select in Fig. 3 those polar angles
that enhance the differences between the models. A visual
inspection of Fig. 4 reveals that only ALSD-TAADM models
are able to reproduce the general features of all the experi-

mental curves (curves a). For hn=175 eV and su ,fd
=s24° ,180°d the experimental azimuthal anisotropy curve
exhibits a minimum that is only reproduced by the ALSD
model (curve b). For hn=175 eV andu=32° the TAADM
models(curves b–d) and the ADRMs233d (curve k) are the
only models able to reproduce the number and approximate
positions of experimental peaks. In particular, DDRM mod-
els (curves e–i) show a maximum atf=90° that is not
present in the experimental curve. Forhn=210 eV, the
ALSD model reproduces quite well the general features of
the experimental curve. A more quantitative comparison be-
tween the models can be made by means of anR-factor
analysis(right columns in Fig. 4). The only curve that has a
smaller R-factor than the ALSD model is curve c
(TAADM-C ) for hn=210 eV andu=64°, panel(b), but it is
not the case for all the other panels. All models exhibit in
average anR-factor higher than that of the ALSD model by
at least 30%. Furthermore, a meanR-factor can be calculated
for each of the models so compared. The meanR-factor in-
cludes all the experimental points measured. The much better
agreement of TAADM Si-ALSD models is clear from Fig. 5.
R is also at least 30% higher in the rest of the models than in
ALSD. The models that are less favored are TAADM-C and
ADRM s332d. The ALSD model is favored in a wide range
of azimuthal and polar angles, and for two different photon
energies. This analysis allows one to discard all the models
with the highestR-factor. Thus in the following we work on
the basis of TAADM-Si and ALSD models only.

Once the overall features of the surface atomic structure
(atomic model) are clear, the third step is the refinement of
the structure to obtain the best possible agreement with the
experimental data. To this end, the surface structural param-
eters are systematically modified until an absolute minimum
in the R-factor is found. The positions of all atoms in the
three first layers of the cluster are changed during the struc-
ture refinement process, without symmetry breaking. The
number of varied parameters was 14, including 11 structural

FIG. 4. Model discrimination. Panels(a) s175 eVd and (b)
s210 eVd: comparison between the experimental azimuthal aniso-
tropy curve of Si 2p photoemission peak(a, circles) and the theo-
retical simulation for the different models(lines). Polar emission
angles and energies have been selected to highlight the differences
between the proposed structural models. The simulated models are:
b: ALSD, c: TAADM-Si, d: TAADM-C, e: SDDRM, f: DDRM-
ZZFM, g: DDRM-ZZAFM, h: DDRM-LFM, i: DDRM-LAFM, j:
SDRM, k: ADRM, s233d and l: ADRM s332d (see text for de-
tails). The right columns show theR factor value for the corre-
sponding model, calculated according to Eq.(1).

FIG. 5. (Color online) Comparison of the meanR-factor of the
different models relative to that of the ALSD modelsRALSDd. The
meanR-factors shown are an average of all azimuthal anisotropy
curves.
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parameters[x1,z1,x2,z2,x3,y3,z3,x4,y4,z4, and the vertical
coordinate of the third layerzsIII d] and three nonstructural
parameters(inner potential, surface position, and mean free
path56). The total number of experimental points was 375.
This gives a ratio of,27 experimental points per parameter.
In order to keep reasonable computing times, we consider in
the refinement process the two extreme photon energies with
surface sensitivity of the Si 2p data set(150 and 210 eV). We
reach a minimum ofR-factor for this model of 0.039, which
corresponds to an improvement of almost 70% with respect
to the initial value.63 Figure 6 shows a selection of the cor-
responding Si 2p experimental and theoretical anisotropy
curves forhn=150, 175, and 210 eV for the refined model.
The visual agreement between the experiment and simulation
is very good for the different photon energies used and for a
wide range of polar and azimuthal angles. Azimuthal aniso-
tropy curves for C 1s and the corresponding simulations for
the same atomic structure are shown in Fig. 7. An excellent
agreement is also found in this case.

