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Photoelectron diffraction study of the Si-rich 3C-SiC(001)—(3X 2) structure
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The structure of the Si-rich@SiC(001)—(3X2) 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 modeR-fator analysis has been
employed to refine this model. We determine the interlayer spacings of the last six atomic layers and find a
corrugation of(0.25+0.10 A for the atoms in the outermost dimer. Atoms in the second layer dimerize as well,
forming rows of long and short dimers.

DOI: 10.1103/PhysRevB.70.045317 PACS nuni®er68.35.Bs, 61.14.Qp

I. INTRODUCTION After the pioneering work of Day&r using low-energy
Silicon carbide is a IV-IV compound wide band-gap electron c_iiffraction(l'_EED), different weII-.estabI.ished_sur—
semiconductor with applications in high-temperature, high-face sensitive techniques have t_)eeplflpplled to investigate the
power, high-voltage, and high-frequency electronic devicediature of the(3x2) reconstructiori~** More recently, ad-
and sensors3 The hexagonala) polytypes have the larger vanced _teqhnlglléles like core level and valence band
band gap (up to 3.3eV and are preferred for high photoegrsmssmi‘f5 and scanning tunnellng microscopy
temperature/high power devices. The cub also called (STM)*> have been also used to analyze this surface. How-

3C-SiC to stress the cubic svymmetmol e(band agap of ever,.contradictory quels are found in the Iitera;ure for its
2.4 eV) is found to be more )éuitabllr('ay?oyrtﬁgrg-frequ%ngy de-atomic structure. This is due to the fact that there is no direct

vices due to higher carrier mobilitiésHowever, it is only struc_tural information,_ besides the I_ateral atomic distribL_Jtion
recently that well-defined surfaces o€3SiC could be ob- Provided by STM:® with the exception of a recent grazing
tained. The001) face has been the most studied so far due tdncidence x-ray diffractionGIXRD) st!,ldy?’9 Thus several
the expected similarity with corresponding elemental groudjlfferent atomic models can be found in the Iltergture for this
IV semiconductors such as Si or GeC-$iC(001) has more reconstruction(see Fig. 1 I_n ADRM (alt_ernate_ dimer row
than 10 different surface reconstructions ranging frommode) (2x3),% the long side of the unit cell is parallel to
Si-rich to C-rich surfaces, and it has attracted much attentiothe [110] direction. There is one dimer per unit cell over a
both in experimerit?® and theory’~3 full Si layer and dimers are perpendicular to the rows. In
The general form of the surface reconstructions of Si-richADRM (3 X 2),%% the long sides of the unit cell are parallel to
3C-SiC(00)) is [(2m+1) X 2], whenm is an integer, when the[110] direction. There is one dimer per unit cell over an
prepared under adequate conditidhdhe (3 2) structure  unknown layer. Dimers are perpendicular to the rows.
has the smallest unit cell of the seri@sThese reconstruc- SDRM (single dimer row modg! has one dimer per unit cell
tions have deserved attention during the last few years due wver a full Si layer. Dimers are parallel to the rows. SDDRM
several reasons. First, these surface phases are Si-terminatésymmetric double dimer row modetontains two symmet-
Due to the difference of lattice parameters between Si andc dimers per unit cell over a full Si layéiZZAFM-DDRM
SIiC, their last atomic layers are an example of a two-(zigzag antiferromagnetic DDRMhas two asymmetric
dimensional Si crystal under compression. Thus the differendimers per unit cell disposed in zigzag over a full Si layer.
layers are subject to significant deformations, but theiDimers are buckled in the same sense, in such a way that
atomic arrangement is not known in detail. Second, the highadjacent atoms of neighboring dimers have different heights.
m reconstructions are constituted by long atomic chainsZZFM-DDRM (zigzag ferromagnetic DDRM has two
forming in some cases true nanowires on the suféc®. asymmetric dimers per unit cell disposed in zigzag over a
Finally, these phases are strongly reactive towards oXfgenfull Si layer3! Atoms of different heights of consecutive
or hydroger?® recently found to induce surface metallization dimers are adjaceft.LAFM-DDRM (layered antiferromag-
of the (3 2) reconstructiorf® These very interesting and netic DDRM) includes two side-by-side asymmetric dimers
unprecedented properties are driving forces towards thper unit cell over a full Si layet* Dimers are tilted in oppo-
knowledge and the understanding of the surface and subsuwsite senses. LFM-DDRMlayered ferromagnetic DDRM
face atomic structure of thg X 2) phase. has two side-by-side asymmetric dimers per unit cell over a
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ADRM (2x3) ADRM (3x2) structural determinatiosee Fig. 2 It is also important in
f.j.-o- == -?._.0 ° the case of a complex reconstruction like {3 2) phase
5 o o % o o that involves several Si layers. Furthermore, the PED tech-
1

