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Atomic structure determination of the Si-rich B-SiC(001) 3X 2 surface by grazing-incidence
x-ray diffraction: A stress-driven reconstruction
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The atomic structure of the Si-righ-SiC(001) 3X 2 surface reconstruction is solved by grazing-incidence
x-ray diffraction with surface and subsurface structure determination. The reconstruction involves three Si
atomic planes §+ §+1 Si monolayersin qualitative agreement withb initio theoretical calculations. The
first plane includes Si dimers that are asymmetric with a 0.1 A height difference between Si atoms while the
second plane includes Si dimers having alternating I¢hg1 A) and short(2.26 A) lengths resulting in
long-range influence with no buckling of the top surface dimers, in strong contrast to other group-1V semi-
conductors. Dimerization is also shown to take place in the third Si plane with a dimer having a bond length
at 2.38 A. In addition, a large Si interlayer spacing is found between the reconstructed planes at 1.56 A,
significantly larger than that for bulk Si(1.09 A) and Si(1.35 A) interlayer distances, indicating a very open
surface. The results suggest that stress is at the origin of this complex surface organization.
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I. INTRODUCTION (20% smaller than that for Si and 22% larger than that for
diamond.® This suggests that Si atoms located at gh8iC
Silicon carbidgSiC) is a IV-1V wide-band-gap compound surface could be compressed by 20% when compared to a
semiconductor that is of strong interest for advanced applieorresponding silicon surface. Whilg-SiC has a smaller
cations in ceramics, in nanotechnologies, and in micro- oband gap than hexagonaH4 or 6H-SiC polytypes(2.4 eV
optoelectronics devices and sensors. In addition, it is also aimstead of 3.3 or 2.9 eV, respectivglyhe carrier mobilities
electronic material used in harsh environments because, e.@re much higher for the cubic polytype, which also has an
of its excellent ability to resist to radiation damdgé.lts  average factor of merit scaling nearly 1 order of magnitude
figures of merit scale 2—3 orders of magnitude above alhbove those of hexagonal SIC> The latter is primarily pre-
other semiconductors except diamdndFurthermore, aside ferred for high-power electronic devicés: Instead,3-SiC is
from its capability as an advanced semiconductor, SiC hasspecially suitable for high-frequency devices particularly
interesting mechanical properties with a high hardnéss important in communications systems such as power base
third hardest material after diamond and boron nifrigied is  stations for mobile phones. The accurate knowledge of the
used in matrix composités. Also, it is one of the best bio- SiC surface structure is of both fundamental and applied im-
compatible material$® Due to very close lattice parameters, portance in a large variety of problems such as metal/SiC or
SiC is a very promising substrate for the growth of IlI-V insulator/SiC interface formation. Atomic control of
nitrides (which, unlike SiC, have a direct band gaprovid-  3-SiC(001) surfaces has been achieved only recently show-
ing a large range of interesting applications ining the existence, depending on surface stoichiometry, of
optoelectronic$® Because of the expected similarity to Si many reconstructions such as Si-rick 3, 8x 2, 5x2, 7
(Ge) in surface structure, the cub@gSiC phase is of special x2,...,(h+1)Xx2, Si-terminatedc(4x2), C-terminated
interestt® c(2x2), and C-rich graphitic ¥ 1.°
However, there are some very significant differences. In- In this context, the Si-rich surface is of special interest
deed, unlike elemental group-1V semiconductors such as Shecause its 32 reconstruction includes, depending on the
Ge or C, SIC is not a fully covalent semiconductor, with amodel considered, one or two additional Si atomic planes on
significant charge transfer between Si and C resulting in théop of a Si-terminate@-SiC(001) stressed surface with noth-
formation of polar surface¥: ing equivalent for corresponding Si or Ge surfat®¥. Of
In addition, surface stress plays a central role in SiC surstrong technological importance, such Si-rich SiC surfaces
face ordering due to large mismatches in lattice parametere known to be much more reactive to hydrogen and to
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oxygen(by about 3 orders of magnitupgezhen compared to 'sfii_ mi ?If ?ﬁ' o= 3{‘; © i\(z
silicon, with initial oxygen/hydrogen insertion occurring well ° o

