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Abstract

We have investigated the electronic structure of the single-domain 3C–SiC(001)2×1 using angle-resolved
photoemission and synchrotron radiation. Two different surface-state bands are clearly identified within the bulk
bandgap. The upper band has a binding energy of 1.4 eV at the center of the surface Brillouin zone and shows a
weak dispersion of 0.3 eV in the C9 –J: direction, but is non-dispersive in the perpendicular direction. It has a polarization
dependence suggesting a p

z
character, as expected for a Si dangling-bond state. The second band is located at 2.4 eV

binding energy and is non-dispersive. The Fermi level position was determined to be at 1.7 eV above the valence-
band maximum in our experiment. The weak or non-existent dispersions suggest highly localized electronic states at
the surface, which are consistent with the polarized nature of the SiMC bond. The measured dispersions were
compared to calculated dispersions for the proposed models for both 2×1 and the c(4×2) reconstructions, because
of the expected close similarity between the 2×1 and the c(4×2) structures. Our results are in poor agreement with
calculated dispersions for the simple 2×1 model with one monolayer Si termination and the alternating up-and-
down-dimer (AUDD) model for c(4×2). The theoretical dispersions for the recently proposed missing-row-
asymmetric-dimer (MRAD) model for c(4×2) shows somewhat better agreement, although still with significant
deviations. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction character is interesting and the polar character of
this group IV–IV semiconductor leads to exciting

SiC surfaces have in recent years attracted an differences in surface properties compared to the
increasing interest in surface science and solid- more intensively studied elemental group IV semi-
state research [1,2]. Part of this interest is because conductors Si and Ge.
of exciting applications of SiC for high temper- Of the many SiC polytypes and surfaces, the
ature, high power and high frequency devices, and cubic 3C–SiC(001) (b-SiC(001)) surface is one of
as substrates for GaN photodiodes. From the the most interesting. High quality films can now
fundamental physics point of view, the polytypical be grown on Si substrates [3] by chemical vapour

deposition (CVD) techniques. Several surface
reconstructions have been observed on this surface,* Corresponding author. Fax: +49-231-7553657.
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tion [4]. On the most Si-rich surfaces a 3×2 found dispersionless surface states [14,15], in clear
disagreement with the calculated surface-statereconstruction appears, as well as higher order
dispersions.n×2 periodicities [5]. The 2×1 and c(4×2) recon-

Recently, Soukiassian et al. [16 ] proposed astructions appear on less Si-rich (but still
new model for the c(4×2) reconstruction, basedSi-terminated) surfaces. On C-rich surfaces the
on STM results. In their AUDD model, the Sic(2×2) and 1×1 reconstructions appear.
dimers in the Si top layer are slightly displacedEarly low-energy electron diffraction (LEED)
vertically, resulting in a c(4×2) periodicity. Onand Auger electron spectroscopy (AES) studies of
the same surface, 2×1 domains were found inthe 2×1 and c(4×2) reconstructions by Kaplan
defect-rich regions and the 2×1 reconstruction[4] indicate that the surfaces are terminated with
was described as a ‘failed’ c(4×2) structure, drivena full Si monolayer. It was suggested [4] that the
by defects. Later STM studies from the samesurface structures were similar to the correspond-
group [17] showed a reversible c(4×2)–2×1ing reconstructions on the Si(001) and Ge(001)
phase transition upon annealing, which wassurfaces. It is well known that on those surfaces,
accompanied by a semiconducting–metallic trans-the 2×1 and c(4×2) reconstructions consist of
ition in the surface electronic structure.rows of asymmetric (buckled) Si or Ge dimers