1 nique does not need long range order in the surface, but only
short range order. The PED technique has not yet been ap-

A plied to the &-SiC(001), with the exception of a study on
the C-terminate@(2 X 2) phasé&® made in the backscattering
SDDRM mode. In this paper we use two ranges of photon energies
T (150-210 eV and 1253.6 @\o investigate both the atomic
x W structure of the(3X 2) surface reconstruction and the inter-
! 1 layer spacing of the last bulk atomic layers. We obtain a large
K - ':@Ii data set~350 experimental pointshat is analyzed using an
exact multiple scattering formalism using spherical waves.
This allows us to discern easily the atomic model of the
DDRM-ZZFM reconstruction and to refine it with high accuracy. We con-

- ==

clude that the€3 X 2) reconstruction is well described by the
recently proposed alternate long and short dimer model
(ALSD),* a modification of the TAADM-Si model! The
different sensitivity of PED as compared to GIXRD allows
us to provide new detailed structural information on several
aspects of the surface reconstruction.

1% "i;{:i Il. DATA ANALYSIS AND EXPERIMENT

1 H The outgoing electron wave field originating in the exci-

K- tation of a core level in a photoemission experiment is dif-
:I:Ii fracted by atoms in the vicinity of the emitter, so that the far
field distribution of photoelectrons carries information on the
TAADM oo Si dimer. first adlayer rela}tiye positions pf neighboring atoms wit_h respect to the
- . ’ emitting atom. This phenomenon is used in the PED tech-

N o  Siatoms, second adlayer . P :
I nigue to gain insight into atomic surface structures. We refer
1 ' [110] 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
[110] the measured PED by modeling the structure of the last

. . , ~ atomic layer®*> The EDAC code was used for the
FIG. 1. (Color onling Schematic representation of the atomic simulations3® conveniently adapted to the geometry of our
positions in the different models found in the literature for {Be experimental setup. The code is based upon a multiple-
21(2) r_e(;_onsnucnon of 8-SiC(00D). See text for details and model .4 ttering cluster approach, where the surface is represented
escription. by a sufficiently large number of atoms surrounding the

full Si layer3! Dimers are tilted in the same sense. In€mitter(over 2000 in the present cas#lultiple scattering of
TAADM (two adlayer asymmetric dimer mogi@i the last  the photoelectron in its way towards the detector is solved
layer (1/3 monolayer, Mi) is formed by one dimer per unit using a stable iterative technique until convergence is
cell. This layer lies on top of a layer with two dimers per unit achieved(here, after 11 iterationswith full inclusion of

cell (2/3 ML). The third layer is completél ML). Depend- curved wave effects and no further approximations besides
ing on the element forming this lay€8i or C), we consider those inherent of a muffin-tin construction. The converged
TAADM-Si or TAADM-C models. Finally, the alternating calculated results were used to discern the correct surface
short and long dimer mod&ALSD)% is a modified version structure of Si-rich 8-SiC(001)—(3X 2), obtained from a

of the TAADM-Si (not shown in Fig. 1, see also belpw systematic search between the models proposed in the

In this paper we investigate the structure of th€-3 literature®7.9.11.3031,3539

SiC(00)—(3x 2) surface reconstruction using the informa- We use a cluster of more than 2200 atoms, with a mean-
tion provided by soft x-ray photoelectron diffraction free-path dependent attenuation of the electron yielthe
(PED).*%41 This technique has been successfully applied tdnner potential and the surface position are considered a pa-
determine the structure of many semiconductor and metatameter that is fitted to optimize the agreement with the ex-
semiconductor surfacé$:>? At variance with GIXRD or periment. We use isotropic Debye-Waller factors to account
LEED, the PED technique allows one to obtain atom-specifidor the thermal vibrations. No difference between surface
structural information. This is especially interesting in theand bulk atoms is considered. Simulated PED patterns are
case of a compound semiconductor because photoelectrogenerated with emitters at symmetry-inequivalent sites in the
from both Si and C atoms can be detected and used for thirst to seventh topmost surface layers. Two-domain samples
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FIG. 2. (a) C 1s core level forhy=340 eV and normal emissiofh) Si 2p core levelhv=150 eV and normal emissiofc) Si 2p core
levels as a function of emission angigfor ¢=0. Note the changes in intensity and line shape.