An example of the refinement process is shown in Figs. 8
and 9, where theR factor value is represented as a function
of different structural parameters. The structure found is
shown schematically in Fig. 10. Figure 8 shows anR-factor
map as a function of the vertical coordinates of the atoms of
the topmost dimer(atoms 1 and 2 in Fig. 10). The minimum
found corresponds to an asymmetric dimer configuration,
with a difference of height ofs0.25±0.10d Å. Each atom of
the dimer is bonded to two other Si atoms which dimerize as
well. Figure 9 shows theR-factor as a function of the bond
lengths of atoms in the second layer. Both minima corre-
spond to the same bond length between atoms 3 and 5,
ds3−5d=s2.40±0.10d Å. However, they provide two differ-
ent values fords4−6d. The first minimums,1.5 Åd corre-
sponds to a bond length that is close to the Si covalent radius
s1.17 Åd. Thus it can be discarded. The other minimum cor-

responds to a bond length of,1.8 Å, which is 20% smaller
than a Si–Si bulk distance. In view of the lack of an absolute
minimum and the fact that the contour lines are wider, this
value is affected by a larger error. The final value isds4
−6d=s1.83±0.20d Å. The larger error bar is not due to the
quality or size of the data set, but rather to the relatively
higher insensitivity of the azimuthal anisotropy curves to this
parameter. However, we can safely conclude that the bond
length of the second layer dimers varies depending on
whether they are bonded to the upper[s2.40±0.10d Å] or
lower atom[s1.83±0.20d Å] of the first layer dimers.

Two pairs of atoms per unit cell in the third layer(7–9 and
10–12) dimerize as well. The bond length of these dimers is
s2.43±0.10d Å. Therefore the dimerization in the last three
layers of the material reduces from six to two the number of
dangling bonds per unit cell. Besides the values of the inter-
layer distance for layers III to VI mentioned above, we find
that for layers I–III,DzsI-II d=s1.26±0.05d Å and DzsII-III d
=s1.43±0.05d Å. The structural parameters found are sum-
marized in Tables I and II. Table I gives the coordinates of
the atoms in the last layers while Table II provides structural
parameters like layer spacings and bond lengths.65

IV. DISCUSSION

The good agreement found between the theoretical simu-
lations and the experiment allows us to discard DDRM,
SDRM, and ADRM models. Only a variation of the TAADM
model can reproduce the data. We summarize now the main
features of the atomic structure found, and in the following
paragraphs we compare this model with the atomic structure
obtained from GIXRD data39 and the predictions ofab initio
calculations.31 If we consider a Si-terminated bulk 3C
-SiCs001d crystal, the ALSD or TAADM models consist of

FIG. 6. Comparison between
Si 2p experimental(circles) and
simulated azimuthal anisotropy
curves (thin line) for the refined
model. The photon energies are
hn=150 eV (left), 175 eV (cen-
ter), and 210 eV(right). Selected
curves corresponding to different
polar angles are shown in each
panel.

TEJEDAet al. PHYSICAL REVIEW B 70, 045317(2004)

045317-6



two additional Si layers on top(layer I, with 1/3 ML of Si
atoms, and layer II with 2/3 ML of Si atoms, both shown in
Fig. 10). The topmost substrate Si layer(layer III in Fig. 10)
is also modified due to the reconstruction. In order to under-
stand its features, we start by examining the vertical dis-
tances between layers(see Table II). DzsV-VI d is equal to the
bulk interlayer spacing, whileDzsIV-V d is slightly shorter
s1.00 Åd. DzsIII-IV d is even smallers0.89 Åd. The distance
between the two additional Si layers isDzsI-II d=1.26 Å and
DzsII-III d=1.43 Å. These two values are close to the Sis100d
interlayer distances1.36 Åd. The connection between the top
reconstructed layers and the SiC substrate is made between
layers III and IV. Layer III is formed by Si atoms forming
rows of dimers(between atoms 7-9 and 10-12). There is no
vertical corrugation within layer III. Layer IV is formed by C
atoms already at bulk positions, but the III-IV interlayer
spacing is contracted with respect to the bulk value. The bulk
interlayer spacing value is only reached between layers V
and VI. Thus the transition between the SiC and Si interlayer
spacings takes place very fast, in spite of the fact that the
lateral lattice distances(X or Y direction in Fig. 10) are fixed

