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STM study of C2H2 adsorption on Si„001…
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~Received 11 November 1996; revised manuscript received 24 March 1997!

We present here a scanning tunneling microscope study of the initial bonding structure and subsequent
reaction mechanism of C2H2 with the Si~001! surface. Upon exposure of the sample at room temperature to 0.2
L of C2H2 ~approximately 20% coverage! adsorption of the molecule on alternate dimer pairs is observed,
leading to either a local 232 or c(234) structure. In the filled-state image, a local minimum is observed in
the center of the reacted dimer pairs, while the unreacted dimer pairs maintain the normal bean-shaped contour
of the clean surface. The molecule forms an overlayer with either local 232 or c(432) order, leading to a
saturation coverage of 0.5 monolayers. Upon annealing the substrate at 775 K the surface becomes disordered
and the steps are no longer visible. After further annealing at 875 K, SiC clusters are formed and the 231
structure is again seen between the clusters. For a starting coverage of 20%, annealing to higher temperatures
around 1100 K leads to pinning of the step movement by the SiC clusters. For a starting coverage of 0.5
monolayer, annealing at 1100 K results in faceting of the surface. Further annealing at 1275 K creates
anisotropic facets that are oriented along the@1̄10# direction with a typical aspect ratio of approximately 4 to
5. These facets act as nucleation sites for subsequent carbonization and SiC growth.@S0163-1829~97!05032-7#
e
r

s
os
uc
ng
nt
h

pl
es
d
on
gh

hi
ee
t

ia

e
om

ea

e
th
er

or

er
if-
to
oxi-
re

The
-
the
d us-

ter

c-

hat
res,
m
ec-
the
pond
f
ight
e the
er
the
cted

ites.
ses
I. INTRODUCTION

SiC has recently attracted increasing attention becaus
its potential applications for high-power, high-temperatu
electronic devices,1 short-wavelength light-emitting diode
~LED’s!,2 and as a substrate for the growth of nitrides, m
notably GaN. SiC exists in 250 different polytypes, the str
ture of which is determined by the Si/C layer stacki
sequence.3 Each of these polytypes has slightly differe
electronic properties. Thus a polytype can be chosen that
the best properties for the desired application. For exam
the most common polytype 6 hexagonal–SiC is of inter
for short-wavelength~blue! LED’s because of its wide ban
gap. Another polytype that has potential device applicati
is cubic silicon carbide 3 cubic–SiC. Because of its hi
breakdown field, relatively wide band gap~compared to Si!,
and excellent thermal conductivity, it is a candidate as
material for high-temperature, high-power electronics. T
increased interest in SiC for device applications has b
stimulated by recent progress in single-crystal SiC grow
techniques.2 However, the cost of single-crystal SiC mater
remains very high.4

For this reason, heteroepitaxial growth of 3C-SiC on Si
surfaces has been studied by many different groups.5–7 Thin-
film growth typically begins with carbonization of th
Si~001! surface using various carbon sources ranging fr
small hydrocarbons, typically either C2H2 or C2H4, to carbon
particles obtained from the evaporation of graphite.8 There
have also been a number of studies of the fundamental r
tion mechanism of these molecules with the Si~001!
surface.9–11 However, in the case of C2H2, the exact nature
of the initial bonding geometry of the molecule with th
Si~001! surface is still a matter of discussion, as well as
detailed structure of the overlayer. In addition, to date th
is no scanning tunneling microscope~STM! study of the fun-
damental reaction mechanism and the initial growth m
phology of the SiC layer.
560163-1829/97/56~8!/4648~8!/$10.00
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II. EXPERIMENTAL DETAILS

The experiments were carried out in an UHV chamb
containing a STM equipped with a low-energy electron d
fraction ~LEED! and field-ion microscope that is used
monitor and fabricate the tip. The base pressure was appr
mately 5310211 torr. The details of the chamber design a
described elsewhere.12 The silicon samplep-type @Si~001!#
was annealed to 1200 °C to prepare clean substrates.
acetelyne~99.8% purity! was used without further purifica
tion. The chemical was dosed onto the sample from
chamber background pressure. The dosage was estimate
ing the uncorrected ion gauge reading.