Recent theoretical studies have tried to resolverespectively. At low temperatures the buckling
these obvious discrepancies between experimentdirections of the dimers become ordered so that
and theory. Catellani et al. [18] found that a tensileneighbouring dimers are buckled in opposite direc-
stress in the surface changed the structure fromtions, leading to a c(4×2) periodicity. At room
weakly dimerized 2×1 to a c(4×2) AUDD struc-temperature, the thermal excitations lead to a
ture. It was suggested that the growth of thin 3C–destruction of the buckling order and the periodic-
SiC(001) films by CVD techniques on an Si(001)ity is reduced to 2×1. Several subsequent studies
substrate may lead to such stress. Lu et al. [19]supported [6–8] or assumed [9] this structure also
suggested a new model with an additional 0.5 ML

for the 2×1 and c(4×2) reconstructions on Si on the top Si monolayer. This extra 0.5 ML of
SiC(001). Hara et al. [6 ] confirmed the 1 ML Si Si adatoms is arranged into a missing-row asym-
termination of c(4×2) and 2×1 using medium- metric-dimer (MRAD) c(4×2) reconstruction. Of
energy ion scattering (MEIS). the several investigated models with different Si

Shek [10] found a stable c(4×2) structure coverages, the MRAD model had the lowest total-
where the LEED pattern showed weak additional energy, whereas the AUDD model was unstable
spots, denoted c(4×2)1. However, the Si 2p core- and had the highest energy.
level spectra in that study were difficult to reconcile Here we present a detailed high-resolution
with a one-monolayer asymmetric Si-dimer struc- angle-resolved photoemission investigation of the
ture. Additionally, the 2×1 surface was described 3C–SiC(001)2×1 surface employing synchrotron
as a defective c(4×2)1 structure with incomplete radiation. Compared with theoretical results, ours
Si coverage. disagree with the calculated band structures for

Initial theoretical studies [8] of the 3C– the 1-ML 2×1 dimer model [11,12]. Based on the
SiC(001)2×1 surface supported the buckled dimer expected similarity between the 2×1 and c(4×2)
model, in agreement with early experimental reconstructions, we have also compared our results
results [4–6 ]. However, later ab initio theoretical to calculations for the latter. For the recently
calculations [11–13] have consistently found a very proposed MRAD model we find a somewhat better
weak or no dimerization and buckling for a 1 ML agreement, particularly in the C9 –J: direction.
Si coverage (called the 1-ML 2×1 dimer model
below). In the calculated electronic structure, the
topmost filled band displayed a significant disper- 2. Experiment
sion of almost 1 eV in the C9 –J: ∞ direction [11,12].
On the other hand, recent angle-resolved photo- High-resolution photoemission measurements

were performed on the spherical grating beamlineemission (ARUPS) results from the 2×1 surface
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(BL-33) at the MAX-Lab synchrotron radiation position (EF) was determined from a clean Ta
surface which was in good electrical contact withfacility in Lund, Sweden [20]. The beamline was

equipped with an angle-resolved photoelectron the sample. During the measurements, the sample
was repeatedly annealed at 900°C to get rid ofspectrometer (ARUPS-10, VG Microtech). At the

photon energies used in this experiment (14– possible gas contamination. Comparison of spectra
from freshly prepared surfaces and annealed sur-40 eV ) the total-energy resolution was chosen to

be 150 meV. In order to improve the count rate, faces showed that this treatment had no influence
on the surface order or stoichiometry. If notthe analyser acceptance angle was set to ±2°. The

base pressure in the analysis chamber system was specified differently, the ARUPS spectra shown
below were taken in the following geometry (called~7.0×10−11 mbar. The samples were 3C–

SiC(001) films, ~3 mm thick grown by CVD on a A+). In this geometry the incidence angle of the
light (hi) was 45° and photolectrons were collectedmisoriented Si(001) substrate [5] and unintention-

ally n-doped by nitrogen impurities in the CVD in the plane defined by the surface normal and the
direction of the incident light. The vector A of theprocess [21,22]. Before insertion into UHV, the

samples were rinsed with hydrofluoric acid. Then, incoming linearly polarized synchrotron radiation
lay parallel to the plane of emission. For thein vacuo, the samples were outgassed at about

600°C and cleaned by resistive heating at 900°C. identification of the symmetries of the surface state
wave functions, the A± geometry was additionallyWe determined the surface structure with LEED.

