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l’Université de Paris-Sud/Orsay, DSM-DRECAM-SPCSI, Baˆtiment 462, Saclay, 91191 Gif sur Yvette
Cedex, France

G. Renaud and A. Barbier
Commissariat a` l’Energie Atomique, DSM-DRFMC-SP2M, 85 X, 38041 Grenoble Cedex, France

S. Chiang
Department of Physics, University of California-Davis, Davis, California 95616-8677

F. Semond
Centre National de la Recherche Scientifique, CRHEA, Sophia-Antipolis, 06650 Valbonne, France

~Received 20 January 2003; accepted 17 April 2003; published 5 August 2003!

We use synchrotron radiation based x-ray diffraction at grazing incidence to study the atomic
structure of Si-richb-SiC~100! 332 surface reconstruction. The latter includes three different Si
atomic planes, in qualitative agreement with the theoretical two adlayers asymmetric dimer model.
The measurements provide an accurate determination of the atomic bond, indicating asymmetric Si
dimers in the first plane, and an alternating long and short Si dimers subsurface organization in the
second atomic plane responsible for the lack of dimers buckling in the first plane, unlike
corresponding silicon or germanium surfaces. ©2003 American Vacuum Society.
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Silicon carbide~SiC! is a IV–IV wide band gap semicon
ductor that presents a strong interest for advanced electr
applications that cannot be fulfilled by conventional sem
conductors, with average figures of merit scaling 2 or 3
ders of magnitude above those of all other semiconduc
except diamond.1 Beside its wide band gap, its high brea
down field, its high thermal conductivity and its high ele
tron saturation velocity make it suitable for high
temperature, high-power, high voltage and high freque
applications. It is also resistant to radiation damage mak
which is especially useful for hostile environment.1 Among
the 170 existing polytypes, theb-SiC cubic phase crystal
lizes in the zinc-blend structure, with alternating silicon a
carbon atomic planes in the~100! direction, so that one can
expect some similarity to corresponding silicon or germ
nium surface structure.2 But unlike Si or Ge, SiC is not a
fully covalent semiconductor with polar~100! surfaces and
stress playing a central role in surface ordering, since sili
and carbon atomic planes are, respectively, compresse
20% and extended by 22%, as compared to the element
and C semiconductors, respectively.1 In the last decade, a
control of the~100! surface has been achieved at the atom
scale, as evidenced by scanning tunneling microscope~STM!
investigations.3–5 Depending on the stoichiometry of the la
few atomic planes, several reconstructions have been id
fied, involving a 332 periodicity for the Si-rich surface, a
c(432) for the Si-terminated surface, ac(232) for the
C-terminated surface, and a C-rich 131 for the graphitic
phase. Reversible phase transitions have been observe

a!Electronic mail: enriquez@cea.fr
b!On leave from: Russian Academy of Sciences, Chernogolovka, Mos

District, Russia.
1881 J. Vac. Sci. Technol. B 21 „4…, Jul ÕAug 2003 1071-1023 Õ200
ic
-
-
rs

y
g

-

n
by
Si

c

ti-

be-

tween these different kinds of reconstruction simply by s
con deposition and/or thermal annealing.1 The phase transi-
tion from the 332 surface to thec(432) one is of
particular interest, since the silicon is removed in a selec
way, leading to the formation of silicon atomic lines array
corresponding to successive 532, 732, 932...
reconstructions.5

The b-SiC~100! Si-terminated surface was earlier b
lieved to have the same structure as the Si~100! surface,
made of Si–Si dimers leading to a 231 reconstruction.1 But
for surfaces prepared using high quality surface standa
and excellent vacuum conditions, one could evidence
c(432) reconstruction instead of a 231, resulting from an
alternative up and down dimers~AUDD! structure.4 This
specificc(432) surface organization of symmetric dimers
believed to be primarily driven by the compressive surfa
stress applied on the silicon atomic planes. However, sur
contamination and dimer vacancies can lead to a struct
change from thec(432) to a 231 periodicity.4 In contrast,
the 332 Si-rich surface has absolutely no equivalent on s
con surfaces.2 First, this surface plays a specific role as
substrate for silicon atomic lines formation.5 In addition, one
striking feature is the very high sensitivity of this surface
oxygen adsorption, namely 3 orders of magnitude larger t
silicon surfaces.6 Although the atomic structure knowledg
of this surface is crucial to understand its properties, it h
not be solved yet. Indeed this structure was strongly deba
during the last decade, giving rise to different competi
models sketched in Fig. 1.3,7–12

