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Surface states of the 3C-SiQ001)-c(4x 2) surface studied using angle-resolved photoemission
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We provide a detailed experimental investigation of the electronic band structure of the 3C-SiC(001)-
c(4X%2) surface using angle-resolved photoemission and synchrotron radiation. A prominent surface state was
identified at— 1.5 eV and referred to the Fermi level, showing a downwards dispersion by about 0.2 eV. Two
other surface states were found at the energi®s95 eV and—2.5 eV. The electronic structure is semicon-
ducting and very similar to the one for the<2 reconstruction, proving the close relationship between the
c(4%2) and the %1 structures. Comparison to theoretical band structure calculations gives no satisfactory
agreeement, leaving the question about the structure af(#he 2) and the X 1 reconstructions still open.

SiC surfaces have recently attracted a lot of interest due to In the present paper, we report results of a detailed angle-
both fundamental physics reasons and exciting technologicaésolved photoemission study of the 3C-SiC(00{3-x 2)
applications. Of the many SiC polytypes and surfaces, theurface. Using synchrotron radiation, we have measured the
cubic 3C-SiQ001) surface is one of the most well studied. occupied part of the surface band structure. Our results are
Reconstructions of 82, 2x1, c(4X2), c(2X2), and X1  compared to the available theoretical band structure calcula-
have been reported depending on the actual growth and suiiens for thec(4x2) surface, without finding any satisfac-
face preparation conditioflsHowever, the detailed struc- tory agreement. The measured surface electronic structure is
tures of these surfaces are still being discussed, especially thery similar to the electronic structure of the recently inves-
c(4X2) and 3x2 reconstructions. Until now, the(4x2) tigated 2< 1 surface® strongly supporting the idea that the
reconstruction has been investigated by low-energy electropdx 1 surface reconstruction is a degraddd < 2) surface.
diffraction (LEED),>~* Auger electron spectroscogpES),> The photoemission study was performed at beamline 33 at
scanning tunneling microscopySTM),>® medium-energy the MAX-lab synchrotron radiation facility in Lund,
ion scattering(MEIS),” core level spectroscopl’ andab  Sweden'! where a spherical grating monochromator pro-
initio calculation€® There is conflicting evidence both from duces usable light in the range 14—200 eV. The electrons
experiment and theory concerning the main features, as wellere analyzed by a hemispherical analy?éacuum Gen-
as quantitative details of the reconstruction. erators, ARUPS 10 At the photon energies used in this

Recently, two models have been proposed for theexperiment(14—35 eV the total energy resolutio@analyzer
3C-SiC(001)e(4x 2) surface. Based on their STM results, and monochromatpmwas chosen to bez100 meV. The ac-
Soukiassiaret al® suggested a model where the one mono-ceptance angle of the analyzer was set®°. Photoelec-
layer (ML) Si-terminated surface is arranged into rows oftrons were collected in the plane defined by the surface nor-
symmetric dimers displaced alternately up and down, givingnal and the direction of the incident light. For all spectra
ac(4x2) periodicity(the AUDD mode). In contrast, recent presented here the incidence angle of the light)(was set
theoretical studies from Lu, Kger, and Pollmarfhfavor  to 45°. The emission angle of the detected electrons was
another model with a 1.5 ML Si termination. The extra varied by rotation of the analyzer. In this geometry the po-
0.5 ML of Si adatoms is arranged into asymmetric dimerdarization vector of the incoming linearly polarized synchro-
in ac(4X2) periodicity (the missing-row asymmetric dimer tron radiation lies parallel to the plane of emission.
model, MRAD). In addition, the question of the corres- We usedn-doped 3C-Si@01) films (~3 wum thick)
pondence between thex2l and thec(4X2) reconstruc- grown by chemical-vapor deposition on a misoriented
tion is still an ongoing discussion. SHeknd Soukiassian Si(002) substraté? The samples were chemically etched by
et al® reported that the 21 surface observed at room hydrofluoric acid before they were inserted into the vacuum
temperaturg RT) can be attributed to a defectivi{4Xx 2) system. After extensive outgassing at 600 °C and cleaning by
surface. A closely related issue is the obsefvelersible  resistive heating for a few minutes at 1050°C single domain
c(4x2)—-2x1 phase transiton upon annealing a3Xx2 diffraction patterns were visible with LEED. The
c(4x 2)-reconstructed surface, which was claimed to be ace(4X2) reconstruction was then achieved with high quality
companied by a semiconducting-metallic change of the surand reproducibility by the so-called atomic layer epitaxy
face electronic structure. technique(ALE).13 First a 5x2 LEED pattern was obtained
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FIG. 1. (8) ARUPS spectra recorded from the single domain
3C-SiC(001)e(4x2) surface with linearly polarized synchrotron
radiation fiv=17 eV) along thg110] direction. (b) Same aga)

except that the azimuth is tr[EIO] direction.

) [ilo]

