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Atomic Structure of the b-SiC(100)-(3 3 2) Surface
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We investigate single domainb-SiC(100)-(3 3 2) surfaces (Si rich) by atom resolved scanning
tunneling microscopy (filled and empty electronic states). Flat and high-quality surfaces having a lo
density of defects are grown with first identification of individual Si atoms and dimers. Si-Si dimer
form rows perpendicular to the dimer direction in a (3 3 2) atomic arrangement with clear evidence of
asymmetric dimers all tilted in the same direction (i.e., not anticorrelated). Several types of defects a
identified including primarily missing dimers and dimer pairs. Addition Si is grown epitaxially with
two-dimensional island formation having the (3 3 2) reconstruction. [S0031-9007(96)01102-7]
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Because of its very interesting properties, silicon c
bide (SiC) is a very suitable material for high frequen
high power, or high temperature electronic devices.
fact, this “refractory” IV-IV compound semiconductor
able to operate at elevated temperatures (ø600 instead
of 150±C, e.g., for silicon) [1]. In addition, due to ver
close lattice parameters, SiC is a most promising subs
for heteroepitaxial growth of group III nitrides. All thes
interesting features are driving forces in the recent
growing interest in SiC surfaces and interfaces [2–1
SiC is not a fully covalent semiconductor (unlike S
with a significant charge transfer from Si to C, and exi
in two different crystallographic structures, hexago
sad and cubicsbd. The latter one is generally grow
on a Si(100) wafer by chemical vapor deposition (CV
which provides single crystallineb-SiC(100) thin films
(few mm thick). However, in part due to the very larg
mismatch between SiC and Si lattice parameterssø20%d,
this approach generally results in rough surfaces
interfaces with a large density of defects [8]. Depend
on surface composition, the existence of various surf
reconstructions has been established with the3 3 2
corresponding to a Si-rich terminated surface [2–5]. T
b-SiC(100) surface structure has been studied using v
ous experimental techniques including primarily elect
diffraction [2–8]. As pointed out recently [3], scannin
tunneling microscopy (STM) did not so far resolveb-SiC
surface fine detail structures, likely due to difficu
ties encountered in surface preparation [3,8]. In fact
b-SiC(100)-(3 3 2) surface STM studies (filled electron
states only), no atom identification was achieved [7
with the smallest STM features assigned to two dimers
allel to rows at a2y3 silicon surface coverage [7]. In con
trast, medium energy ion scattering (MEIS) and reflect
high energy electron diffraction (RHEED) experimen
suggested a1y3 surface silicon coverage [5]. The accura
knowledge and control ofb-SiC(100) reconstructions, fo
0031-9007y96y77(10)y2013(4)$10.00
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which metal or insulator interface formation was late
shown to be very reconstruction specific [9], are m
datory in monitoring and understanding their propertie

In this Letter, we present an atom resolvedb-SiC(100)-
(3 3 2) STM investigation. High-quality and flat singl
domainb-SiC(100)-(3 3 2) surfaces having a low defec
density are grown by Si deposition with surplus silic
leading to the formation of large two-dimensional
islands exhibiting the3 3 2 reconstruction. We bring
the first identification of individual Si atoms and dime
shown to be asymmetric and all tilted in the same dir
tion, and forming rows perpendicular to the dimers. D
ferent types of defects are identified, including primar
missing dimers and paired dimers.

The experiments are performed at Laboratoire de P
tophysique Moléculaire, Université de Paris-Sud/Or
using an Omicron STM at a working pressure alwa
better than5 3 10211 torr. All STM topographs, which
were obtained by tunneling into filled and empty ele
tronic orbitals by changing the tip-to-sample bias pol
ity, are very reproducible and not tip dependent. We
single domain SiC thin films (1 mm thick) prepared a
LETI (CEA-Technologies Avancées) byC3H8 and SiH4
CVD growth on vicinal (4±) Si(100) wafers. Surface
contaminants (native oxide and carbon clusters) are
moved by thermal annealings which also results in se
tive Si surface depletion. The Si stoichiometry is resto
by room temperature Si deposition followed by therm
annealings at 1000±C. The surface quality is checke
by low energy electron diffraction (LEED) to give sha
3 3 2 patterns. The ability of this method to achieve ve
reproducible and cleanb-SiC(100)-(3 3 2) surfaces has
also been checked independently by specific valence b
and core level spectral features in photoemission s
troscopy using synchrotron radiation [4,9].