below the surfacé?~1® However, thes-SiC(001) 3X2 sur-  ‘r—= =+ E::Z_ - -

face and subsurface structures are still under debate. Man:f;}j ?{:Ij ilj o ZIZ o :(Z
different opposite models have been proposed based OoppRM 3x2 6. = 2/3 SDRM 3x2 0. =1/3
structural and nonstructural experimental techniques such a S o S
low-energy electron diffraction(LEED), reflection high- f;:i' 'i(z if; i:i A W
energy electron diffractiofRHEED), medium-energy ion f 1 P O © f ® @ o ‘¢
scattering MEIS), real-space atom-resolved scanning tunnel-p o d o o o o o le—eo-v o © 5
ing microscopy (STM), Auger and photoemission 'Q‘,Q__d‘ﬂ 0g® Og?® o"o o o"o o o o
spectroscopie¥~>*and also a fevab initio total-energy the-  ADRM 2x3 0= 173 ADRM 3x2 6= 1/3
oretical calculationé®=?” These includéi) the double dimer
row model(DDRM) with a surface terminated byZmono- - o ®-o Sidimer, first adlayer
layer (ML) Si6:12:20.22-24(jj) the single dimer row model 2 ! o Siatoms. second adlaver
(SDRM) terminated by &-ML Si,™® (i) the alternate dimer - ’ )
row model (ADRM) predicted theoretically and having 2 -4

X 3 reconstruction with § Si ML coverage and asymmetric -

dimers?®26 (iv) another ADRM having a 2 surface array

and asymmetric dimers as established by atom-resolvet _

scanning tunneling microscopysTM),%! and finally, (v) a TAADM 3x2 8= 1/3+2/3

two adlayer asymmetric dimer mod€TAADM) predicted FIG. 1. Schematic top views of thg-SiC(001) 3x2 surface

by ab initio pseudopotential total-energy and grand canonicajeconstruction proposed mode(s) DDRM (Refs. 16, 17, and 20
potential calculation$! The TAADM is basically the ADRM  (b) SDRM (Ref. 19, (c) ADRM 2 x 3 (Refs. 25 and 26 (d) ADRM
3X2 model built on top of the DDRM. The schematic of 3x2 (Ref. 21, and (¢) TAADM (Ref. 20. The corresponding
these different models are shown in Fig. 1. primitive 3x2 (2x3) surface unit cell is indicated by a dashed
Real-space STM measurements performed into both filledne.
and empty electronic staféshas brought very significant
insights on the topmost surface structure. When tunnelingDRM 2’ But this agreement is good for some part of the
into the empty electronic states, the two atoms forming thewo-dimensional2D) Brillouin zone for two flat bands only,
Si-Si dimer could be resolved, allowing a clear identificationwith no experimental data available between fhé! and
of the dimer position and directidi.The surface was shown the M-J’ direction?2327|n this respect, the agreement for
to organize in rows of asymmetric dimers perpendicular tothe SDRM could also be found reasonable, with a 0.3-eV
the rows and all tilted in the same direction. These measuretiscrepancy for one of the bands orglongI’-J), within the
ments clearly indicate that both DDRRefs. 16, 12, 20 and calculation accuracy limit§’ Thus, no real insight could be
22-24 and SDRM(Ref. 19 cannot account for the surface drawn from these optical or electronic properties
structure. However, with the STM measurements, being serstudies?’~2°
sitive to the topmost atomic layer only, it was not possible to In this article, we use synchrotron-radiation-based
draw a complete picture of the surface structure from thesgrazing-incidence x-ray diffractiodGIXRD) to determine
experiments only, with no structural information about thethe g-SiC(001) 3x 2 surface structure. The latter is found to
subsurface region. In particular, the ADRM does not deterpe in qualitative agreement with the theoretical TAADM.
mine how the Si-Si dimers of the adlayer may be connecte@®ur results provide important details on the subsurface struc-
to the underlying Si plane since the latter can undergo Zure. The surface reconstruction includes three Si atomic
X 1 reconstruction. In this view, the TAADM derived from planes separated by interlayer distances much larger than in
theoretical calculatior$ has to be considered. The TAADM bulk SiC or Si. The second plane has alternating long
was apparently supported by other calculations of the reflea2.41-A) and short(2.26-A) Si dimers(ALSD’s) that mini-
tance anisotropy spectroscof¥AS).?® The calculated spec- mize the surface stress. Such an array has a long-range in-
trum was claimed to be in agreement with available datdluence that explains the lack of dimer anticorrelation in
from experimental reflectance difference spectroscopyhe topmost atomic layer, in strong contrast to silicon or
(RDS).?° However, the calculated RAS spectrifiior the  germanium.
DDRM (Refs. 16, 12, 20, and 22—P4s also close to the
experimental spectrum with two similar broad spectral fea-
tures located at the same enefgyn addition, the experi-
mental AR/R=2(R110)— Ri110)/(Ri110+ Rp1107) (Ref. 29 The GIXRD experiments are performed on the CRG-IF
spectrum is not correctly reported in Ref. 28 with the oppo-(BM32) beamline at the European Synchrotron Radiation Fa-
site sign as 2110~ Ri1101)/(Ri110+ Rr1107), making a  cility (ESRF, Grenobleat a pressure of 810 ! Torr dur-
comparison with theory difficult. Also, the electronic band ing the data acquisition, maintaining a very high surface
structuré’ calculated for the TAADM was claimed to be in quality during all measurements. In the recent years, GIXRD
best agreement with the experimental band struét@fe using synchrotron radiation has been especially successful in
when compared to those calculated for the DDRM andsolving accurately complex surface structures when the un-