by the substrate to the SiC values3.08 Åd. This means that Si
layers II and I are subject to a strong lateral stress, equivalent
to a compression, due to the larges,20%d difference in
lattice parameters between Sis5.43 Åd and SiC s4.36 Åd.
These two layers are stabilized through a combination of
factors. First, the two layers are relatively open because their
coverages are smaller than the nominal value of 1 ML. This
facilitates a partial relaxation of the layer. Second, due to the
atomic structure of the reconstruction, all Si–Si bonds are
fairly close to the Si bulk values2.34 Åd. If we examine the
Si–Si bond lengths between layers II(atoms 3–6) and III
(atoms 7–12), see Table II, we find values around 2.3 Å, i.e.,
slightly shorter than the Si bulk value, while the II-III inter-
layer distance is slightly longers1.4 Åd than the Si bulk
value. The small lateral distances of layer III facilitate that
atoms in layer II saturate the dangling bonds in layer III. A
combination of shorter bond lengths and longer interlayer
distance makes layer II atoms close to Si bulk values, which
certainly reduces the stress. In particular, the lateral compres-
sion on layer II and the reduced coverage determine a value
of DsII-III d longer than in Sis100d.

The s332d structure is terminated by layer I, formed by
asymmetric Si dimers. We get an intradimer bond length of
s2.54±0.20dÅ and a height difference ofs0.25±0.10dÅ.
These values correspond to a dimer angle ofs5.5±3d°. They
can be compared to equivalent values from Sis100d dimers:
s2.37±0.06dÅ and s20±3d° (from Ref. 66) and 2.25 Å and
s19.0±0.5d° (from Ref. 46). Due to the different atomic ar-
rangement of the reconstruction, Si atoms in layer II can
relax laterally much more than in Sis100d. Thus a longer
dimer bond length with smaller tilt angle is found. The dimer
height difference gives rise to two different effects in layer
II. First, there is a small vertical corrugation ofs0.03±0.10d
Å within layer II, from values in Tables I and II[as in
Sis100d and Ges100d]. Second, the lateral relaxation of layer
II, with alternating short and long dimers, explains a unique
feature of the 3C-SiCs001d–s332d reconstruction: in a do-
main of thes332d reconstruction all dimers are tilted in the
direction perpendicular to the dimer rows. Moreover, they do
not exhibit any alternateness in the tilt angle along the dimer
rows. This is different from reconstructions of other group
IV semiconductors, like Si or Ge. The structure found in this
work allows one to trace back this property to the peculiar
structure of layer II. The Si–Si bond lengths between layer I
(atoms 1 and 2) and layer II (atoms 3–6) are ds1−3d,
ds1−5d=s2.34±0.10d Å (upper dimer atom 1) and ds2−4d,
ds2−6d=s2.59±0.10d Å (lower dimer atom 2). Note that the
relatively large value ofds2−4d, ds2−6d is related to the
short value ofds6−4d.

The main features of the reconstruction are found consis-
tent with STM35 and GIXRD39 measurements, and withab
initio calculations.31 The main differences with GIXRD can
be summarized as follows(see Table II). GIXRD finds a
longer value of the bond length for the topmost dimers that
are also less asymmetric. This is probably due to the re-
stricted inplanedata set in GIXRD data due to experimental
limitations.39 On the other hand, whileds3−5d is close to the
GIXRD value, the PED value fords6−4d is significantly
shorter. This discrepancy can be attributed in this case to a

FIG. 7. Comparison between experimental(circles) and simu-
lated azimuthal anisotropy curves(thin lines) for C 1s for the re-
fined model. The photon energies arehn=340 eV(left) and 365 eV
(right). Selected curves corresponding to different polar angles are
shown in each panel.
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larger error in the PED value. All other values are in very
good agreement in both cases. Our high kinetic energy stud-
ies allow us to determine the interlayer distances down to
layer VI. We also report different values for the two top

interlayer distances, at variance with GIXRD.
The ab initio calculations from Ref. 31 qualitatively pre-

dict well most of the features found both in this study and

FIG. 8. (Color online) R-factor
contour plot in the vicinity of the
optimal atomic structure.z1 andz2

are the vertical coordinates of the
last-layer dimer atoms(see Fig.
10). The origin of vertical coordi-
natessz=0d is located at the C at-
oms of layer IV(see Fig. 3). The
dotted line corresponds to a sym-
metric dimer configuration. The
minimum is reached for an asym-
metric dimer with Dz
=s0.25±0.10dÅ.