III. RESULTS AND DISCUSSION

A. Adsorption at 300 K

Figure 1~a! shows a filled-state image of the surface af
adsorption of 0.2 L of C2H2 at 300 K. Most of the surface
dimers display the normal ‘‘bean’’ shape, which is chara
teristic of clean, unreacted dimers on Si~001! in the filled-
state image.13 On the other hand, there are also features t
are imaged as dark spots in the dimer rows. These featu
unlike the clean dimers, have an additional local minimu
that is seen in the center of the dimer row. Since this s
ondary minimum is not seen in the filled-state image for
clean surface, we conclude that the depressions corres
to reacted dimer sites. Figure 1~b! shows a smaller area o
the surface with a line plot that shows the apparent he
difference between the reacted and unreacted sites. Her
relative height variation parallel to the direction of the dim
row is shown. As can be seen from the scale in the figure,
apparent height difference between the reacted and unrea
sites is approximately 0.760.1 Å. This is about half the
height of a single step on the Si~001! surface.14 Figure 1~c!
illustrates the secondary minimum seen in the reacted s
The line plot is perpendicular to the dimer row and cros
4648 © 1997 The American Physical Society
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56 4649STM STUDY OF C2H2 ADSORPTION ON Si~001!
FIG. 1. ~a! Filled-state image of the Si~100! surface after exposure to 0.2 L of C2H2. Reacted dimers are imaged as depressions in
dimer row. The sample bias is22.0 V. The image size is 3003300 Å2. ~b! Close-up image taken from~a!. The line plot shows the apparen
height difference across two reacted dimers and two unreacted dimers parallel to the dimer row. The image size is 1503150 Å2. ~c!
Close-up image taken from~a!. The line plot shows the apparent height difference across three reacted dimers, showing the se
minimum at the center of the reacted dimer. Note that this minimum is not observed on clean, unreacted dimers. The image si
3150 Å2.
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4650 56LI, TINDALL, TAKAOKA, HASEGAWA, AND SAKURAI
three reacted sites that are adjacent to one another in d
ent dimer rows. As one moves fromA to A8 a relatively deep
minimum is encountered. This deep minimum is located
tween the dimer rows. Next, two maxima separated b
shallower minimum are seen. This is again followed by
deeper minimum that is located between the dimer rows.
now proceed with a summary of previous work that has b
done on this system and a discussion of the origin of
secondary minimum in the image in terms of the bond
geometry of the molecule.

In previous studies, an initial bonding geometry in whi
the molecule bonds nondissociatively and symmetrically
the dimer pair with the C-C bond parallel to the surface
shown in Fig. 2 has been proposed.9,11,15,16The primary ex-
perimental evidence for molecular adsorption is provided
the high-resolution electron-energy-loss spectrosc
~HREELS! vibrational spectrum. However, the data are op
to interpretation and there is some disagreement on the
rect peak assignments. Because of this, some controv
remains over the exact nature of the initial bonding geo
etry. It is generally agreed that the primary adsorption pa
way for C2H2 is nondissociative adsorption. Moreover, bo
theoretical and experimental studies indicate that the m
ecule bonds across the Si-Si dimer with the C-C bond pa
lel to the surface. However, a point of contention rema
over whether or not the underlying Si-Si dimer bond clea
upon adsorption. Both the experimental studies as well as
theoretical calculations are divided on this issue. Of parti
lar relevance to our discussion is the calculation of Imam

FIG. 2. Model for the initial adsorption geometry of C2H2 on
Si~100! proposed in previous studies:~a! the dimerized model in
which there is no cleavage of the Si-Si dimer bond and~b! the
dimer cleaved model.
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et al. They have calculated the charge density of C2H2

bonded to the Si(001)231 surface.15 In both configurations,
i.e., with and without Si-Si dimer bond cleavage, the cha
density exhibits a minimum between the two hydrogen
oms. Thus, as the STM tip passes over a reacted dimer
in order to maintain a constant tunneling current, it will ha
to move closer to the surface causing the center of the di
to appear lower. As discussed above, Fig. 1~c! shows a
smaller scale image of the surface in which the second
minimum on the reacted sites is clearly visible. The line p
shows the apparent height difference as one moves per
dicularly across three reacted dimers. In each case, a dis
doubly peaked structure is seen. Thus the existence of
minimum in the center of the dimer row in the filled-sta
image clearly identifies this as a reacted dimer. Furtherm
this image is consistent with the basic features of the pre
ously proposed adsorption geometry, that is to say, the m
ecule bonds across the silicon dimer, with no adsorption
ing observed between the dimer rows. The apparent dept
the central minimum observed in the reacted dimers is
60.1 Å. This can be compared with the calculated variat
in the charge density of the reacted dimers. For the dimeri
model ~i.e., the underlying Si-Si dimer bond is still intac!
the depth of this minimum is approximately 0.5 Å. In th
case of the dimer-cleaved configuration it is about 1.1 Å15

This would seem to favor the dimerized configuration ov
the dimer cleaved arrangement.