Il. EXPERIMENTAL DETAILS
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derlying crystal is of high structural qualit)-3?So far, there
is no GIXRD study available for thg-SiC surface. Because
of the lack of high-qualityB-SiC single crystals, such an
experiment has to be performed on thin fildsum). How-
ever, the latter are grown by chemical vapor deposition
(CVD) on a carbonized §100) wafer with a buffer layer at
the SiC/Si interface having rather large stacking-fault defect
densities, making surface measurements especially challeng
ing. In order to eliminate the contribution coming from the
stacking faults located in the buffer layer at the SiC/Si inter-
face, we use a low photon energy at 12 keV, with the incident
angle being kept at the critical vali6.1769. As compared :
to a standard semiconductor study, the probed reciproca 0
space area is therefore limited. In addition, a specific sample
mounting is needed for homogeneous high-temperature an
nealings through direct current heating, limiting even more
the reciprocal-space exploration.

High-quality 8-SiC(001) 3x 2 single domain surfaces are
checked by RHEED and GIXRD. The basis vectors
(as,bs,cs) of the surface reconstruction unit cell are related

to the bulk ones by adl[110],uk, bgl[1210]uk,

cdI[ 001k, With ag=bs=3.088 A andcs=4.367 A. The
reciprocal space is described by its reduced coordinate:
(h,k,), | being perpendicular to the surface. Two complete
sets of datgdmeasured from two distinct>32 surfacesare

in excellent agreement. For each set, we measure 78 in-plan
(excluding integer-orderand 276 out-of plane reflections,
along eight rods, and 168 reflections along five crystal trun-
cation rods (CTR’s).2°-32 Additional details about high-
quality preparation of the3-SiC(001) 3X 2 surface recon-
struction and GIXRD experiments and data analysis can be
found elsewherg?21:30-32