(corresponding to 180° rotatipnare considered in the surface model is modified until a good valueRif<0.04) is
simulation®® The Si and C muffin-tin scattering phase shifts reached.

are used. The quality of the surface model is judged on the The experiments are performed in an ultrahigh vacuum
basis of the agreement between theory and experiment thatéhamber equipped with an angle resolving hemispherical

measured by the figure of mem (R;-factor of Saikiet analyzer and a manipulator that allows sample rotation, re-
al.5960) defined as ceiving synchrotron light from the 7.0.1 beamline of the Ad-

vanced Light Source. Since the PED scans are made by ro-

> I - x| tating the sample, the angle between incident light and

n [ Xexp Xth . -

= (1) electron analyzer is kept constant during the measurements.
2 x| For each polar emission angle, a series of Si(Br=150,

175, and 210 eVj and C 5 (hv=340 and 365 eYspectra
where)(gxp andxfh are the experimental and theoretical nor- corresponding to different azimuthal angles is recorded. Ad-
malized anisotropies, respectiveR£0 andn corresponds to ditional high energy data for both core levels are obtained
the channel of the azimuthal scan. This is a very useful factousing a MgK, (hv=1253.6 eV x-ray source. The symmetry
as it avoids excess influence of experimental noise at higbf the system is checked with several 180° azimuthal scans.
polar anglesR also allows one to know the sensitivity of the The sample is oriented by LEED and the orientation is re-
different parameters and to refine the atomic structure. Théinedin situ using photoelectron diffraction scans. TH&.0]
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direction is taken as the reference for azimuthal emission
angles and the normal emission for polar emission angles. #
series of azimuthal scan®, azimuthal emission anglas

obtained by rotating the sample around its normal 100° for

low energy incident photons and 120° for $i Rig K, data.

The polar emission angléis varied between 0° and 728° CIv
steps for low photon energy and 4.5° steps for high photon g;j vy
energy data In each of the Si g low energy series, 105 CVI
experimental points are taken. For G &nd for the high
energy data, 320 points are taken. The absolute angular pre
cision is 0.5° for@ and 1° for ¢.

We use 1lum SiC thin films prepared at LET{CEA-
Technologies Avancégdy C;Hg and SiH, chemical vapor
deposition(CVD) growth on S{100) wafers with a miscut
angle of 4° to prevent the formation of 90° rotated domains.  1.60 1.18
The high-quality Si-rich €-SiC(001)—(3 X 2) surface recon- ] ] Bulk
struction is obtained by thermal cleaning, followed by Si
evaporation at room temperature to restore the Si stoichiom 1.40 1
etry and flashing the crystal to 1000°C, as explained in Ref. £ ]
35. g

1.20 1

(a)

IIl. RESULTS

As first step, we monitor the Sip2 peak for hv
=1253.6 eV. Since the kinetic energy of both core levels is
several hundreds of eV, forward scattering dominates the
PED procesé%4! In this kinetic energy range and due to the ® r
larger electron mean free path, data are more sensitive t
bulk atomic positions, i.e., to atomic layers well below those
affected by the surface reconstructifgee Fig. 8a)]. The
mean free path calculated from the TPP-2 approximation is
19 A57 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 recor
struction for this photon energy because the surface laye
represents a minor contribution to the total signal. Figure
3(b) shows theR-factor variation for Si P data with respect
to its minimum(R,;,) as a function of the factof=c/4.36, 0 10 20 30 40 50 60
which corrects the lattice parameterf is varied between (d) 0 (deg)

0.75 and 1.25 in 0.05 steps. TRefactor analysis shows that
c=(4.36+0.10 A, consistent with the expected bulk lattice ~ FIG. 3. (Color onling High kinetic energy studiega) Sche-
parameter(4.36 A). A comparison between theory and ex- matic representation of the layers. A TAADM model has been con-

eriment for a polar cut along the10] direction is also sidered, but for these experimental conditions there is a negligible
P . . P 9 ; . contribution of the surface signghb) R-factor relative to its mini-
shown in Fig. 8d) (f=1.00. Maxima, minima, and the

. mum as a function of the factde=c/4.36.(c) R-factor relative to its
shape of the experimental curve are well reproduced by thginimum as a function of the interlayer spacing between layers IV

simulation®* The high kinetic energy regime allows also t0 ang V(red squaresand layers V and V(circles. The vertical line
Study subsurface |ayers independently of the surface recoilhows the bulk spacing between consecutive layers @ 3
struction [see Fig. 8c)]. After optimizing the atomic posi- -SiC(001). While there is a small relaxation in the spacing between
tions, we find that the interlayer spacings axe(lll-1V ) layers IV and V, the spacing between layers V and VI is identical to
=(0.89+0.05 A, Az(IV-V)=(1.00+0.05 A, and Az(V-VI)  the bulk value(d) Polar scan along thL10] direction in the clus-
=(1.09+0.05 A, that is equal to the bulk value. ter corresponding to the minimum (&) and theoretical simulation.