A second relevant point concerns the calculated cha
density distribution of the dimer-cleaved configuration. W
the C2H2 bonded in this way, there are two lobes arisi
from dangling-bond states, which extend between the fi
layer Si atoms in adjacent dimer rows. These dangling-b
states are absent in the dimerized geometry.15 Thus the exis-
tence or lack of these dangling-bond states gives informa
on whether or not the Si-Si dimer bond is cleaved. We c
determine from our STM images whether or not the
dangling-bond states are present by measuring the dep
the minimum between the dimer rows. The depth of t
minimum between dimer rows on clean Si~001! was mea-
sured by Hamers and co-workers.13,17 They concluded that a
depth of approximately 0.5 Å was most consistent with th
STM images. We obtained a somewhat larger value from
images: 0.760.1 Å. The discrepancy may be due to th
fact that we are measuring the value directly from the ST
image, whereas Hamers and co-workers calculated the
rugation profile that fit best overall to their STM imag
From our STM image the apparent depth of the minimu
between reacted dimers on adjacent dimer rows is
60.1 Å. The anticipated depth of the minimum between t
reacted dimers for the dimer-cleaved geometry is appro
mately 0.4 Å. That of the dimerized configuration is mu
deeper. No depth can be estimated from the calculation s
the line indicating the smallest calculated value of const
charge density does not extend across the dimer row. Th
fore, for the dimerized geometry, the depth of the minimu
between reacted dimer sites should be larger than 0.4 Å,
less than or equal to 0.7 Å. Our measured value is less
that of the clean surface. However, it still falls within th
experimental error of the clean surface measurement. Th
fore, the STM image does not provide any indication th
there are dangling-bond states present at the reacted d
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56 4651STM STUDY OF C2H2 ADSORPTION ON Si~001!
sites. To summarize, because of the agreement in the m
sured depth of the central minimum with the calculated va
and the absence of Si dangling-bond states on the rea
dimers, the STM data are more consistent with the dimeri
model than with the dimer-cleaved model.

Figure 3 is an image of the surface obtained after ex
sure to 2 L of C2H2 at 300 K. Because of its twop bonds,
this molecule is very reactive towards Si~001!. A 2-L expo-
sure saturates the surface with C2H2. Exposures of up to 100
L failed to produce any increase in the surface coverage
yond that seen at 2 L of exposure. From this image, it can b
seen that the C2H2 adsorbs on alternate dimers. Thus t
C2H2 overlayer exhibits a either local 232 or c(234) struc-
ture, depending on whether the C2H2 adsorbed on adjacen
rows is in phase or out of phase. Thus the saturation co
age is 0.5 monolayer. This result contrasts with a previ
temperature-programmed desorption~TPD! study in which
the saturation coverage was determined to be approxima
0.83 monolayer. The authors of that study concluded
C2H2 molecules adsorb on every Si dimer pair and that sa
ration coverage was thus one monolayer, i.e., one C atom
every Si atom. They attributed the discrepancy between
coverage and their measured value for the actual coverag
a high density of defects at which they anticipated no C2H2
adsorption.10

Previous LEED studies have indicated that the 231 pat-
tern of the clean reconstructed surface is retained after
sorption of the C2H2. However, an apparent 231 LEED
pattern could still be consistent with a 232 overlayer if the
scattering cross section of the C2H2 is relatively small. If this
were the case, one would expect the incoming electron
still ‘‘see’’ the Si~001!231 surface and thus the original
31 pattern would still be visible. Moreover, the existence
the 232 overlayer would not create any additional spots
the LEED pattern. Therefore, in the absence of a deta

FIG. 3. Filled-state image of the Si~100! surface after exposure
to 2 L of C2H2. This exposure resulted in saturation coverage a
produced an ordered 232 overlayer. The image size is 30
3300 Å2. The sample bias is22.4 V.
a-
e
ted
d