A single domain 3×2 diffraction pattern was visi- used. In this case the incidence angle was hi=15°
and the emission plane was kept perpendicular toble after these preparation steps. This Si-rich sur-

face was then transformed into the single-domain the plane mentioned above. Thus the A vector had
a dominant component perpendicular to the emis-(2×1) reconstruction by annealing at 1050°C. For

further cleaning, the samples were heated to sion plane in the A± geometry.
1050°C in an Si-flux. The absence of oxygen in the
photoelectron spectra was taken as a sensitive
indicator of a clean surface. Depending on total 3. Results
Si exposure and heating time, the samples showed
sharp single domain (3×2) and (2×1) diffraction Normal emission ARUPS spectra from the 2×1

reconstructed surface, recorded with variouspatterns.
ARUPS spectra were measured along the high- photon energies, are presented in Fig. 2. Several

features appear in the spectra, and lines connectsymmetry directions of the (2×1) surface Brillouin
zone (SBZ) as shown in Fig. 1. The Fermi level features of similar origins. Two different dispersing

spectral features with low binding energy, denoted
B1 and B2, can be easily identified. Their initial
energy changes as a function of k

)
(the wave

vector component normal to the surface).
Therefore, they are identified as being due to bulk
transitions. A detailed investigation of the experi-
mental bulk electronic structure will be published
elsewhere [23]. In contrast to these bulk structures,
surface related features should have no dispersion
as the photon energy is varied in normal emission,
since k

)
is not a good quantum number for the

two dimensional electronic states localized on
the surface layers. At 1.4 eV binding energy, a
dispersionless feature labelled S1 is observed. Based
on its constant binding energy for different photonFig. 1. The surface Brillouin zone (SBZ) for the 3C–

SiC(001)2×1 surface. energies, S1 is identified as a surface state.
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Fig. 2. Normal emission ARUPS spectra for various photon
Fig. 3. ARUPS spectra taken with linearly polarized synchro-

energies recorded from the 3C–SiC(001)2×1 surface. The dis-
tron radiation (hn=17 eV ) along the [1:10] direction, i.e. the C9 –persions of two bulk valence bands are emphasized by solid
J: ∞ direction in the SBZ of the 3C–SiC(001)2×1 surface (see

lines. The position of the bulk valence-band maximum (VBM)
the SBZ in Fig. 1). The positions of the peaks are indicated

as determined from the spectra is indicated. A surface state S1 with tick marks or lines.
is identified within the band gap.

SiC(001) surface, different EF pinning positions at
the surface have been measured. A recent ARUPSAdditionally, we found that S1 was sensitive to

surface contamination which confirms the surface study of the 3×2 surface gave a value of 2.1 eV
below EF for the VBM [24], based on the positionnature of S1.

It can be seen that the B1structure for increasing of the B1 bulk peak. Disregarding this energy
difference, the dispersion of B1 is in goodphoton energy disperses up to a maximum energy

of 1.7 eV below EF and then shifts downwards in agreement with their measured lowest bulk band
feature. A logical consequence of our results isenergy. Therefore, we can accurately determine the

position of the valence band maximum (VBM) at that the surface state S1 at a binding energy of
1.4 eV is located inside the fundamental bulkC9 to be 1.7 eV below the Fermi level position as

indicated in Fig. 2. Throughout this experiment band gap.
Detailed ARUPS spectra recorded with 17 eVwe found no shift in the Fermi level position for

the 2×1 surface. Considering that we had an and 21.2 eV photon energy in the [1:10] direction,
i.e. the C9 –J: ∞ line in the SBZ (see Fig. 1), are shownn-doped sample, we expected the bulk EF position

to be somewhere between 1.7 eV above the VBM in Figs. 3 and 4 respectively. Peak positions are
indicated with tick marks. In Fig. 3 the structureand the top of the bulk bandgap at 2.4 eV above

the VBM. Thus the band-bending should be less denoted S1 in the spectra is the surface state
mentioned above. It shows practically no notice-than 0.7 eV. For other reconstructions on the 3C–
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other features which can be assigned to bulk band
transitions and which will not be discussed here.