As a second step, the bulk atomic positions so determined
are used to construct a series of clusters that reproduce tlemergy data are sensitive to the structure of the topmost sur-
different structural models shown in Fig. 1. The atomic po-face layers, and thus they are adequate to distinguish be-
sitions of the surface layers are taken from the values protween the different modef8. A perfect agreement between
posed in the literature for each model. These clusters arexperiment and theoretical simulation is not expected at this
used to model the experimental anisotropy curves. Lowlevel because this would require a detailed model refinement.

0.7 1.0 1.3

Exp.
— ~— Theor
y N

Si 2p Intensity (arb. units)
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FIG. 5. (Color onlineg Comparison of the meaR-factor of the
different models relative to that of the ALSD mod@,, sp). The
meanR-factors shown are an average of all azimuthal anisotropy
curves.

mental curves(curves a For hy=175eV and (0,9¢)
=(24°,1809 the experimental azimuthal anisotropy curve
exhibits a minimum that is only reproduced by the ALSD
model (curve B. For hy=175 eV and#=32° the TAADM
models(curves b—gland the ADRM(2 X 3) (curve K are the
only models able to reproduce the number and approximate
positions of experimental peaks. In particular, DDRM mod-
els (curves e~ show a maximum aip=90° that is not
present in the experimental curve. Fbw=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 ofRaflactor
analysis(right columns in Fig. 4 The only curve that has a
smaller R-factor than the ALSD model is curve c¢

(210 eV): comparison between the experimental azimuthal aniso{ TAADM-C) for hy=210 eV and§=64°, panekb), but it is

tropy curve of Si ® photoemission peaiq, circle and the theo-
retical simulation for the different modeldines). Polar emission

not the case for all the other panels. All models exhibit in
average arR-factor higher than that of the ALSD model by

angles and energies have been selected to highlight the differences least 30%. Furthermore, a me+fiactor can be calculated
between the proposed structural models. The simulated models arsr each of the models so compared. The mBaactor in-

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, (2X3) and I: ADRM (3% 2) (see text for de-
tails). The right columns show th& factor value for the corre-

sponding model, calculated according to ED).

cludes all the experimental points measured. The much better
agreement of TAADM Si-ALSD models is clear from Fig. 5.
Ris 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 (3% 2). The ALSD model is favored in a wide range

However, if the agreement between model and experiment i@f @zimuthal and polar angles, and for two different photon
poor, the model can be safely discarded without further test§nergies. This analysis allows one to discard all the models
because minor modifications of the atomic positions are nowith the highesR-factor. Thus in the following we work on
able in general to revert the situation to a good agreementhe basis of TAADM-Si and ALSD models only.

Mostly Si 2p data were used during the refinement because Once the overall features of the surface atomic structure

they are more sensitive to structural changes thars Gata.

(atomic model are clear, the third step is the refinement of

Figure 4 shows a comparison between the experimental azihe structure to obtain the best possible agreement with the
muthal anisotropy curves at three different polar angles foexperimental data. To this end, the surface structural param-
the photon energies of 175 and 210 eV, and the predictionsters are systematically modified until an absolute minimum
of the different models. We select in Fig. 3 those polar angleén the R-factor is found. The positions of all atoms in the

that enhance the differences between the models. A visudhree first layers of the cluster are changed during the struc-
inspection of Fig. 4 reveals that only ALSD-TAADM models ture refinement process, without symmetry breaking. The
are able to reproduce the general features of all the experitumber of varied parameters was 14, including 11 structural

045317-5



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

Si2p-hv =150 eV Si2p-hv=175eV Si2p-hv=210eV
-6~ Experiment ~&= Experiment -o- Experiment
— Theory -~ Theory — Theory
89
R R
4\ 64 fxy |R
3,0.044 . 0.047 \_#0.042
D) WA II \\ ndit -
56 ¥ A .
40054 | ] 0.053 V0,046 FIG. 6. Comparison between
et F Si 2p experimental(circles and
0.048 |43 d simulated azimuthal anisotropy

curves (thin line) for the refined
model. The photon energies are

0.056 |40 hv=150 eV (left), 175 eV (cen-
;M N n A 0.057 0.024 ten, and 210 eV(right). Selected
L/ P~ | curves corresponding to different
0.036 24 polar angles are shown in each
m 247 ., 0.032 panel.