)
i

[110

FIG. 2. (@) Experimental Patterson contour plot for the
B-SIC(001) 3x2 surface for the TAADM, represented over the
IIl. RESULTS whole 3X 2 unit cell. 100 contour levels are used between the 0.14
' and 1 minimal and maximal valued) In-plane diffracted intensity
We first look at the in-plane diffracted intensity map mea-map for the 3-SiC(001) 3X2 surface measured &t0.05. The
sured for the surface dt=0.05 and at the corresponding radii are proportional to the structure factor modulus. The measured
experimental Patterson contour over the 3 unit cell (Fig. X2 diffracted spots are not represented. Thand k indices are
2). The measuredk?2 diffracted spots are not represented related to the X 2 reconstructed unit cell. The shaded area corre-
because they have intensities more than 10 times weak&ponds, in the reciprocal space, to thg part of the_surface hidde_n by
than thex 1 ones, making any comparison with the calcu-_the_ sample electrical contacts, which may hide the grazing-
lated intensities difficult. This much weaker intensity is cor-ncidence beam as well as the scattered beam.
related to the existence of dimer-p&rdefects as identified
by STM?! TheseB defects are at the origin of long antiphase structed unit cell. From this observation, we deduce that,
boundaries spreading the intensity of th@ reflections in  along the[110] direction, the atoms in the last Si plane can-
reciprocal space, thus strongly weakening th2 intensity  not be regularly spaced by one-third of the reconstructed
(as also observed by LEED and RHEE&Nd leaving the<1  unit-cell length, deviating from the bulk positions.
intensity dominan®:*®!” The in-plane diffraction diagram  We proceed to a preliminary fitting procedure, assuming
exhibits ap2mm symmetry, indicating either p2Zmmor a  that the adlayer dimers are symmetric, and heng@mm
plm or apml surface symmetry. We will see below that the symmetry with two mirrors in the unit cell. In order to
rod profiles look symmetric within the experimental error roughly discriminate between the differenk2 models, we
bars and therefore bring no further information to concludefirst fit the in-plane data only, including 28 inequivalent re-
about the symmetry. Notice that the DDRM would corre-flections for ap2mm symmetry averaging with a systematic
spond to ap2mm symmetry, whereas SDRM, ADRM, and uncertainty of 9.5%. The fitting procedure includes the mini-
TAADM correspond to ap2mm symmetry only if the mum fitting parameters necessary to leave the atomic posi-
dimers are symmetric and topm symmetry for asymmet- tions move, in agreement with the two mirror-symmetry con-
ric dimers. The experimental Patterson functiffig. 20  ditions. Only one parameter is required to make the atomic
clearly indicates that along tH&10] direction, the dominant positions relax along thgl10] direction. Depending on the
interatomic distance is a multiple of of the recon- model, one, two, or three additional parameters are required
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have now to refine the atomic positions involved in the sur-
face reconstruction. Relaxing both in-plane and out-of-plane
atomic positions leads to g?=1.47 agreement factor with
eight independent parameters for the whole reconstruction
rods intensitieg29 in-plane and 157 out-of-plane inequiva-
lent reflections for @2mm symmetry.

As suggested by the STM observation of asymmetric
dimers, we next explore a surface pfim symmetry and
consider the wholgnoninteger in-plane and out-of-plane
reconstruction rod diffraction intensities, including, respec-
tively, 35 and 240 inequivalent reflections afigtm sym-
metry averaging. Many fitting parameters can be considered
in the frame of gp1m symmetry. The 12 Si atoms involved
= : in one unit cell are numbered from 1 to 12 as depicted in Fig.
=33 1. In the frame op1m symmetry, atoms $iand Sj may not
be equivalent, also dimers3S8i, and Si-Sig, as well as Si

FIG. 3. Patterson contour plots calculated for the different mod-and Sy, and Sj, and Sj, atoms located in the last atomic
els DDRM, SDRM, ADRM, TAADM. The atomic positions are pjane. In order to choose only the minimum pertinent fitting

dheri\f/ed fro”; thez in-plane diﬁraCtgd ri]“tﬁnsg_y fittir|19 prtc:cedu(;e,hin parameters, we test different fitting procedures. Our criteria
the frame of apzmm symmetry. Both the dimer lengths and the ;e the value of they? agreement factor, as well as the

. . . : [12\%/e]
?pac'zng between d'mers.'n .the.un't cell are relaxed. The COrres'oon(éJer'[inence of the atomic positions obtained. Since the in-
ing x° agreement factor is indicated for each model.