The detailed dispersions of all valence band
features along the [1:10] azimuth, (i.e. the C9 –J: ∞
direction in the SBZ) are shown in Fig. 5. Closed
circles are used for features found at photon
energies hn=17 eV, open circles stand for features
from spectra taken at hn=21.2 eV. The shaded
region is the projected bulk valence band. The
surface state S1 is clearly located within the bulk
band gap 0.3 eV above the VBM. S1 is observable
as a flat band with nearly the same binding energy
for both photon energies. A closer examination of
the data in Fig. 5 shows that the second feature
S2 is partly located within the bulk band gap,
suggesting that it is also a surface state. The same
dispersions for the two photon energies also favour
this assignment. S2 shows no discernible dispersion
with wave vector and is located at a binding energy
of 2.4 eV, i.e. 0.7 eV below the VBM. In compari-
son to S1, the emission of S2 is generally weaker.
Increased emission from S2 is observed only on
approaching the Brillouin zone edge. The onset of
emission from this band is approximately midway
between the C9 point and the J: ∞ point. At otherFig. 4. As Fig. 3 except with photon energy hn=21.2 eV.
wave vectors, S2 overlaps with the dominant bulk
band features in its vicinity and disappears.
Although the influence of surface contaminationable dispersion as a function of emission angle.

Moreover, these spectra are dominated by the on S2 cannot clearly reveal the nature of this state,
we interpret S2 as a surface state considering itsdispersing band B1 mentioned above for the

normal emission spectra. At positive angles, B1 is appearance in the bulk band gap.
Fig. 6 shows ARUPS data obtained with hn=observed at binding energies between 1.8 and

2.7 eV. A weak shoulder, S2, develops for angles 21.2 eV in the plane of the 2×1 surface containing
the [110] azimuth which corresponds to the C9 –J:he > 32° at a binding energy of ~2.4 eV showing

nearly no dispersion. Similar observations can be direction in the SBZ (see Fig. 1). The surface state
S1 mentioned above is observed at most emissionseen in Fig. 4. The feature B1 also dominates

around normal emission but, as expected for bulk angles showing maximum intensity at negative
angles. In comparison to the C9 –J: ∞ direction, S1direct transitions, its dispersion is different from

that observed at a photon energy of 17 eV. B1 here shows a clearer dispersion. Noticeably, the
surface band S2 is not detectable. As before,disperses steeply to higher binding energies until it

fades away at 20°. For higher emission angles the bulk band B1 is the most dominant feature in
the spectra. At emission angles >6° this character-another bulk feature dominates at binding energies

2–3 eV. For emission angles 15°–54° the S2 state istic bulk band moves steeply to higher binding
energies with decreased intensity until it fadesappears as a rather weak but discernible state. It

is not visible for higher emission angles since the away at 24°. Another band, marked as Bu1,
appears for higher emission angles showing abulk feature comes back to lower binding energies

and overlaps. The nature of the flat band S2 will similar behaviour. Between 42° and 60 ° its binding
energy changes steeply from 1.9 eV to nearlybe treated in detail below. There are also several
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Fig. 5. The measured dispersions for the single domain 3C–SiC(001)2×1 surface along the C9 –J: ∞ direction derived from the spectra
shown in Figs. 3 and 4. The bulk valence band projected onto the 2×1 SBZ is represented by the grey area. (Taken from Ref. [12]).
Open and filled circles correspond to features in the 21.2 eV and 17 eV spectra respectively.

4.0 eV. The dispersion curves of these bands in emission, as well as in off-normal emission in the
two emission planes containing the C9 –J: ∞ and theFig. 7 give an explanation for these observations.