-

e-

r-
s

ly
at
-

or
ll
to

d-

to

f

d

study of spot intensities, differentiation between a 232
overlayer structure and a 231 structure would be difficult.
In addition, because the domain size of the overlayer is fa
small, i.e., less than the typical 100 Å coherence length
the LEED electrons, the existence of the overlayer sho
lead to an increase in the background scattering, which
observed.11

The lack of adsorption on nearest-neighbor sites is sho
clearly in the plot of site occupation probability for variou
neighboring sites for a 0.2-L dose shown in Fig. 4. For
ideal p(232) structure, sites 2, 2A, 4, 7, and 9 should
occupied with a probability of one. The other sites should
unoccupied. For a perfectc(432) structure sites 2, 3, 6, 7
and 9 should be occupied, while the rest are unoccupied.
graph shows that only a very small number of neare
neighbor sites are occupied. The lack of adsorption
nearest-neighbor sites implies some sort of repulsive inte

d

FIG. 4. Plot of the site occupation probability for the neare
neighbor to the ninth nearest neighbor. The plot was obtained f
STM images of the Si~100! after exposure to 0.2 L of C2H2 at 300
K. Reacted sites were chosen and the occupation of neighbo
sites was then tabulated.
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4652 56LI, TINDALL, TAKAOKA, HASEGAWA, AND SAKURAI
tion between the C2H2 molecules. In the following paragrap
we discuss a possible mechanism for this interaction.

The adsorption kinetics of C2H2 on Si~001! suggest that
the adsorption takes place via a mobile precur
mechanism.10 The electron-structure calculation done
Imamuraet al. also shows that the C-H bonds in the a
sorbed complex are quite polar. Although the gas-ph
C2H2 molecule is symmetric and thus has no permanent
pole moment, the electronegativity of C in acetylene is re
tively high because of the large percentage ofs character of
the molecular orbitals.18 Therefore, the C-H bonds in gas
phase acetylene are also quite polar. Thus the C2H2 molecule
that is in the process of adsorbing could interact with o
that is already adsorbed in a way that prevents it from
sorbing on nearest-neighbor sites. In addition, if upon en
ing the precursor state the molecule deforms slightly t
should enhance the strength of the interaction by giving
adsorbing C2H2 a macroscopic dipole moment. Finally, a r
cent STM study of C2H2 adsorption on Si~001! has shown
that ethylene also adsorbs on alternate dimers.19 A dipole
interaction could also be the cause of the ordering of t
molecule on Si~001!.

B. Surface reaction mechanism

In order to study the surface reaction mechanism,
started by annealing a Si~001! surface that had been expos
to 0.2 L of C2H2 at 300 K. Annealing this surface to 575
for 5 min resulted in very little change of the surface mo
phology. Only a slight amount of disordering was note
However, as seen in Fig. 5, annealing at 775 K for 5 m
resulted in a very disordered surface. Large area sc
~112531125 Å2! did not show any well-defined step stru
ture. There is a strong Si-H stretching mode visible at 2
meV in the HREELS spectrum after annealing the C2H2 ex-
posed surface at this temperature.9,11 The C-H stretching

FIG. 5. Filled-state image of the Si~100! surface after exposure
to 0.2 L of C2H2 at 300 K and subsequent annealing at 775 K fo
min. The image size is 2253225 Å2. The sample bias is21.8 V.
r

e
i-
-

e
-
r-
s
e

at

e

-
.
n
ns

5

mode at 373 meV is also seen in the vibrational spectru
Thus there is C-H present on the surface as well. At t
temperature the 86-meV peak due to C-C stretching bro
ened and developed a long tail. This most likely indicated
formation of additional Si-C bonds on the surface since
100-meV loss peak is characteristic of the Si-C stretch
mode.11 In summary, at this point in the reaction, there
some dehydrogenation of the C2H2 to produce Si-H while the
number of Si-C bonds is increasing. Thus we conclude t
the surface atoms have become mobile enough to begi
form small clusters of Si, C, and H.