plane data are much less “noisyaveraging a 15% statisti-
_ ) cal error of the structure factor amplitudnan the out-of-
to relax the length of the dimers and the spacing betweeB|ane reconstruction rods25% statistical error we
dimers in the unit cell. The fina}? fitting agreement factors  systematically check if the in-plane data considered sepa-
for the four proposed models for the<2 are 13.4ADRM),  rately are in good agreement with the fitting procedure
8.6 (DDRM), 6.9 (SDRM), and 3.3(TAADM). The first  results.
three values are very far away from the idgdl=1 value. Table | summarizes the results of the different fitting pro-
Moreover, the corresponding calculated Patterson functiongedures. For a satisfactory fitting, an asymmetry of the top
(Fig. 3 strongly differ from the experimental functions. Only s;j,-Si, dimer must be considered, as well as an asymmetry
the TAADM yields an acceptable agreement factor at thisyetween the underlying $iSi, and Si-Sig dimer lengths.
stage, with a Patterson map similar to the experimental magpe also check that the introduction of any other asymmetry
Adding another fitting parametebringing the total to five s not relevant. The fitting procedure involves 12 fitting pa-
independent parameters relax the atoms of the last atomic rameters, including 7 in-plane and 4 out-of-plane fitting pa-
plane along th¢110] direction improves the agreement fac- rameters, plus an overall scale factor. Notice that the error
tor to x?>=2.5. bars derived from the refinement program are uncorrelated.
Therefore, this preliminary analysis shows that a surfac&’he Debye-Waller temperature factors have been set at the
structure as complex as that proposed in the TAADM includ-bulk value for all atoms, because no improvement could be
ing one full Si atomic plane and two adlayers—is necessanachieved when fitting this parameter. For the whole data set
to account for experimental in-plane diffraction data. We(in-plane and out-of-planethe agreement factor ig?=1.2

“ADRM = 13.4 " TAADM

TABLE |. Comparison between different fitting procedures wittm symmetry. For each procedure, we
report (i) in the first column the assumptions relative to the relaxations of the atomic positions, the
second column the agreement factor for the fit of the whole datéirsgtiding in-plane and out-of-plane
reflections, and (iii) in the third column, the agreement factor of ttig fit results for the in-plane data
considered separately.

Fitting of the whole in-plane and Fitting x? x? agreement factor to the
out-of-plane reflections assuming: agreement factor in-plane reflections only
Asymmetric 1-2 dimer 1.6 5.5
Symmetric 1-2 dimer and 1.33 4
asymmetric 3-4/5-6 dimers lengths
Asymmetric 1-2 dimer and 1.6 45
asymmetric 3-4/5-6 dimer positions
Asymmetric 1-2 dimer and 1.2 2

asymmetric 3-4/5-6 dimers lengths
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atom located 0.£0.05 A higher than the down one, at a
much lower value than the calculated theoretical 00.&
A).2° Moreover, we find for this $Si, dimer a bond length
at 2.78-0.03 A, significantly larger than the theoretical

value of 2.24 A2" Table Il provides the reduce(X,Y,2 co-
o)} ordinates of the 12 Si atoms involved in th& 3 reconstruc-
' A 6 @& A tion cell.

Most interestingly, in the second plane, we find that the

FIG. 4. Calculated Patterson contour plots for &ic(0o1)  underlying dimers do not have the same bond lengths with
3% 2 surface for aplm symmetry, represented over the whole 3 alternating longD, (2.41+0.08 A) and shortDg (2.26
x 2 unit cell. 100 contour levels are used between the 0.14 and #0.08 A) dimers. The lond> and shortDg dimers are
minimal and maximal value€a) The atomic positions considered Ponded on both sides to thg, andAp atoms belonging to
are derived from the fit of in-plane and out-of-plane reconstructiorfhe topmost asymmetric dimer. However, the agreement fac-
rod diffraction intensities, with a=1.2 agreement factofcf.  tor sensitivity indicates a rather large error K@:08 A) to be
Table )). (b) The atomic positions considered are derived from theCompared to the 0.15-A length difference found betwBgn

fit of in-plane diffraction intensities only, with 22=1.3 agreement  andDs dimers. This uncertainty is induced by the lackoa?
factor. diffracted spots in our experimental data set along the dimer