It can be seen clearly that Bu1 disperses in the C9 –J: azimuths using the two different measurement
geometries A+ and A±, as explained above. Fig. 8same way as the bulk band B1. There is only a

shift of the parallel component of the electron shows ARUPS spectra taken for the A± (dots)
and A+ ( lines) geometries along the C9 –J: ∞ directionwave vectors of about 1.0 Å−1. Noting that the

smallest reciprocal lattice vector in the C9 –J: direc- for a photon energy of hn=21.2 eV. The two
lowermost spectra were recorded in normal emis-tion is 1.02 Å−1, we conclude that Bu1 is due to a

surface Umklapp scattering of the band B1. In a sion for A+ and A± respectively. In that case (i.e.
he=0°) the only difference between the spectra isrecent ARUPS study of the 3×2 surface of 3C–

SiC(001), a similar Umklapp process of the top- the incidence angle, with hi=45° for A+ and
hi=15° for A±. As can be seen, the intensity ofmost bulk band has been identified [24]. A distinc-

tive dispersion of S1 along C9 –J: is clearly visible in the S1 peak is dramatically decreased in the A±
spectrum. This indicates a strong p

z
character ofFig. 7. It disperses downwards by about 0.3 eV.

As we would expect from a surface state, the the S1 state, which is expected for an Si dangling-
bond state pointing out from the surface. This isdispersion is identical for the two photon energies

and it clearly follows the periodicity of the SBZ. well known from earlier ARUPS studies of (e.g.)
the Si(001) and Si(111) surfaces — see, for exam-The S1 surface state was also investigated along

the J: ∞–K: line (data not shown), where its energy ple, Ref. [25].
The emission planes containing the C9 –J: ∞ andwas 1.5 eV below EF, showing no dispersion.

Additionally, we have measured the polariza- the C9 –J: azimuths are mirror planes in the bulk
crystal structure and possibly also in the surfacetion dependence of the surface state S1 in normal
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tent with assigning S1 to a dangling-bond type
state. Unfortunately the weak state S2 overlaps
with bulk band features preventing us from deter-
mining its symmetry properties.

4. Discussion

Our detailed ARUPS measurements of a single
domain 2×1 surface have lead to the identification
of two surface state bands, S1 and S2, within the
bulk band gap at 1.4–1.7 eV and 2.4 eV below
the Fermi level respectively. A significant feature
is the quite small dispersions of the states. Only
the S1 band shows a small but clear dispersion,
but surprisingly only in the C9 –J: direction, i.e. the
short direction in the SBZ. Small or no dispersions
of the topmost dangling-bond type surface states
seems to be a general feature of all SiC surfaces,
as measured on the 3C–SiC(001)3×2 [24] and
c(2×2) [26 ] surfaces, as well as on the (111) and
(0001) surfaces of the 3C and 6H polytypes respec-
tively [27,28]. In the case of the E3×E3 recon-
struction of the 6H(0001) surface the smallFig. 6. As Fig. 4 except that the azimuth is the [110] direction,
dispersions and the semiconducting character havei.e. the C9 –J: direction in the 2×1 SBZ.
been explained with a Mott–Hubbard splitting of
the dangling-bond state [29].

As pointed out previously for the 3×2 surfacestructure. The comparison of off-normal spectra
recorded in these planes with both geometries gives [24], this dispersionless character for the surface

states on the (001) surface is in sharp contrast toinformation about the symmetry properties of the
electronic states. For states with their k vectors in the surface bands on the 2×1 reconstructed

Si(001), Ge(001) and diamond C(001) surfaces.a mirror plane of the crystal, their symmetry can
be either even or odd with respect to the mirror In those cases the overlap of the dangling-bond

states along the dimer rows leads to large disper-plane. With the A+ geometry only electrons from
even states would be emitted, whereas with the sions for the dangling-bond bands in the C9 –J: ∞

direction, whereas in the perpendicular directionA± geometry emission from states with odd sym-
metry would dominate. In the off-normal spectra there is no dispersion due to the larger distance

between neighbouring dimers [30]. As mentionedin Fig. 8, along the C9 –J: ∞ and the C9 –J: directions, it
can also be seen that S1 appears with much smaller above, the 2×1 and the c(4×2) reconstructions

of the 3C–SiC(001) surface have been assumed tointensities in the A± geometry than in the A+
geometry. From these results, we expect that S1 be very similar to the corresponding reconstruc-

tions on the Si(001) and Ge(001) surfaces, i.e.has even symmetry with respect to both emission
planes, assuming that these planes are mirror consisting of dimer rows. Therefore the opposite

trend in the dispersion of the S1 band (no disper-planes in the surface structure. In case of no mirror
symmetry in the surface geometry, the polarization sion along C9 –J: ∞ but a small dispersion along C9 –J:)

is quite remarkable. This becomes even moredependence of S1 in any case suggests a p
z

charac-
ter of the state, as discussed above. This is consis- accentuated when comparing to theoretical results
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Fig. 7. Experimental dispersions along the C9 –J: direction, derived from the spectra shown in Fig. 6 and from spectra obtained at hn=
17 eV (not shown).