The first observation of a 332 surface reconstruction ha
been reported by Dayan nearly 2 decades ago on the bas
low energy electron diffraction~LEED! measurements.7 To

w
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1882 Enriquez et al. : Silicon carbide surface structure 1882
account for this periodicity, he has proposed a model invo
ing two silicon atomic planes, with a 2/3 of monolayer~ML !
surface plane on a full silicon atomic plane. In this mod
the surface dimerisation leads to a32 periodicity along the
Si–Si dimers, whereas one dimer over three is missing, le
ing to a33 periodicity in the perpendicular direction and
the 2/3 ML coverage. Subsequently, two dimers are inclu
per unit cell, so that it is called the double dimer row mod
~DDRM!, with dimers rows parallel to the dimer directio
But a few years later, Haraet al. has reported medium en
ergy ion scattering~MEIS! experiments, deriving a 1/3 ML
coverage for the last atomic plane instead of 2/3.8 On this
basis, a single dimer row model~SDRM! has been proposed
with only one Si–Si dimer per unit cell. One should noti
that the surface dimers are parallel to the32 direction in
both DDRM and SDRM~Fig. 1!. When the last atomic plan
is removed, the underlying Si atomic plane can theref
form dimers, leading to a 231 or c(432) structure, in
agreement with the experimental LEED observations.

Other nonstructural experiments such as valence band
core-level photoemission experiments or STM measurem
are interpreted in the framework of the DDRM.9,10 However,
recent real-space atom-resolved STM measurements by
mond et al. tunneling into the unoccupied electronic stat
question both DDRM and SDRM.3 Indeed, each spot ob
served in the occupied states splits in the unoccupied s
into two spots of unequal intensities that can be assigne
individual atoms. Therefore, the Si atoms forming the dim
are resolved in the unoccupied states, and unambiguo
indicate that the dimers are perpendicular to the dimer ro
along the32 direction. On the ground of this STM observ
tion, a sketch is proposed for the last surface plane, w
asymmetric dimers perpendicular to the dimer rows an
total 1/3 ML coverage~Fig. 1!.3 However the STM technique
is sensitive to the topmost atomic layer only, and can

FIG. 1. Schematic top views of theb-SiC(001)332 surface reconstruction
proposed models:~a! DDRM ~Refs. 3, 6, and 8!, ~b! SDRM ~Ref. 5!, ~c!
ADRM 233 ~Ref. 9!, ~d! ADRM 332 ~Ref. 7! and TAADM ~Ref. 10!. The
corresponding primitive 332/233 surface unit cell is indicated by a dashe
line.
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
-

,

d-

d
l

e

nd
ts

e-

tes
to
s
sly
s

h
a

t

explain how these dimers, oriented along the33 direction,
can be connected to the underlying Si atomic plane in or
to agree with the experimental observation of a 231/c(4
32) @and not a 132/c(234)] reconstruction for the Si-
terminated surface.

At this point, some models are also derived fromab initio
theoretical calculations. First, an asymmetric dimer r
model ~ADRM! has been proposed by Yanet al. and Pizza-
galli et al. involving two silicon atomic planes, with a 1/3
ML coverage for the last plane.11 In this model, the last
atomic plane structure agrees with the sketch derived fr
the previous STM observations.3 But this structure exhibits a
233 periodicity in strong contradiction with other exper
mental evidence~Fig. 1!. Recently, another model was pro
posed by Luet al., the two adlayer asymmetric dimer row
model~TAADM ! involving three Si atomic planes instead
2.12 This TAADM model is the combination of the ADRM
3323 and DDRM,7,9 where the first adlayer is identical t
the ADRM 332 top 1/3 ML atomic plane and lies on
second adlayer similar to the DDRM top 2/3 ML atom
plane, instead of being directly connected to a Si-termina
surface.