direction, and by the experimental error bars. As a compatri-
. . son, we can also proceed to the partial fit of the in-plane data
a';‘d the residuaR=0.19, which has to be c_ompared t_o the for which the expre)zrimental errorpbars are smaller.pAIthough
x°=1.47 agreement factor an=0.19 residual obtained ,q complete model can be derived from such a procedure,
when assuming @2mm symmetry. Using the atomic posi- the occurrence of short and long dimers is further confirmed,
tions derived from this fit leads to a satisfactory=2 agree-  ith even a higher length difference at 0:28.05 A, ay?
ment factor for the 35 inequivalent in-plane diffraction inten- — 1 3 agreement factor and a calculated Patterson function in
sities. The comparison between the experimental an@etter agreement with the experimental ¢Reg. 4b)]. We
calculated Patterson functions is shown in Fig) 4 can also note that this fit of the in-plane data leads to a
We now turn to the main features derived from this fit. smaller value at 2.5 A for the SiSi, dimer length, however,
First, a 1.56-0.04 A interlayer spacing is found between thestill far away from the calculated theoretical value of
three planes involved in the reconstruction. This value i2.24 A2’
much larger than the SiC bulk interlayer spaciigd9 A) Figure 5 gives a set of representative intensity profiles
and even larger than the silicon bulk interlayer spa¢ihg6  along the (50), (52), (10) and (80) reconstruction rods.
R). In the last Si atomic plane located just above the first CThe fitting curve derived from the previous fit exhibits a
plane, two Si dimers are formed,qS5i; and Si,-Sijp, hav-  modulation period varying from 2.5 to 2.8 in reciprocal-
ing bond lengths of 2.380.02 A, in good agreement with [attice units, which corresponds to a direct space thickness of
the calculated theoretical value of 2.41?ASubsequently, 1.7 A. With a 1.56 A interlayer spacing, this clearly indicates
the interatomic distance between atoms 7 and 8, 8 and 9, 1fiat more than 2 atomic planes are involved in the recon-
and 11, and 11 and 12 is 3.£8.01 A instead of 3.08 A for  struction. The profiles of the (8pand (60) CTR’s are in
the bulk value and, in the second adlayeg; Si, and Si- Sig qualitative agreement with the fitting curves.
dimers are found to be distant by 348.01 A. Finally, the To determine the registry of the reconstruction with re-
topmost Sj-Si, dimer is found to be asymmetric with the up spect to the bulk, the CTR diffraction intensities are fitted-

TABLE Il. Reduced(X,Y,2 coordinates of the 12 Si atoms involved in th& 3 reconstruction cell.

Si atom X Y z

number (in-plane, along the<3 direction (in-plane, along the<2 direction (out-of-plane
1 0.240+0.002 0 0.72-0.007
2 0.542+0.002 0 0.76:0.007
3 0.182:0.001 0.3045:0.0037 0.3570.004
4 0.182:0.001 0.6955:0.0037 0.3570.004
5 0.560+0.001 0.3166:0.0037 0.357%0.004
6 0.560+0.001 0.6834:0.0037 0.357%0.004
7 0.0000-0.001 —0.225+0.001 0+0.006
8 0.371 —0.225 0+0.006
9 0.742+-0.001 —0.225+-0.001 0+0.006
10 0.000Q:=0.001 0.225:0.001 0+0.006
11 0.37100 0.225 #0.006
12 0.7420:0.001 0.2250.001 0+ 0.006
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atomic plane. For the topmost Si plane theASFAy dimer

is found to have a bond length of 2:¥®.03 A and is asym-
metric with theA up atom being 0.£0.05 A higher than
the Ap down one. This value can be compared to the 0.2-A
height difference between up and down dimers in the Si-
terminated B-SiC(001) c(4x2) surface reconstructiot.
Most interestingly, the underlying dimefbelonging to the
second planedo not have the same bond lengths with alter-
nating longD, (2.41 A) and shortDg (2.26 A) dimers. The
long D, and shorD g dimers are bonded on both sides to the
Ay and A atoms belonging to the top asymmetric dirfier.

In the third atomic plane two 2.38-A Si-Si dimers are formed
per unit cell, so that the distance between the Si atoms
bonded to the londp, and shortDg dimers is equal to 3.43

A, ie., 11% larger than the 3.08-A unit-cell parameter.
Therefore the reconstructed structure involving three atomic
planes is expanded both in-plane by 11% and out-of-plane by
about 30%.