[11,12,19] (see below), which predict dispersions from outside the first SBZ have been backfolded.
A semiconducting surface was found for the 1-MLsimilar to those in the Si(001) and Ge(001) cases.

We conclude that the topmost filled band on the 2×1 model, and within the bulk band gap two
occupied surface bands, p and p1, originating from3C–SiC(001)2×1 surface, as expected, has a dan-

gling-bond character but is significantly more bonding and antibonding combinations of the
dangling bonds, are predicted. However along thelocalized than on the (001) surfaces of the elemen-

tal group IV semiconductors. high-symmetry lines C9 –J: and C9 –J: ∞ in the SBZ,
only the topmost p1 band is observable in theOnly a few theoretical reports are available on

the surface electron structure of the 2×1 surface. calculated band structure, as plotted in Fig. 9. As
can be seen, the agreement between the experimen-Sabisch et al. [12] and Käckell et al. [11] performed

ab initio calculations for the 2×1 reconstruction, tal S1 dispersion and the theoretical p1 band is
quite poor. In the C9 –J: ∞ direction the p1 band showsassuming a full top Si monolayer (i.e. similar to

Si(001)). By total-energy minimization they found a large downwards dispersion of about 0.8 eV,
whereas the S1 band is practically dispersionless.this reconstruction to be built from symmetric,

only weakly bonded dimers, or even no dimeriza- In the C9 –J: direction both experimental and theo-
retical bands show a small downwards dispersion.tion [12]. Fig. 9 shows a comparison of our mea-

sured dispersions of the surface states S1 and S2, A theoretical band corresponding to the S2 band
was not found along these lines in the SBZ, butto the calculated electronic band structure of

Sabisch et al. for the 1-ML 2×1 model (the we note that the bonding p band appears at a
similar energy as the S2 band along the lines J: ∞–dispersion of the topmost filled band of Ref. [11]

is quite similar to the one in Ref. [12]), and the K: –J: .
A further complication in the comparisonone of Lu et al. [19] for the c(4×2) MRAD

model. For the experimental points, wave vectors between experiment and theory comes from the
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lines. However, surprisingly the topmost band in
that calculation was found to have a (bonding) p
character and not p1 as in Ref. [12]. A p character
would be consistent with the polarization depen-
dence of S1.

From the above discussion it is clear that theo-
retical models based on the simple dimer model of
Si(001)2×1 and Ge(001)2×1 are not consistent
with our photoemission data for the 3C–
SiC(001)2×1 surface. Looking for explanations
we turn to models for the c(4×2) reconstruction.
This is motivated by the expected, and experimen-
tally observed, close relationship between the 2×1
and the c(4×2) reconstructions, as discussed in
the introduction. As in the Si(001) and Ge(001)
cases, the 2×1 reconstruction of 3C–SiC(001) has
been described as a defective c(4×2) structure
[10,16 ]. In a new ab initio calculation, Lu et al.
[19] suggest a model for the c(4×2) reconstruction
labelled the MRAD model. In this model, half a
monolayer of Si atoms are adsorbed on an
Si-terminated surface and arranged into buckled
dimers in a staggered pattern, giving a c(4×2)
periodicity. This structure was found to have a
significantly lower energy than the previous 1-ML

Fig. 8. Comparison of polarization-dependent spectra obtained
2×1 model of Sabisch et al. Lu et al. predict awith two different measurement geometries at hn =21.2 eV.
semiconducting surface for the MRAD c(4×2)Emission angles, azimuthal directions and the recording geome-

tries are indicated in the figure. The spectra are normalized with surface reconstruction. For comparison with our
respect to the amount of incoming photons, except for two data, we have plotted the calculated dispersions of
spectra for which the magnification factors are given in the the two topmost filled dangling-bond bands of the
figure.