The orientation of the topmost dimers has been qu
tioned by the 332 to a 331 phase transition taking plac
upon atomic hydrogen exposure as reported by Haraet al.
using LEED experiments.13 Actually this transition has been
assigned to Si–Si dimers breaking, which would imply th
the dimers are parallel to the32 periodicity.13 However, we
have performed STM measurements in the unoccupied s
before and after atomic hydrogen exposure with the surf
kept atT5300 °C. One can observe some reactive sites~Fig.
2!, made of bright double spots of equal intensity, whi
correspond to reactive dimers becoming symmetric.14 Ac-
cording to this STM observation, the reactive dimers are
broken. Furthermore, the general 332 surface ordering re-
mains unchanged even if the surface is reactive.14 Therefore,
the 331 LEED structure reported by Haraet al. is not con-
clusive. One can rather interpret this observation by a def
induced lost of32 long-range periodicity. Actually, even o
clean surfaces, one can observe the so-called ‘‘dimer-
defect’’ and the correlated one-half unit cell parameter s
along the dimer row.3 This kind of defect is leading to long
antiphase boundaries and it is responsible for the long-ra
periodicity weakening along the32 direction. Such an effec
existing on the clean surface may indeed be enhanced
atomic hydrogen interaction. Notice also that such a 331

FIG. 2. b-SiC(100)-332 surface 150 Å3150 Å STM topographs obtained
by tunneling into empty states~tip bias23 V with 0.2 nA tunneling current!,
before and after 10 L atomic hydrogen exposure.
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1883 Enriquez et al. : Silicon carbide surface structure 1883
LEED pattern has been observed to result from oxyg
contamination.7

In order to discriminate between these various mod
some valence-band spectroscopy photoemiss
experiments10 have been revisited by Luet al. in order to
compare experimental data to theoretical calculations.12 The
available data can find some agreement with the sur
bands calculated for the TAADM only, whereas both DDR
and SDRM are ruled out. However, such a comparison c
not be conclusive since there are very few available exp
mental data, and especially no data along the disper
J–M and M –J8 directions. Also some reflectance aniso
ropy spectroscopy measurements have been performed15 and
experimental data compared to theoretical calculations,
in that case, it is really difficult to discriminate betwee
TAADM and DDRM which both exhibits two similar broad
spectral features.16

A structural tool is therefore required to discriminate b
tween the models. For this purpose, we turn to grazing in
dence x-ray diffraction~GIXRD!, which has been especiall
successful in solving accurately complex surfa
structures.17 The GIXRD experiments using synchrotron r
diation are performed on the CRG-IF~BM32! beam line
~ESRF, Grenoble! at a 3310211 Torr pressure, keeping
very high surface quality during the all measurements.
cause of the lack of high-quality cubic SiC single crysta
such an experiment has been done on a single crystal
film ~1 mm!. This latter is grown by chemical vapor depos
tion on a carbonized Si~100! wafer with a buffer layer at the
SiC/Si interface having rather large stacking fault defect d
sities, making surface measurements especially challeng
In order to eliminate the contribution coming from the stac
ing faults, we use a low photon energy at 12 keV, below
critical angle value. As compared to a standard semicond
tor study, the probed reciprocal space area is therefore
duced. In addition, a specific sample mounting is needed
homogeneous high temperature annealings through d
current heating, reducing further the probed area. High q
ity b-SiC(001)332 single domain surfaces are checked
reflection high energy electron diffraction and GIXRD. Th
basis vectors (as ,bs ,cs) of the surface reconstruction un