520 ++++++ Hy "

IV. DISCUSSION

FIG. 5. (54), (10), (50), and (80) reconstruction rods and .
(60) and (é@) )CT(R p)rofgles )with thé er)ror bars and corresponding T_he above GIXRD results support_ a n_10de| .Of the S"“C.h
fits. The logarithm of the absolute value of the structure factor is'B'S'C(OOD 3X2 surface reconstruction involving three Si
represented as a function of the out-of-plane reciprocal-lattice cootomic planes §+3+1 ML Si). They clearly rule out the
dinatel. DDRM, SDRM, and ADRM®~26 for which no reasonable

. ) ) ) fitting could be found. They are in good qualitative agree-
with two shift parameters in agreement witlpam symme-  ment with the theoretical TAADKT for which a successful
try, along thg001] and the[110] directions, while the atomic fitting procedure including the minimum number of param-
pOSitiOﬂS within the reconstruction unit cell are kept fixed.eters could be achieved. However’ our measurements bring
With a x?= 2.5 agreement factor, the fit of the 149 inequiva- significant insights into the knowledge and understanding of
lent reflections indicates a negligible surface roughfieste  the 3x2 surface structure. They are in excellent agreement
that an average terrace length of 300 A was deduced froRith the presence of asymmetric dimers perpendicular to the
the width of the (300 anti-Bragg reflection, in excellent gimer rows, all tilted in the same direction, as previously
agreement with the STM measureméhitsAlong the[001]  evidenced by real space atom-resolved empty electronic
direction, the interlayer distance between the third Si atomiGiates STM imaging which, once again, cannot provide in-
plane and the underlying C atomic plane deviates Vengight into the sub-surface regiéh.

Sllghtly (003 A diﬁerenCerom the bulk interlayer distance. The GIXRD results show also some Signiﬁcant differ-
This slight deviation of the atomic positions in the third ences from the theoretical TAADM. First, we find a smaller
plane from the bulk positions along taexis is in agreement  hejght difference between the up and down atoms of the top
with the previous reconstruction rod fit. Along th&10] dimer at 0.1 A(instead of 0.5 A for the calculated vafie
direction, the C atoms of the underlying atomic plane showThe length of this topmost dimer is rather large with values
no shift with respect to the Si atoms 8 and 11. at 2.78 A(if one considers the fit of the in-plane and out-of-

The profiles of the (3Q and (60) CTR are in qualitative  plane diffraction intensitigsor 2.5 A (when considering the
agreement with the fitting curves. However, the agreement im-plane intensities only instead of 2.24 A for the calculated
not excellent, accordingly with thg?=2.5 factor obtained value?’ Notice that the out-of-plane data are affected by a
on the CTR'’s alone. For the whole data set, including reconrather low signal-to-noise ratio, which suggests that the real
struction rod and CTR data, the agreement factory?s value for the top Si-Si dimer bond length is lying between
=1.78 and the residu@=0.23. No significant improvement 2.78 and 2.5 A. Most interestingly, we find that the second Si
can be achieved when trying to fit again the reconstructioratomic layer @s;=3) includes dimer rows having ALSD’s
atomic positions to the data set including the CTR data.  with lengths of 2.43%0.08 A and 2.26:0.08 A. Indeed, one

Figure 6 displays the schematic model of the surface, wittshould remember that this second Si layer is lying on a 1-ML
top and side views of thg-SiC(001) 3x 2 reconstruction. It ~ Si atomic stressed plaé3***Without being covered by an
shows that the %2 reconstruction extends along three excess of Si atoms as in thex2 surface reconstruction, this
atomic planes distant by aboa/3 (a; being the lattice 1-ML atomic plane would form a Si-terminatggtSiC(001)
parameterinstead ofay/4 in the bulk, which emphasizes the ¢(4X2) surface reconstruction with alternately up and down
very open character of this particular surface. The CTR fidimers (AUDD’s), reducing the surface stre§sOne can
shows that the bulk interlayer spacing &f/4 is recovered therefore easily imagine that, when this surface is covered by
between the last Si atomic plane and the underlying first Gdditional Si layers, the AUDD arrangement cannot take
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a) Top view
1%t plane
Ay : up atom

Ap: down atom

27 plane
: long dimer

FIG. 6. (a) Top and(b) side
views of thes-SiC(001) 3 2 sur-
face reconstruction showing the
three Si atomic planes with the top
Ay-Ap asymmetric dimerg(first
plane and the ALSD’s having al-
ternating longD, and shortDg
b) S1de view lengths in the second plane. In the

side view, the underlying C plane
of the bulk structure is also repre-
sented.