MRAD model (at equivalent k-points) in Fig. 9.
As seen in Fig. 9, the dispersion of S1 shows

noticeably better agreement with the theoreticalp1 character of the topmost filled band. Since the
result of the MRAD model than with the 1-MLmodel has mirror planes containing the C9 –J: ∞ and
2×1 dimer model. Along the C9 –J: line both theC9 –J: directions, we expect the p1 band to have odd
dispersion and the energy position of the S1 bandparity along C9 –J: ∞ and even parity along C9 –J:.
is well reproduced by the theoretical Dup band.However, this is contrary to the observed polariza-
Along the C9 –J: ∞ direction the difference beweention dependence of the experimental S1 band along
experimental and theoretical data is still significant,C9 –J: ∞, as shown in Fig. 8.
although smaller than for the 1 ML 2×1 dimerThe calculation of Käckell et al. [11]1 gave
model. Assuming that the 2×1 surface can bequalitatively similar results to that of Sabisch et al
described as a disordered c(4×2) structure, as in[12]. The topmost filled band has a very similar
the previous reports [10,16 ], one may speculatedispersion, large in the C9 –J: ∞ direction and very
that the dispersion of S1 is reduced because ofsmall along C9 –J: . Similarly, a second filled band
defects disturbing the order of the surface. On thewas found about 1 eV down along the J: ∞–K: –J:
2×1 and the c(4×2) reconstructions on the
Si(001) surface, ARUPS investigations [31,32]1 The C9 –J: ∞ and the C9 –J: directions seem to be mixed up in

Ref. [11]. show differences in the dispersions for the two
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Fig. 9. Comparison between theoretical and experimental surface-state dispersions. The projected bulk band structure [12] is shown
as the grey region. Our experimental data are indicated with circles. The solid line is the topmost filled surface band (p1) of the
energy-minimized 2×1 surface calculated by Sabisch et al. [12] and the broken lines are the two topmost filled surface bands of the
MRAD model for the c(4×2) reconstruction by Lu et al. [19]. The c(4×2) bands have been plotted at the corresponding k-points
in the 2×1 SBZ.

dangling-bond bands of about 0.15 and 0.2 eV odicity. Recent theoretical calculations [18] give
some support for this model; it was found that therespectively, i.e. comparable the deviations for the

MRAD model discussed above for the C9 –J: ∞ 1-ML 2×1 dimer model can be transformed to
the AUDD structure if a tensile stress is applieddirection. ARUPS measurements on the 3C–

SiC(001)c(4×2) surface is needed to clarify this to the surface. In the calculations by Lu et al. [19]
it was found that the energy of the AUDD modelpoint. We did not find any evidence of the predicted

second surface band of the MRAD model. Finally, was higher but very close to the energy of the
1-ML 2×1 dimer model. Lu et al. also calculatedwe note that although the MRAD model is in

better agreement with our ARUPS data than the the electronic structure (although not published)
for the AUDD model and found that it was1-ML 2×1 dimer model, there are still significant

arguments against it. For example, quantitative essentially identical to the 1-ML 2×1 dimer model
[19,33]. This is reasonable, since the AUDD modelmeasurements with MEIS [6 ] found only 1 ML of

Si on the c(4×2) surface, not 1.5 ML as in the basically can be obtained through a small modifi-
cation of the 1-ML 2×1 dimer model. Thus theMRAD model.