We first look at a large area of theb-SiC(100)-
(3 3 2) surface. Figure 1 displays an800 3 800 Å STM
© 1996 The American Physical Society 2013
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topograph (filled states) which shows a long range o
with a flat and well ordered surface having a lo
density of defects. Also of interest is the existence
a large terrace together with rectangular islands cove
part of the surface. All these features have the s
structure made of spot rows all in the same direct
This indicates that, when the3 3 2 reconstruction is
achieved, additional Si can still be epitaxially grow
which indicates that, here, the Si growth on the3 3 2
surface reconstruction is not self-limited [7,10]. T
height above the surface of both islands and ter
are the samesø2.5 Åd which suggests that islands a
terraces are correlated and belong to the same Si l
with relative island sizes depending on Si deposit
and thermal annealing sequences. Interestingly, the
rows keep the same orientation on terraces and isla
suggesting double atomic height steps (in agreement
the value measured at2.5 Å) as for the Si(100)-(2 3 1)
surface [11].

Additional insights aboutb-SiC(100)-(3 3 2) surface
structure can be found in Fig. 2 which displays a m
detailed 400 3 400 Å STM topograph (filled states
Figure 2 shows the best high surface quality at the ato
level [at a standard comparable to Si(100)-(2 3 1) [11–
13], with a low density of defects. In fact, one c
clearly see oval spot rows (see also Fig. 1) distant
ø8.5 Å while the oval spots are separated byø6 Å within
the row. These distances are very close to3 3 a and
2 3 a, respectively, in agreement with the observ
3 3 2 LEED pattern (“a” being the nonreconstructe
surface primitive unit cell parameter of3.08 Å). The
most frequent type of defect results from the missing
an oval (markA, Fig. 2) or more, leading sometimes
a complete missing row (as seen in Fig. 1). A sec
type of defect appears to be especially interesting:

FIG. 1. b-SiC(100)-(3 3 2) surface 800 Å 3 800 Å STM
topograph (filled states). The tip bias wasVt ­ 12.5 V with
a 0.2 nA tunneling current.
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corresponds to some ovals having a size larger t
average (markB). One should remark that the existen
of this particular type of defect corresponds to the orig
of oval row translation, giving an alternate type
ordering. Another type of defect (C, Fig. 2) corresponds
to oval spots laterally shifted in a direction perpendicu
to the row within the same row. A zoom image (
of Fig. 2 shows a detailed picture ofA and B defect
types: One can clearly see that defectB includes two
“components” corresponding to two oval spots that
closer (1 3 a instead of2 3 a). This aspect is even bes
evidenced by a height profile [(b) in Fig. 2] along th
xx0 axis crossing defectB.

In order to identify the origin of oval spots form
ing rows that are observed by tunneling into the fill
states (Figs. 1 and 2), we now look at a STM topogra
obtained by tunneling into the empty states. Figure
displays a200 3 200 Å topograph which shows empt
states (3y4 top of the picture) and filled states (1y4 bottom
of the picture) images. Interestingly, ovals (filled state
split into two clear spots when tunneling into the emp
states. Empty state topographs are known to be sens
to dangling bond orbitals associated with individual ato
[13]. This indicates that the spots observed here (em
states) correspond to Si atoms having dangling bonds

FIG. 2. b-SiC(100)-(3 3 2) surface 400 Å 3 400 Å STM
topograph (filled states). The differentA, B, and C types of
defects mentioned in the text are marked. The tip bias
Vt ­ 12.5 V with a 0.2 nA tunneling current. (a) Closeu
of an area having typeA (missing dimer) andB (dimer
pair) defects. (b) Atomic profile of dimers along thexx0 axis
showing the two components of a dimer pair.
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FIG. 3. b-SiC(100)-(3 3 2) surface 200 Å 3 200 Å STM
topograph obtained by tunneling into filled states (bottom)
empty states (top). The tip bias wasVt ­ 13.5 V with a
0.2 nA tunneling current. (a) Atomic profile of dimers alon
the yy0 axis showing the height difference between two
atoms belonging to the same dimer.

this view, the ovals (filled states) would then repres
Si-Si dimers oriented perpendicularly to the rows. W
also note a clear intensity difference between the
spots (empty states) related to a dimer (Fig. 3, top). F
ther confirmation of this crucial aspect is provided by
height profile along several dimers (yy0 axis) perpendic-
ular to dimer rows [Fig. 3(a)] which indicates best th
the two atoms of a dimer do not have the same hei
This very interesting feature shows that dimers are as
metric and all tilted in the same direction (i.e., not alt
nate). While recently proposed in a theoretical study
b-SiC(100)-(3 3 2) [14], this finding has so far not bee
evidenced experimentally.

The assignment of an oval shape to a Si-Si dim
perpendicular to the row can be further supported
looking at defectsB (Fig. 2), which mark the origin o
rows displaced bya. The presence of such defectsB can
be readily explained by the displacement of a Si-Si dim
over a distancea along the row. In fact, from Fig. 2(a
and the height profile along thexx0 axis [Fig. 2(b)],
defectB presents two distinct ovals, i.e., indeed compo
of two dimers that are closer and separated bya instead
of “2 3 a” in the normal row configuration. DefectsB
are labeled as “dimer pairs.”