Dyg: short dimer

1t Si plane —
2" Si plane ——»

3 Siplane———»
C plane ——

place leading to stress transfer to the upper Si layer. Oubulk Si with values at 1.09 and 1.35 A, respectively. Further-
GIXRD results precisely indicate that in the 1-ML Si layer, more, a 3.43-A distance between nondimerized Si
the atoms deviate only slightly from bulk positions. A pos- atoms within the same third plane is also significantly larger
sible arrangement for thé-ML Si subsurface layer would than the bulk value at 3.08 A. It is interesting to correlate
consist of dimers with alternating heighiike the AUDD’s  this finding with the rather high reactivity of the
for the c(4X2)]. This cannot take place, however, becauseSi-rich p-SiC(001) 3x2 surface with simple adsorbates
this subsurface Si layer is itself also covered by an additionatuch as hydrogen or oxygen when compared to silicon,
3-ML Si. Therefore, another way to relax the stress andwith H or O atom insertion into the subsurface region
minimize the energy in this intermediate layer would taking place already at very low exposuté$® This indi-
be to have dimers having alternating long and shorcates that this very open surface facilitates hydrogen or oxy-
lengths precisely as found herg=ig. 6). In turn, this gen atom insertion into th@-SiC(001) lattice, which is of
would affect the aboveAy-Ap dimer, the long D, both strong fundamental interest and technological impor-
dimer tending to push up th&, atom while the shorDg  tance.
dimer would instead tend to pull down ti#g, atom, leading
to the formation of an asymmetric dimer, as initially evi- V. CONCLUSIONS
denced by real-space atom-resolved S¥Nater by theoret-
ical calculationg’ and now by our GIXRD measurements.
Most interestingly, this has a long-range influence explaining In conclusion, the atomic structure of the Si-rich
why the asymmetridd-Ap dimers forming the X2 sur-  B-SiC(001) 3X 2 surface reconstruction has been determined
face reconstruction are all tilted along the same dirediimt by GIXRD. DDRM, SDRM, and ADRM are ruled out. The
anticorrelatetP) with no buckling, in strong contrast to the results are in qualitative agreement with the theoretically
corresponding $001) or Gg001) c(4x2) surface predicted TAADM, which gives a good description of the
reconstructiond®! surface morphology. However, there are significant
Most interestingly, the above ALSD model indicates adifferences concerning the atomic positions and the bond
very opengB-SiC(001) 3x 2 surface reconstruction having a lengths. The reconstruction involves three Si atomic
large distance between the first and second and between th&nes having Si coverages 6f 2, and 1 ML from top to
second and third Si atomic planes at 1.56 A, significantlybottom. A large interlayer spacing between the Si
larger than the interatomic layer spacing in bulk SiC andreconstructed planes is found with a separation of 1.56 A
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between planes, significantly larger than that for the3X2 surface atomic structure, which has been under inves-
bulk-SiC (1.09 A) and the bulk Si(1.35 A) interlayer tigation for more than a decade. It also brings significant
distances, indicating a very opgsSiC(001) 3x2 surface. quantitative insight into stress-driven surface and subsurface
Most significantly, a subsurface layer having alternating longatomic organization that can lead to rather complex struc-
(2.41 A and short(2.26 A) dimers is found. This ALSD tures.
model is further supported by recent photoelectron
diffraction measurements performed at the Advanced
Light Source(ALS, Berkeley.*® Such an ALSD array tends

to minimize the strain and significantly influences the surface We are grateful to the European Synchrotron Radiation
organization, leading to the top atomic plane dimers all beind-acility ESRF (Grenoblg staff for expert and outstanding
tited in the same direction. This situation is in strongtechnical assistance. We also acknowledge Lea di Cioccio,
contrast to the behavior of elemental group-1V semiconducThierry Billon, and Catherine Pudd&€EA-LETI, Grenoble

tor surfaces in which dimer buckling is occurring. Dimeriza- for providing high-quality3-SiC(100) samples and E. Vlieg
tion is also taking place in the third Si plane with a dimer for the use of his wonderfutob program. One of us, V. Yu.
bond length at 2.38 A. This study clarifies tigeSiC(001)  A., wishes to thank the RFBR for Grant No. 02-02-16811.
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