A second recent model for the c(4×2) surface electronic structure of the AUDD model from
these calculations is also in disagreement withis the AUDD model by Soukiassian et al. [16 ]

based on STM experiments. This model consists our results.
Photoemission from surface states on the 2×1of dimer rows as in the 2×1 dimer model, but

neighbouring dimers are displaced vertically up surface has been observed before in angle-integ-
rated soft X-ray photoemission experiments.and down alternatively, leading to a c(4×2) peri-
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Bermudez and Long reported a surface feature at Therefore, those results [17] are not necessarily in
a binding energy around 1.7 eV [9]. Considering conflict with ours. In contrast, recent high-reso-
their lower instrumental resolution of 0.3 eV and lution electron-energy loss (HREELS) and angle-
the possibility of different EF pinning positions in integrated photoemission experiments [35] report
separate experiments, there is a reasonable a metallic 2×1 surface also at room temperature,
agreement between their surface state and our clearly contrary to our results.
surface band S1. Shek et al. observed two surface
states, a surface band at 1.6 eV and a second one
at 2.6 eV binding energy [34]. These values agree
reasonably well with our measured binding ener-
gies of S1 and S2. In particular we found the same 5. Conclusion
energy gap of 1 eV between the two surface states.
Hüsken et al. [15] recently performed angle- The electronic structure of the single-domain
resolved photoemission measurements on the 3C–SiC(001)2×1 surface has been studied using
single-domain 2×1 surface, prepared in a similar polarization-dependent angle-resolved photoemis-
way as our sample. They found two surface states, sion, employing synchrotron radiation. Two occu-
denoted A and B, which are located at 0.85 eV pied surface state bands were found at binding
and 1.5–2 eV below the Fermi level [15]. These energies of 1.4 eV and 2.4 eV, lying wholly and
features look similar to our S1 and S2 states, partially in the bulk bandgap respectively. The
although the binding energies are about 0.6 eV upper band is dispersionless in the C9 –J: ∞ direction,
lower. This may be attributed to a different Fermi but displays a clear downwards dispersion of
level pinning position in the two experiments. 0.3 eV in the C9 –J: direction. The polarization-
However, the EF position was determined to be dependence of the upper band indicates a strong
1.55 eV above the VBM in the work of Hüsken p

z
character, as expected for an Si dangling-bond-

et al. [15] and 1.7 eV above the VBM in the type state, and we consequently interpret this state
present work, yielding a difference of only 0.15 eV. as being derived from dangling-bonds of the top
Comparing the dispersions of the surface states,

Si layer. Its polarization dependence further sug-
their surface state A showed no dispersion, in

gests an even symmetry in the mirror planes con-contrast to our S1 band in the C9 –J: direction. On
taining the C9 –J: ∞ and the C9 –J: directions, assumingthe other hand a weak dispersion was reported for
that these planes are mirror planes of the surfacethe B state, corresponding to our non-dispersive
structure.S2 state. However, there is a significant energy

Our results are in poor agreement with thespread in their plotted dispersions, in particular
calculated surface bandstructures for a 1-ML 2×1for the B state which spreads out in an energy
dimer model, which show weak or no dimerizationrange of 0.8 eV. This makes the claimed dispersion
of the top Si monolayer and large dispersion ofof the B feature somewhat ambiguous.
the topmost filled surface band in the C9 –J: ∞ direc-Finally we note that our ARUPS results, and
tion. Considering the expected strong similaritythe above related earlier photoemission results,
between the 2×1 reconstruction and the c(4×2)indicate a semiconducting surface electronic struc-
reconstruction, we have also compared our resultsture for the 3C–SiC(001)2×1 surface. In a recent
to theoretical surface bandstructures for theSTM and photoemission study [17] of the 3C–
c(4×2) reconstruction. We find an equally badSiC(001)c(4×2) surface, a phase transition was
agreement for the AUDD model, but a somewhatobserved from c(4×2) to 2×1 on annealing,
better agreement for the MRAD model. Thus, weaccompanied by a change to a metallic character
find that the questions about the structure of thein the electronic structure. This can most likely be
2×1 and the c(4×2) reconstruction are still unre-explained by a thermal disorder and an increased
solved. Further experimental and theoreticalthermal broadening of the spectral features, lead-

ing to a finite density of states at the Fermi level. studies are needed to settle this issue.
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[9] V.M. Bermudez, J.P. Long, Appl. Phys. Lett. 66 (1995) [32] L.S.O. Johansson, R.I.G. Uhrberg, P. Mårtensson, G.V.
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