Additional support of the oval shape assignment t
single Si-Si dimer can be found by exploring the effe
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at the atomic scale, of an oxygen exposure. Figur
displays STM topograph (filled states) of the sam
b-SiC(100)-(3 3 2) surface, respectively, for clea
(top) and exposed to a very small amount of oxyg
at 0.5 Langmuir (L) (bottom). At such a low oxyge
exposure, one can expect to have only very few individ
interactions between oxygen and silicon atoms. Th
are marked by arrows (Fig. 4), where it appears that
corresponding oval spots become separated into half-d
and half-light spots upon oxygen exposure. Although
exact assignment of the oxygen containing sites is
discussed here, this feature can be explained by oxy
interaction with a Si atom belonging to a dimer whic
further supports interpretation of the oval shape to
Si-Si dimer.

Our STM results show that, unlike general belief, hig
quality and flat cubic silicon carbide surfaces havi
a low density of defects can be prepared, despite
CVD growth method and large lattice parameter misma
(ø20%) between the epitaxial SiC film and the substra
(Si). This low defect density, which meets the standa
achieved for Si(100)-(2 3 1) surfaces [12,13], is likely to
result from the appropriate sequences of Si deposition
thermal annealing. Our results provide a model of t

FIG. 4. Cleanb-SiC(100)-(3 3 2) (top) and covered by 0.5 L
of O2 (bottom) surfaces100 Å 3 150 Å STM topograph
obtained by tunneling into the filled states. The tip bias w
Vt ­ 13.5 V with a 0.2 nA tunneling current. Arrows indicat
some STM characteristic changes afterO2 deposition.
2015
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FIG. 5. Schematic of the3 3 2 Si-Si dimer ordering on a
nonreconstructedb-SiC(100) surface. The surface primitiv
unit cell parameter isa ­ a0y

p
2, where a0 ­ 4.36 Å is the

b-SiC lattice constant. The dashed line represents the3 3 2
unit cell.

b-SiC(100)-(3 3 2) surface in which oval spots represe
individual Si-Si dimers oriented perpendicularly to t
rows and separated by2 3 a. These dimers are foun
to be asymmetric and all in the same direction (i.e.,
anticorrelated) (Fig. 5). This atomic configuration leav
a very open surface with dimers occupying, within a ro
one possible site out of two.

The defects that are most commonly observed re
from missing dimers (typeA in Fig. 2), while another
interesting type of defect (B in Fig. 2) is shown to cor-
respond to two Si-Si dimers distant by only1 3 a.
While defectsA, which could form a complete missin
dimer row (see Fig. 1), do not alter the atomic orderi
defectsB are at the origin of dimer row shifts (along th
row) by 1 3 a, giving an alternate dimer row arrang
ment (Figs. 2 and 3). The present model (Fig. 5) gi
a Si coverage of1y3, in contrast with conclusions draw
from the previous STM study [7], where a coverage
2y3 was inferred with pairs of Si dimers oriented paral
to the rows. Our model is based on the clear identifica
of individual Si atoms from the empty states topogra
(Fig. 3). In addition, defectsB are not consistent with
a model of dimers oriented along the rows as propo
elsewhere [2,7]. Instead, defectsB are easily explained
in terms of a pair of dimers separated by1 3 a (instead
of 2 3 a) as shown above. Therefore, our real-space
servation of Si coverage of1y3 is in excellent agreemen
with models based on diffusion or diffraction techniqu
as MEIS and RHEED [5].

Another interesting feature isC type defects (Fig. 2)
showing a lateral displacement (perpendicularly to
dimer row) of an oval spot. This suggests that cor
sponding dimers have a different tilt angle coming,
some cases, to an alternate asymmetric dimer config
tion. C type defects seem to influence the neighbor
atoms’ short range order. Finally, Si islands are also
special interest since they exhibit the same3 3 2 recon-
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struction as for ground surface with dimer rows keep
the same orientation. The presence of these Si isla
demonstrates that the surface is not Si saturated after c
pletion of the3 3 2 reconstruction.

In conclusion, we have investigatedb-SiC(100)-
(3 3 2) by atom resolved STM (filled and empty ele
tronic states) showing high-quality surfaces with a lo
defect density. Individual Si atoms and dimers a
identified with asymmetric dimer formation all tilted i
the same direction (i.e., not alternate tilting) and formi
rows perpendicular to the dimer leaving a very op
atomic surface arrangement. Three types of defects
identified, including missing dimers, dimer pairs, and a
some few dimers having different tilt angles. Addition
Si could be grown epitaxially with large islands havin
also the (3 3 2) reconstruction. This work brings nove
and deep insights into the knowledge of technologica
important silicon carbide atomic surface structure.
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