Despite the lack of order seen after annealing at 775
further annealing for 5 min at 950 K resulted in the form
tion of small clusters on the surface, and clean silicon w
again visible between the clusters. In general the clus
tend to nucleate at step edges on terraces with the dimer
perpendicular to the step edge, i.e., type ‘‘B’’ steps. More-
over, areas of silicon depletion immediately surrounding
clusters were visible in the images, as shown in Fig. 6. T
depletion of silicon next to the cluster is seen from the f
that in this image, five layers of silicon have become visib
Furthermore, the silicon immediately surrounding the clus
is relatively defect free compared with the rest of the surfa
This suggests that the layers of silicon that previously c
ered these layers have been removed and incorporated
the cluster. Another point of interest in this image is the ve
high missing dimer defect density that is seen in the silic
surface relatively far from the cluster. The missing dim
defects primarily consist of a single missing dimer pa
However, upon closer examination of the areas of high
fect density, in addition to the missing dimer defects that
imaged as dark spots, there are also bright spots visible in
dimer rows. Taken together with the missing dimer defec
the bright and dark features form a very well-orderedc(4

FIG. 6. Filled-state image of the Si~100! surface after exposure
to 0.2 L of C2H2 at 300 K and subsequent annealing at 950 K fo
min. Annealing at this temperature resulted in the formation of S
islands, one of which is shown here. The image size is 3
3300 Å2. The sample bias is22.0 V.
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56 4653STM STUDY OF C2H2 ADSORPTION ON Si~001!
34) structure. This is know to be a metastable phase of
Si~001! surface and can be formed in a number of differe
ways: by exposure to hydrogen or ethylene or simply
annealing within the appropriate temperature range.20,21 The
bright spots in the image are Si ad-dimers, which are kn
to be present in thec(434) phase.

Annealing again at 1275 K for 5 min resulted in more st
movement, with the step movement being pinned by
clusters formed on the surface. The predominant shape o
clusters was rectangular. Figure 7 shows a typical imag
the surface after annealing at this temperature. Reactin
small amount of C2H2 with the surface leads to SiC cluste
rather than the more dramatic faceting that is obtained w
one starts with higher coverages.

Figure 8 shows an image of the Si~001! surface that was
first exposed to 2 L of C2H2- ~saturation dose! at 300 K and
subsequently annealed at 1275 K for 1 min. The intermed
steps of the reaction obtained by annealing below 900 K
very similar to those obtained at lower coverages. Howe
at high temperatures, formation of SiC beginning with sa
ration coverage of C2H2 results in pronounced faceting of th
surface rather than simply the formation of discrete SiC
lands that are formed if one starts with lower coverages
one starts with saturation coverage, the step structure o
original surface is obliterated by the faceting induced by
SiC growth. A substantial amount of mass movement
taken place during the creation of the facets. The facetin
strongly anisotropic, producing rectangularly shaped surf
structures with an approximate aspect ratio~ratio of the
length to the width! of about 4:1. The axes of the facets a
oriented in the@1̄10# and@110# directions. The vast majority
of the facets are oriented with their major axes parallel
each other in the@1̄10# direction, but there are also smalle
facets visible in the image that have their major axes orien

FIG. 7. Filled-state image of the Si~100! surface after exposure
to 0.2 L of C2H2 at 300 K and subsequent annealing at 1275 K
5 min. The SiC islands formed act as pinning centers, restricting
step movement. The image size is 7503750 Å2. The sample bias is
22.5 V.
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perpendicular to that of the larger facets. The angle of
facets was measured using the apparent height differe
from the base to the top of the facets. The angle was so
what dependent on the size of the facet, with the larger fa
having a steeper slope. The angle of the facets varied f
approximately 10.4° to 24.5° away from the@001# direction
towards @111#. The smallest facets had angles of appro
mately 10°–11°, suggesting an approximately@118# orienta-
tion. The medium size facets have angles of 14°–16°, in
cating an orientation of@116# to @115#. The angle of the large
facets was measured to be between 18.5° and 19.5°, sug
ing that these expose the@114# faces.23 Finally, annealing at
temperatures above 1325 K destroys the facets and a
results in a disordered surface.

The origin of the faceting of the Si~100! surface upon
reaction with carbon to form SiC was discussed by K
tabatake, Deguchi, and Hirao. The model they propose
shown in Fig. 9. Their quasidynamic calculation qualitative
describes the structures that form after this reaction ta
place.5 Their model initially begins with a 131 silicon sur-

r
e

FIG. 8. Filled-state image of the Si~100! surface after exposure
to 2 L ~saturation coverage! of C2H2 at 300 K and subsequen
annealing at 1275 K for 5 min. Well-defined facets are formed
the surface that act as nucleation sites for further SiC growth.
image size is 112531125 Å2. The sample bias is22.5 V.