cell are related to the bulk ones byas5@1 1̄0#bulk , bs

5@110#bulk , cs5@001#bulk , with as5bs53.088 Å and cs

54.367 Å. The reciprocal space is described by its redu
coordinates (h,k,l ), l being perpendicular to the surfac
Two complete sets of data~measured from two distinct 3
32 surfaces! are in excellent agreement. For each set,
measure 78 inequivalent in-plane and 276 out-of plane
flections, along eight inequivalent rods, and 168 reflecti
along five inequivalent crystal truncation rods~CTRs!.17 De-
tails about high quality 332 surface preparation and GIXRD
can be found elsewhere.1,3,17For the analysis, we do not tak
into account the diffracted intensities along the32 direction
which are too weak likely resulting from Si dimer pairs fo
mation ~defect B! as identified by atom resolved STM.3

From the in-plane diffracted intensities, measured al
50.05, we derive the experimental Patterson function sho
JVST B - Microelectronics and Nanometer Structures
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in Fig. 3 and therefore, we can determine the in-plane in
atomic vectors in the unit cell.17 The experimental Patterso
function exhibits ap2mm symmetry that is consistent with
either ap2mm ~two perpendicular mirrors!, p1m ~one mir-
ror!, or pm1 symmetry of the unit cell. First, we compare th
experimental diffracted intensities with the calculated on
for each model, in the framework of ap2mm symmetry.
Therefore, we fit the atomic positions of the first adlayer
each model. The different models can be evaluated thro
the least-square residual agreement factorx2 that takes into
account a 10% experimental error bar. As displayed in Fig
all models yieldx2 values much larger than the satisfacto
value of 1 with 13.4 for the ADRM, 8.6 for the DDRM, 6.9
for the SDRM, the TAADM being the closest atx253.3. For
comparison, the corresponding calculated Patterson fu
tions are shown in Fig. 3.

Therefore, we choose the TAADM as a starting point, a
we fit the in-plane diffracted intensities by relaxing also t
in-plane atomic positions of the underlying atomic plan
However, within thep2mm symmetry, one cannot achieve
x2 better than 2.5. Therefore, we reduce the symmetry c
ditions and perform the fit on the basis of ap1m symmetry.
The top dimer is therefore allowed to be asymmetric wh
the underlying dimers may have different lengths. Using t
fitting procedure, the least mean square residual minim
tion leads to ax251.4 value for the reconstruction in-plan
intensities. Thus, we conclude on thep1m symmetry, and we
apply the fitting procedure to the whole data set, includ
both in-plane and out-of-plane reconstruction rods inten
ties, leading to a very satisfactoryx251.2 factor. This fitting
agreement is illustrated in Fig. 4 by the comparison betw
the experimental and the calculated Patterson functions.
diffracted intensities along the surface rods give some

FIG. 3. Experimental and calculated Patterson function maps for the di
ent existing models. The experimental Patterson function is derived from
in-plane diffracted intensity of theb-SiC(001)332 surface measured atl
50.05. The calculated Patterson functions are derived from the fit of
first adlayer atomic positions assuming ap2mmsymmetry. The correspond
ing x2 agreement factors are also displayed for each model.
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1884 Enriquez et al. : Silicon carbide surface structure 1884
sights about the out-of-plane atomic positions. Four differ
representative profiles are shown in Fig. 5, along the
22 l ), (5 0 l ), (1 0 l ) and (8 0l ) surface reconstruction
rods. The fitting curve average modulation period is fou
between 2.5 and 2.8 in the reciprocal lattice coordina
which corresponds to a 2.3 Å direct space thickness, indi
ing that the reconstruction involves more than two silic
atomic layers.