0.046

A\ . 0.048

0.015 ,' S~ 0.082 8
8 0.059
0.018 8
A A 0.033
ALARARRE LA LA R AR LA RN RARR T
0 60 120 180 0 60 120 180 0 60 120 180
¢ (deg) ¢ (deg) ¢ (deg)

parametergx;,z;,%», 2, %3, Y3, 23, %4, Ya,Z4, @and the vertical responds to a bond length 6f1.8 A, which is 20% smaller
coordinate of the third layezx(lll)] and three nonstructural than a Si—Si bulk distance. In view of the lack of an absolute
parameterginner potential, surface position, and mean freeminimum and the fact that the contour lines are wider, this
pati?®). The total number of experimental points was 375.value is affected by a larger error. The final valuedig
This gives a ratio of~27 experimental points per parameter. —6)=(1.83+0.20 A. The larger error bar is not due to the
In order to keep reasonable computing times, we consider ifuality or size of the data set, but rather to the relatively
the refinement process the two extreme photon energies Witigher insensitivity of the azimuthal anisotropy curves to this
surface sensitivity of the SifPdata set150 and 210 eY We  parameter. However, we can safely conclude that the bond
reach a minimum oR-factor for this model of 0.039, which length of the second layer dimers varies depending on
corresponds to an improvement of almost 70% with respeclhether they are bonded to the upgé2.40+0.10 A] or

to the initial value?® Figure 6 shows a selection of the cor- |ower atom[(1.83+0.20 A] of the first layer dimers.
responding Si @ experimental and theoretical anisotropy Ty pairs of atoms per unit cell in the third lay@k-9 and
curves forhy=150, 175, and 210 eV for the refined model. 1017 dimerize as well. The bond length of these dimers is
The visual agreement between the experiment and simulatio 43+0.19 A. Therefore the dimerization in the last three
is very good for the different photon energies used and for gy ers of the material reduces from six to two the number of
wide range of polar and azimuthal angles. Azimuthal anisoyangiing bonds per unit cell. Besides the values of the inter-
tropy curves for C $ and the corresponding simulations for |5yer gistance for layers 11l to VI mentioned above, we find
the same atomic structure are shown in Fig. 7. An excellenfo; for layers I-I11,Az(I-11)=(1.26+0.05 A and Az(II-ll )

agreement is also found in this case. =(1.43+0.05 A. The structural parameters found are sum-

An example of the refmemeqt process is shown in Flg_s. E?‘narized in Tables | and Il. Table | gives the coordinates of
and 9, where th® factor value is represented as a function

of different structural parameters. The structure found ithe atoms inlthe last Iayers. while Table Il provides structural
shown schematically in Fig. 10. Figure 8 showsRxfactor Sparameters like layer spacings and bond lenfths.

map as a function of the vertical coordinates of the atoms of
the topmost dimefatoms 1 and 2 in Fig. 0The minimum
found corresponds to an asymmetric dimer configuration,
with a difference of height 0f0.25+0.10 A. Each atom of The good agreement found between the theoretical simu-
the dimer is bonded to two other Si atoms which dimerize agations and the experiment allows us to discard DDRM,
well. Figure 9 shows th&-factor as a function of the bond SDRM, and ADRM models. Only a variation of the TAADM
lengths of atoms in the second layer. Both minima corresmodel can reproduce the data. We summarize now the main
spond to the same bond length between atoms 3 and $eatures of the atomic structure found, and in the following
d(3-5=(2.40+0.10 A. However, they provide two differ- paragraphs we compare this model with the atomic structure
ent values ford(4-6). The first minimum(~1.5 A) corre-  obtained from GIXRD daff and the predictions ddb initio
sponds to a bond length that is close to the Si covalent radiusalculations’® If we consider a Si-terminated bulk C3
(1.17 A). Thus it can be discarded. The other minimum cor--SiC(001) crystal, the ALSD or TAADM models consist of

IV. DISCUSSION
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Cls-hv=340eV Cls-hv=365eV by the substrate to the SiC val(@08 A). This means that Si
layers Il and | are subject to a strong lateral stress, equivalent
to a compression, due to the large20%) difference in
lattice parameters between .43 A) and SiC (4.36 A).
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 valué2.34 A). If we examine the
Si—Si bond lengths between layers(dtoms 3— and llI
(atoms 7—-1% see Table II, we find values around 2.3 A, i.e.,
slightly shorter than the Si bulk value, while the II-1ll inter-
layer distance is slightly longef1.4 A) than the Si bulk
value. The small lateral distances of layer Il facilitate that
atoms in layer Il saturate the dangling bonds in layer Ill. A
combination of shorter bond lengths and longer interlayer
distance makes layer Il atoms close to Si bulk values, which
certainly reduces the stress. In particular, the lateral compres-
sion on layer Il and the reduced coverage determine a value
of A(ll-1I') longer than in Si100).