FIG. 9. Schematic of the SiC on Si growth model proposed
Ref. 5.
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face on top of which are placed oneC atom for every Si
atom. As the temperature is increased, shrinkage oc
along the@11̄0# direction due to the large lattice mismatc
~20%! between SiC and Si. In addition, there is a significa
amount of C penetration into the Si lattice. As can be see
the figure, the shrinkage of the SiC lattice in the@11̄0# direc-
tion produces facets similar to those seen in the STM ima
However, this model only describes qualitatively how t
faceting developed, thus no comparison with our meas
ment is possible. Our measurement of the angle of facet
a function of the facet size provides quantitative informat
of how the facets evolve, which can be used to guide fut
theoretical work.

Since, as discussed in the Introduction, there is a g
deal of technological interest in growing SiC thin films o
silicon substrates, the next logical step in our study is
grow a thicker layer of SiC on the surface and follow t
evolution of the surface morphology. For the purpose
growth of a thicker layer, repeated cycles of the followi
procedure were used. First the clean surface was satu
with C2H2 and annealed in order to obtain the faceted surf
shown in Fig. 8. This faceted surface was then dosed wi
relatively large dose~20 L! of C2H2. This was followed by
annealing the dosed, faceted surface at 1275 K in a Si
for several minutes. The silicon flux was obtained by eva
rating silicon from a thin slab of silicon placed near t
sample. Following the silicon flux annealing step, the sam
was further annealed at 1330 K for one more minute with
the Si flux to evaporate excess silicon from the surface.
resulting surface is shown in Fig. 10. The further growth a
ordering of the SiC facets is evident. At this stage, it w
possible to image the top of the facets with atomic reso
tion. They exhibited 233 reconstruction, which is a typica
surface phase of the silicon-rich, 3C-SiC~001! surface.22

IV. CONCLUSIONS

We have presented here a STM study of the initial bo
ing structures and subsequent reaction mechanism of C2H2
with the Si~001! surface. Our STM images are consiste
with the initial bonding geometry proposed in previous stu
ies, specifically that the C2H2 molecule bonds across the sil
con dimer, with no adsorption taking place inbetween
dimer rows. Furthermore, the STM data provide evidence
help resolve the issue of whether or not the underlying S
dimer bond is cleaved. Our STM data are consistent with
dimerized model in which the Si-Si dimer bond remains
tact. The overall structure of the adsorbate overlayer is
cally 232 or c(432) rather than 231 as proposed in pre
vious studies. Thus saturation coverage of C2H2 on this
surface is 0.5 monolayer rather than 1 monolayer as pr
rs
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ously suggested. Since C2H2 adsorption on this surface i
known to take place via a mobile precursor mechanism
possible cause for the formation of the 232 @c(432)# over-
layer is a dipole-dipole interaction between the molecu
during adsorption. The morphology obtained during t
course of the reaction of the surface with C2H2 has been
investigated. Annealing submonolayer coverages of the m
ecule first results in a disordered phase. This is followed
the creation of SiC clusters with a restoration of t
Si(001)231 structure next to the clusters. The metasta
c(434) Si~001! structure is formed between the clusters.
higher temperatures the SiC clusters pin the step movem
Annealing the saturated surface results in the formation
oriented, rectangular facets on the surface with an as
ratio ~length to width! of approximately 4. These facets a
as nucleation sites for further SiC growth. Subsequent
growth using repeated cycles of adsorption followed by
nealing in a silicon flux resulted in the growth of larger S
crystals that exhibited the 233 surface reconstruction typi
cal of the 3C-SiC polytype.

FIG. 10. Filled-state image of the Si~100! surface after severa
cycles exposure to 20 L of C2H2 at 300 K and subsequent annealin
at 1275 K for 3 min in a silicon flux. The silicon flux was the
turned off and the sample was annealed for one more minut
1330 K. The image shows the additional growth of SiC in we
defined crystallites. Atomically resolved images of the top of t
crystallites show that the surface has the 233 structure that is char-
acteristic of the 3C-SiC~0001! surface. The image size is 112
31125 Å2. The sample bias is22.5 V.
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