FIG. 9. (Color online) R-factor contour plot in the vicinity of the
optimal atomic structure. Atoms 3–6 form the second layer dimers
(see Fig. 10). Two minima appear for the(4–6) bond length. The
shorter values,1.5 Åd can be discarded because it would corre-
spond to an unphysical Si–Si bond length. The final bond lengths
areds3−5d=s2.40±0.10dÅ and ds4−6d=s1.83±0.20dÅ.

FIG. 10. (Color online) Alternated long and short dimer model.
Different views of the model found with atoms in the optimal
atomic positions. Si atoms are shown as white(first layer), yellow
(second layer), or gray(third layer). Blue C atoms lie in the fourth
layer. In the second layer, there are alternately long(5-3, red) and
short (6-4, blue) bonds.
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with GIXRD.39 The main differences are the smaller asym-
metry of top layer dimers and the existence of alternatively
long (3-5) and short(6-4) dimers in the second plane that
were not predicted in theab initio calculations.31

Our above PED results favor an ALSD-TAADM struc-
tural model picture of the 3C-SiCs001d–s332d surface re-
construction, in excellent agreement with a recent GIXRD
investigation.39 However, one should mention that our model
is clearly inconsistent with a reporteds332d to s331d
3C-SiCs001d surface transformation upon atomic hydrogen
exposures.25 Indeed, in the latter investigation, the orienta-
tion of the topmost dimers is probed by LEED claiming such
a s332d to s331d phase transition that seems to take place
upon atomic hydrogen exposures.25 First, one has to remem-

ber that room temperature atomic H-exposures on Si surfaces
have been shown to result in etching, with Si monohydride
and dihydride formation,67 which would result here in the
loss of the32 LEED reflection. Actually, thiss331d transi-
tion has been assigned by the authors of Ref. 25 to Si–Si
dimers breaking, which implies that the dimers are parallel to
the32 periodicity(which is not the case, as shown here, and
previously also by STM35 and GIXRD39). Recent real-space
atom-resolved STM measurements performed by tunneling
into the empty electronic states before and after atomic hy-
drogen exposure on the surface kept atT=300°C shows re-
active sites made of bright double spots of equal intensity.26

This indicates that the reacted topmost dimers become sym-
metric upon H-decorating the Si dangling bonds, which

TABLE I. Atomic positions of 3C-SiCs001d–s332d. Result fromR-factor minimization. Roman numbers identify the different atomic
layers. All numbers and axis are referred to in Fig. 10. Precision is ±0.05 Å.

Atom Layer Element xsÅd ysÅd zsÅd Atom Layer Element xsÅd ysÅd zsÅd

1 I Si 1.50 1.54 3.70 10 III Si −0.33 3.08 0.89

2 I Si 4.03 1.54 3.45 11 III Si 3.08 3.08 0.89

3 II Si 1.32 3.43 2.33 12 III Si 6.49 3.08 0.89

4 II Si 4.85 3.71 2.30 13 IV C 0.00 1.54 0.00

5 II Si 1.32 5.83 2.33 14 IV C 3.08 1.54 0.00

6 II Si 4.85 5.54 2.30 15 IV C 6.17 1.54 0.00

7 III Si 20.33 0.00 0.89 16 IV C 0.00 4.62 0.00

8 III Si 3.08 0.00 0.89 17 IV C 3.08 4.62 0.00

9 III Si 6.49 0.00 0.89 18 IV C 6.17 4.62 0.00

TABLE II. Comparison between the structural parameters of 3C-SiCs001d–s332d from our PED study,
GIXRD studies(Ref. 39), and ab initio calculation(Ref. 31). d denotes bond lengths,Dx and Dz denote
distances alongX and Z directions(all in Å). Atom and layer numbers and directions are referred to in
Fig. 10.