The (3X 2) structure is terminated by layer |, formed by
asymmetric Si dimers. We get an intradimer bond length of
(2.54+0.20A and a height difference 0f0.25+0.10A.
These values correspond to a dimer anglé€sob+3°. They

22.0° can be compared to equivalent values froril80) dimers:
13.5° M (2.37+0.06A and (20+3)° (from Ref. 66§ and 2.25 A and
_/—\_ 18.0° (19.0£0.5° (from Ref. 46. Due to the different atomic ar-
F-;A-Fr m rangement of the reconstruction, Si atoms in layer Il can
relax laterally much more than in @00). Thus a longer
dimer bond length with smaller tilt angle is found. The dimer
¢ (deg) ¢ (deg) height difference gives rise to two different effects in layer
FIG. 7. Comparison between experimentaircles and simu- Il. Fi_rst_, there is a small vertical _corrugation Cﬁ.0310.1_0
lated azimuthal anisotropy curvéthin lines for C 1s for the re- A within layer II, from values in Tables | and l[as in

fined model. The photon energies 4ne=340 eV(left) and 365 ev ~ Si(100) and G¢€100)]. Second, the lateral relaxation of layer

(right). Selected curves corresponding to different polar angles arél, With alternating short and long dimers, explains a unique
shown in each panel. feature of the 8-SiC(001)—(3 X 2) reconstruction: in a do-

main of the(3 X 2) reconstruction all dimers are tilted in the
two additional Si layers on togdayer |, with 1/3 ML of Si  direction perpendicular to the dimer rows. Moreover, they do
atoms, and layer Il with 2/3 ML of Si atoms, both shown in not exhibit any alternateness in the tilt angle along the dimer
Fig. 10. The topmost substrate Si lay@ayer IIl in Fig. 10 rows. This is different from reconstructions of other group
is also modified due to the reconstruction. In order to undertV semiconductors, like Si or Ge. The structure found in this
stand its features, we start by examining the vertical diswork allows one to trace back this property to the peculiar
tances between layefsee Table . Az(V-VI) is equal to the  structure of layer Il. The Si—Si bond lengths between layer |
bulk interlayer spacing, whilé\z(IV-V) is slightly shorter (atoms 1 and P and layer Il (atoms 3-§ are d(1-3),
(1.00 A). Az(lII-1V) is even smalle(0.89 A). The distance d(1-5=(2.34+0.10 A (upper dimer atom land d(2-4),
between the two additional Si layersAg(l-11)=1.26 A and  d(2-6)=(2.59+0.10 A (lower dimer atom 2 Note that the
Az(1I-111 )=1.43 A. These two values are close to theL80) relatively large value ofd(2-4), d(2-6) is related to the
interlayer distancé1.36 A). The connection between the top short value ofd(6-4).
reconstructed layers and the SiC substrate is made between The main features of the reconstruction are found consis-
layers Il and IV. Layer Ill is formed by Si atoms forming tent with STM® and GIXRD* measurements, and witkb
rows of dimers(between atoms 7-9 and 10j1There is no initio calculations® The main differences with GIXRD can
vertical corrugation within layer Ill. Layer 1V is formed by C be summarized as followgsee Table . GIXRD finds a
atoms already at bulk positions, but the llI-IV interlayer longer value of the bond length for the topmost dimers that
spacing is contracted with respect to the bulk value. The bullare also less asymmetric. This is probably due to the re-
interlayer spacing value is only reached between layers \stricted inplanedata set in GIXRD data due to experimental
and VI. Thus the transition between the SiC and Si interlayelimitations3° On the other hand, whilé(3-5) is close to the
spacings takes place very fast, in spite of the fact that th&IXRD value, the PED value fod(6-4) is significantly
lateral lattice distance& or Y direction in Fig. 10 are fixed  shorter. This discrepancy can be attributed in this case to a

-6- Experiment

-o Experiment
P - = Theory

- = Theory
0

58.0°

90 150 210 270 90 150 210 270
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J o006 Z. =2 contour plot in the vicinity of the

3.80 1 2 . .