The previous fitting procedure allows determining the
plane and out-of-plane coordinates of the 12 atoms invol

FIG. 4. Experimental~right! and calculated~left! half Patterson contour plots
for the ALSD model of theb-SiC(001)332 surface reconstruction, repre
sented over the whole 332 unit cell. 50 contour levels are used between t
0.14 and 1 minimal and maximal values. The fitting procedure is perform
for the in- and out-of-plane reconstruction rods data in the framework
p1m symmetry.
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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per reconstruction unit cell. First, we notice that the silic
atomic planes are distant bya0/3, a0 being the unit lattice
parameter, instead ofa0/4, the bulk interlayer distance, ev
dencing the open character of the surface. The dimers of
first adlayer are found to be asymmetric, in agreement w
the STM measurements,3 but the results indicate a 0.1 Å
height difference, much less than the calculated height at
Å in the TAADM. The most striking feature is that the un
derlying dimers of the second adlayer have different leng
namely a long one at 2.41 Å and a short one at 2.26 Å
contrast with the TAADM where both dimers were calc
lated to have the same length at 2.37 Å, somewhat clo
from the long dimer. The alternating long (DL) and short
(DS) dimers are bonded on both sides, respectively, to the
(AU) and down (AD) atoms of the top asymmetric dimers

The CTR could be fitted with ax252.5 indicating a
rather flat surface with a negligible roughness (b50.08).
Two representative profiles are shown in Fig. 5 for t
(6 0 l ) and the (3 0l ) CTR. From the~300! anti-Bragg re-
flection, on can deduce a 300 Å average terrace length
agreement with STM measurements.3 According to the CTR
fit, the surface reconstruction is registered to bulk with slig
deviations (Dx50.03 Å, Dz50.03 Å) of the deeper third
silicon atomic plane atoms from bulk positions.

The alternative long and short dimers~ALSD! model de-
rived from our grazing incidence x-ray diffraction da

d
a

o-
ed
l

FIG. 5. (522 l ), (1 0 l ), (5 0 l ), and (8 0l )
surface reconstruction rods and (6 0l ) and
(3 0 l ) CTR profiles with the error bars and
corresponding fits. The logarithm of the abs
lute value of the structure factor is represent
as a function of the out-of plane reciproca
lattice coordinatel.
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1885 Enriquez et al. : Silicon carbide surface structure 1885
analysis is sketched in Fig. 6. The structure is in agreem
with the theoretical TAADM for the surface morpholog
involving three Si atomic planes with respective 1/3 ML a
2/3 ML for the first and second adlayers that are lying o
third full atomic silicon plane. However, the second silic
adlayer presents a long-range organization with alterna
long and short dimers~ALSD! that was not predicted in th
ab initio calculations.12 Surface stress minimization is a
ready known to be responsible for the Si-terminated AUD
surface structure.4 In the 332 structure, this silicon atomic
plane becomes the third deeper one, and in this config
tion, is lying very close from the bulk atomic positions. O
can therefore imagine that the stress has been ‘‘transfer
to the next silicon plane. In this view, the second adlaye
expected to minimize the surface stress and to encoun
kind of AUDD reconstruction. Actually, the stress minimiz
tion is occurring in a slightly different way, probably becau
a 1/3 ML Si plane is lying above, leading to the ALSD stru
ture to develop instead of an AUDD one. Furthermore, t
long-range organization of the second adlayer can exp
why all the dimers of the first adlayer are tilted in the sa
direction. The ALSD model of theb-SiC~100! 332 surface
reconstruction determined here is in excellent agreem
with recent photoelectron diffraction experiments.18

In conclusion, we have determined the atomic structure
the Si-rich b-SiC~100! 332 surface reconstruction usin
GIXRD. The results indicate that the DDRM, SDRM, an
ADRM 233 models are not suitable for the 332 recon-
struction, but in qualitative agreement with the TAADM
model. However, we evidenced a subsurface layer hav
alternating long~2.41 Å! and short~2.26 Å! dimers. This

FIG. 6. ~a! Top and~b! side views of theb-SiC(001)332 surface recon-
struction showing the three Si atomic planes with the topAU –AD asymmet-
ric dimers~first plane! and the ALSD dimers having alternating longDL and
shortDS lengths in the second plane.
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subsurface organization allows strain minimization and infl
ences the topmost atomic plane, leading to an array of as
metric dimers all tilted in the same direction with no buc
ling, in strong contrast to the situation occurring f
asymmetric dimer on Si~001! and Ge~001! surfaces.
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