Parameter PED GIXRD(Ref. 39) Theory (Ref. 31)

ds1–2d s2.54±0.10d s2.78±0.03d 2.24

Dzs1–2d s0.25±0.10d s0.10±0.05d 0.50

ds3–5d s2.40±0.10d s2.41±0.08d 2.38

ds1–3d, ds1–5d s2.34±0.10d
ds2–4d, ds2–6d s2.59±0.10d

ds6–4d s1.83±0.20d s2.26±0.08d 2.37

Dxs5–6d, Dxs3–4d s3.55±0.20d s3.48±0.01d
ds7–9d, ds10–12d s2.43±0.10d s2.38±0.02d 2.41

Dxs7–8d, Dxs8–9d, Dxs10–11d, Dxs11–12d s3.40±0.20d s3.43±0.01d 3.08

ds3–10d, ds5–7d s2.22±0.10d
ds3–11d, ds5–8d s2.30±0.10d
ds4–11d, ds6–8d s2.35±0.10d
ds4–12d, ds6–9d s2.25±0.10d

DzsI– II d s1.26±0.05d s1.56±0.04d
DzsII– III d s1.43±0.05d s1.56±0.04d
DzsIII– IV d s0.89±0.05d
DzsIV–V d s1.00±0.05d
DzsV–VI d s1.09±0.05d
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shows clearly that these topmost reacted dimers are not bro-
ken upon hydrogen interaction.26 Furthermore the general
s332d surface ordering remains unchanged with nos331d
transformation, even if the surface is reactive.26 Therefore
the reporteds331d LEED structure25 is not conclusive. One
can rather interpret this observation by a defect-induced loss
of 32 long-range periodicity. Indeed, on the clean
3C-SiCs001d–s332d surface, one observes the so-called
“dimer-pair defect” and the correlated one-half unit cell pa-
rameter shift along the dimer row as evidenced by atom-
resolved STM.35 This type of defect leads to long anti-phase
boundaries and is responsible for the long-range periodicity
weakening along the32 direction.35,39 Such an effect taking
place on the clean surface may indeed be enhanced by
atomic hydrogen interaction. Finally, one should also notice
that as331d LEED pattern has been observed to result from
oxygen contamination of the 3C-SiCs001d–s332d surface.7

V. CONCLUSIONS

In summary, we solve the atomic structure of thes332d
reconstruction of cubic SiCs001d by using the photoelectron
diffraction technique. We carry out bulk and surface sensitive
experiments in angle-scanned mode to discriminate the
model and determine the atomic positions of atoms in the
three topmost layers. Multiple scattering calculations up to
11th order of scattering in a spherical wave formalism are
carried out to simulate the experimental data. Specifically,
we use C 1s and Si 2p azimuthal anisotropy curves excited
with Mg Ka and their corresponding simulations to deter-
mine the bulk atomic positions. Si 2p azimuthal anisotropy
curves at low photon energies allow us to settle the atomic
structure of the 3C-SiCs001d–s332d phase. The atomic

structure found comprises the atomic positions of the three
top atomic layers and the interlayer spacings of the top six
atomic layers. We conclude that thes332d structure is well
described by the alternating long and short dimer model(a
modification of the TAADM-Si model), and that all other
models proposed in the literature are not compatible with our
results. We refine the ALSD-TAADM models using an
R-factor minimization of the agreement between simulated
and experimental azimuthal anisotropy curves at surface sen-
sitive photon energies. The refinement leads to a corrugation
of s0.25±0.10d Å for the atoms in the outermost dimer. At-
oms in the layer underneath dimerize as well, with alternat-
ing long and short bond lengths. The long-and-short alter-
nateness between dimer bond lengths explains the top dimer
asymmetry along one single direction. The dimerization
takes place through lateral relaxation, without large vertical
distortions. The third atomic layer is also dimerized, with a
dimer bond length ofs2.43±0.10d Å. We conclude that our
results, together with STM and GIXRD experimental tech-
niques and theoretical calculations, converge in a unifying
model for the 3C-SiCs001d–s332d surface.
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