. y optimal atomic structurez; andz,

] 0.045 are the vertical coordinates of the
=z i //'0_05 last-layer dimer atomgsee Fig.
5 3707 o 10). The origin of vertical coordi-

- nates(z=0) is located at the C at-

i oms of layer IV(see Fig. 3 The

3.60 — ~ ’ dotted line corresponds to a sym-

] . metric dimer configuration. The

- minimum is reached for an asym-

3,50 -] 0.055 metric dimer with Az
. 7 =(0.25+0.10A.
] 0.06
3.40 —
1_0.065 .
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larger error in the PED value. All other values are in veryinterlayer distances, at variance with GIXRD.

good agreement in both cases. Our high kinetic energy stud- The ab initio calculations from Ref. 31 qualitatively pre-
ies allow us to determine the interlayer distances down talict well most of the features found both in this study and
layer VI. We also report different values for the two top [, ,

Side view

3.2

30_-1 ué 0.055 0.07
= 19 0.065
< 28
5 j
A ]
is) 1<
CIC) 1 Layer
o 247 2 g
< o =} |
3 7]

2.2 8 1

. S it
2.0 v
—_ 0.05
1.8 4+ T
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Bond length (4-6) (A)
FIG. 9. (Color onling R-factor contour plot in the vicinity of the FIG. 10. (Color onling Alternated long and short dimer model.

optimal atomic structure. Atoms 3—6 form the second layer dimerdDifferent views of the model found with atoms in the optimal
(see Fig. 10 Two minima appear for thé4—6) bond length. The atomic positions. Si atoms are shown as wilftest layen, yellow
shorter valug(~1.5 A) can be discarded because it would corre- (second layer or gray(third layes. Blue C atoms lie in the fourth
spond to an unphysical Si—Si bond length. The final bond length$ayer. In the second layer, there are alternately I, red and
ared(3-5)=(2.40+0.10A andd(4-6)=(1.83+0.20A. short(6-4, blug bonds.
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TABLE I. Atomic positions of -SiC(001)—(3X 2). 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 A.

Atom Layer Element x(A) y(A) z(A) Atom Layer Element  x(A) y(R) z(A)

1 I Si 1.50 154 3.70 10 Il Si -0.33 3.08 0.89
2 I Si 4.03 154 3.45 11 1] Si 3.08 3.08 0.89
3 I Si 1.32 3.43 2.33 12 1] Si 6.49 3.08 0.89
4 I Si 4.85 3.71 2.30 13 v C 0.00 154 0.00
5 I Si 1.32 5.83 2.33 14 v C 3.08 1.54 0.00
6 I Si 4.85 5.54 2.30 15 v C 6.17 1.54 0.00
7 1 Si —0.33 0.00 0.89 16 v C 0.00 4.62 0.00
8 1l Si 3.08 0.00 0.89 17 v C 3.08 4.62 0.00
9 1l Si 6.49 0.00 0.89 18 v C 6.17 4.62 0.00

with GIXRD.2° The main differences are the smaller asym-ber that room temperature atomic H-exposures on Si surfaces
metry of top layer dimers and the existence of alternativelyhave been shown to result in etching, with Si monohydride
long (3-5) and short(6-4) dimers in the second plane that and dihydride formatiof’ which would result here in the
were not predicted in thab initio calculations® loss of thex2 LEED reflection. Actually, thi$3 X 1) transi-

Our above PED results favor an ALSD-TAADM struc- tion has been assigned by the authors of Ref. 25 to Si—Si
tural model picture of the G-SiC(001)—(3x 2) surface re-  dimers breaking, which implies that the dimers are parallel to
construction, in excellent agreement with a recent GIXRDthe x 2 periodicity(which is not the case, as shown here, and
investigation’® However, one should mention that our model previously also by STRP and GIXRD*). Recent real-space
is clearly inconsistent with a reporte@8x2) to (3X1)  atom-resolved STM measurements performed by tunneling
3C-SiC(001) surface transformation upon atomic hydrogeninto the empty electronic states before and after atomic hy-
exposure$® Indeed, in the latter investigation, the orienta- drogen exposure on the surface kepTat300°C shows re-
tion of the topmost dimers is probed by LEED claiming suchactive sites made of bright double spots of equal interR8ity.

a (3% 2) to (3 1) phase transition that seems to take placeThis indicates that the reacted topmost dimers become sym-
upon atomic hydrogen exposur®s=irst, one has to remem- metric upon H-decorating the Si dangling bonds, which

TABLE Il. Comparison between the structural parameters@{S3C(001)—(3X 2) from our PED study,
GIXRD studies(Ref. 39, andab initio calculation(Ref. 31). d denotes bond lengthé&x and Az denote
distances along and Z directions(all in A). Atom and layer numbers and directions are referred to in

Fig. 10.
Parameter PED GIXRDRef. 39 Theory (Ref. 3)
d(1-2 (2.54+£0.10 (2.78+0.03 2.24
Az(1-2) (0.25£0.10 (0.10£0.05 0.50
d(3-5 (2.40£0.10 (2.41+0.08 2.38
d(1-3), d(1-5 (2.34£0.10
d(2-4), d(2-6) (2.59+0.10
d(6-4 (1.83%£0.20 (2.26+0.08 2.37
Ax(5-6), Ax(3—4) (3.55%£0.20 (3.48+0.02
d(7-9, d(10-12 (2.431£0.10 (2.38+0.02 2.41
AX(7-8), Ax(8—9), Ax(10-112, Ax(11-12 (3.40£0.20 (3.43£0.02 3.08
d(3-10, d(5-7) (2.22+0.10
d(3-11, d(5-8 (2.30£0.10
d(4-11), d(6-98 (2.35%£0.10
d(4-12, d(6-9 (2.25%£0.10
Az(1-11) (1.26+0.05 (1.56+0.04
Az(11-111') (1.43%£0.05 (1.56+0.04
Az(NI=1V) (0.89+0.05
Az(IV-V) (1.00+0.05
Az(V-VI) (1.09+0.05
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shows clearly that these topmost reacted dimers are not bratructure found comprises the atomic positions of the three
ken upon hydrogen interactidf.Furthermore the general top atomic layers and the interlayer spacings of the top six
(83X 2) surface ordering remains unchanged with(B¢< 1) atomic layers. We conclude that th@Xx 2) structure is well
transformation, even if the surface is reactiéelherefore  described by the alternating long and short dimer mgédel
the reported3x 1) LEED structuré® is not conclusive. One modification of the TAADM-Si modeé| and that all other
can rather interpret this observation by a defect-induced lossodels proposed in the literature are not compatible with our
of X2 long-range periodicity. Indeed, on the cleanresults. We refine the ALSD-TAADM models using an
3C-SiC(001)—-(3x 2) surface, one observes the so-calledR-factor minimization of the agreement between simulated
“dimer-pair defect” and the correlated one-half unit cell pa-and experimental azimuthal anisotropy curves at surface sen-
rameter shift along the dimer row as evidenced by atomsitive photon energies. The refinement leads to a corrugation
resolved STV This type of defect leads to long anti-phase of (0.25+0.10 A for the atoms in the outermost dimer. At-
boundaries and is responsible for the long-range periodicitpms in the layer underneath dimerize as well, with alternat-
weakening along the2 direction3>39 Such an effect taking ing long and short bond lengths. The long-and-short alter-
place on the clean surface may indeed be enhanced bateness between dimer bond lengths explains the top dimer
atomic hydrogen interaction. Finally, one should also noticeasymmetry along one single direction. The dimerization
that a(3X 1) LEED pattern has been observed to result fromtakes place through lateral relaxation, without large vertical
oxygen contamination of the@SiC(001)—(3x 2) surface/  distortions. The third atomic layer is also dimerized, with a
dimer bond length 0f2.43+0.10 A. We conclude that our
results, together with STM and GIXRD experimental tech-
niques and theoretical calculations, converge in a unifying

In summary, we solve the atomic structure of tex 2) model for the &-SiC(001)—(3 X 2) surface.
reconstruction of cubic Si©01) by using the photoelectron
diffraction technique. We carry out bulk and surface sensitive
experiments in angle-scanned mode to discriminate the This work was supported in part by MCy{BFM2001-
model and determine the atomic positions of atoms in th@244), MEyC (Secretaria de Estado de Educacion y Univer-
three topmost layers. Multiple scattering calculations up tesidades, PR2003-0080and CAM (Spain (07N/0022/2002
11th order of scattering in a spherical wave formalism areand FPI grant of A. TejedaThe synchrotron radiation ex-
carried out to simulate the experimental data. Specificallyperiments performed at the AL@erkeley have been sup-
we use C § and Si 2 azimuthal anisotropy curves excited ported by the Northern lllinois University Graduate School
with Mg K, and their corresponding simulations to deter-Funds and by NSF. F.J.G.A. acknowledges help and support
mine the bulk atomic positions. Sip2azimuthal anisotropy from MCyT (MAT2001-0946 and UPV/EHU(00206.215-
curves at low photon energies allow us to settle the atomid3639/200L The authors are grateful to the ALS staff for
structure of the B-SiC(00D)—(3Xx2) phase. The atomic expert and outstanding technical assistance.
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