. . o FIG. 2. The measured dispersions for the single domain
by either annealing the 82 surface at 1050°C, or from a 3C-SiC(001)e(4x2) surface. Closed circles correspond to fea-

c(4x2) or 2X1 reconstruction by heating the sample 0y e in the 17 eV spectra shown in Fig. 1 and in Fig. 2. Open
1100°C in a Si flux for some minutes. In the next step, agjrcles correspond to features taken from spectra obtaindw at
c(2x2) surface was formed by exposing the samples to a-21.2 eV (not shown. The gray area is the bulk valence band
C,H, gas dose of 1000 Langmuirs during simultaneous heatRef. 8 projected onto the(4x 2) surface. The broken lines are
ing of the surface at 1050 °C. After that, a further Si evapo-the theoretical surface bands for the MRAD model by éfual.
ration step during annealing at 1050 °C led tac@ X 2) (Ref. 8. In addition, the surface Brillouin zonéSB2) for the
surface reconstruction. Leaving the surface in UHV for3C-SiC(001)e(4x2) surface(solid lineg and the 2<1 surface
several hours resulted in the gradual disappearance of thdashed linesis shown.
c(4X2) spots in the LEED pattern, so that only the 2 _ — o .
spots were left. For this reason we carefully checked th@€ndicular 110] direction using a photon energy of 17 eV.
surface with LEED directly before and after taking spectra.’€ak positions are marked with dotted lines. The surface
Spectra were only taken from samples that showed shargfteS: is observed also in this direction. It dominates at
single domainc(4x 2) diffraction patterns. Iow?r em|s§|on anglels while it Iobsiesd_mtens_ny gt hlgh_er
Figure Xa) shows spectra recorded with a photon energyf["lhng es. It shows r|1ea'r0\y r][ﬁ notltcea ‘3. ISpersion by ;/alryflng
of 17 eV along thg110] direction, which correspond to the € emission angie. Another strong dispersive spectral fea-

—_ 7 o ture, lying in the energy range 2—-3 eV beld®¢, can be
I'—X direction of the surface Brillouin zonSB2). All spec-  attributed to bulk emission. At emission angles between 20°
tra are referenced to the Fermi level positidk( which was  and 40°, a weak but discernible featuBe develops at an
determined from a clean Ta surface. The most dominant feasnergy of—2.55 eV showing no dispersion. At nearly the
ture is the state labele§,. It shows a small but noticeable same emission angles, another weak shouBjesippears at
dispersion, its energy position changes frenl.45 eV at an energy of-0.95 eV below the Fermi level position. Al-
normal emission ®,=0°) and at 40° to—1.65 eV at though the small intensity db, makes it difficult to deter-
—16° and at+20°. In order to investigate the surface or mine its exact binding energy, it seems to have no dispersion
bulk origin of the spectral features, spectra were also reas a function of emission angles. Due to its energy position
corded with different photon energies in normal emissionin the bulk band gap, we assigh to a surface state. For
mode (not shown. Thereby,S; was identified as a surface further investigations of the surface features, similar spectra
state due to its constant binding energy for all photon enerwere recorded along thel10] and[110] directions with a
gies. From the analysis of the normal emission spectra, wphoton energy of 21.2 eVhot shown. Whereas we found
also estimated the position of the valence-band maximunthe bandS, as a weak shoulder at the same energy position,
(VBM) to be at—1.95 eV. A logical consequence is tit  the stateS, was not detectable fdir=21.2 eV.
lies in the bulk band gap, as expected for a surface state. In Investigations of the polarization dependence of the
addition, theS, peak is highly sensitive to contamination of surface-state emission showed that $ieemission intensity
the surface. The other features in Figa)lcan be attributed was highly dependent on the component of the photon
to emission from bulk states in agreement with an earliepolarization vectofdata not shown This is an indication for
photoemission study of the 3C-SiC(001)2 surface"* a strongp, character of theS, state, as expected for a Si

Figure Ib) shows ARUPS spectra taken along the per-dangling-bond state.
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The experimentally observed dispersions of all three sur-  3¢-8iC(001)  hv=17 eV, along [110] — 21
face states of the single domain 3C-SiC(0@{#-x2) sur-
face are plotted in Fig. 2. Data points outside of the first SBZ
have been backfolded into the first SBZ. Both surface state:
Sy andS; are clearly located within the bulk band gap above
the VBM as explained above. Emission from the bafgs

andS, was only detectable in the —X region of the SBZ,
whereasS; was observed in all parts of the SBZ that were
probed. The surface stat®; shows no dispersion in the

I-U-X direction but a weak downwards dispersion for

wave vectors along thE—X line of about 0.2 eV. As can be
seen, theS, band is mostly located within the bulk band,
close to the valence band edge. There is a slight spread in th
measured energies for this feature, which is caused by thc € 5 -4 3 2 -1 0% -6 5 4 3 2 41 0F

weak signal from this state and the corresponding difficulty Energy (eV)

in determining the energy positionS, shows maximum in- i . . )
tensity for both photon energies when it is close to the bulk _'C: 3- Comparison of spectra obtained from a single domain
band edge, which is a further indication tf& can be as- 3C-SiC(001)e(4x2) and a <1 surface along thel10] azimuth.
signed to a surface state or resonance. The spectra taken from thex2l surface are shifted by 0.15 eV in

So far only one theoretical surface band structure calcu@'de" t compensate for a different Fermi level position on the two
lation of the c(4X 2) surface is available, for the MRAD surfaces. All spectra are normalized to the background intensity
model, proposed by Lu, Kger, and Pollmanf.In this aboveEs.
model, half a monolayer of Si atoms are adsorbed on a Si-
terminated surface and are arranged into buckled dimers in@enjunction with the expected similarity of tg4x2) re-
staggered pattern, giving4x 2) periodicity. The 1.5 ML ~ construction to the X1 surface. Unfortunately, no calcu-
Si coverage is contrary to earlier quantitative measurerhentdated band structure of the AUDD model has been published.
of the surface Composition that fodirma 1 ML Si coverage, We note that Liet al.ls found in their CalCUlationsalthOUgh
but the idea of Si adatoms on top of the 1-ML Si-terminatednot publishedl that the electronic structure of the AUDD
surface is, on the other hand, supported by Sicdre-level ~model is essentially identical to the 1-ML>2L dimer
photoemission resulfs’ As expected, Ref. 8 predicts a semi- modef® (and has considerably higher energy than the
conducting surface for the MRAD model. For comparison toMRAD mode). This is reasonable, since the AUDD model
our data we have plotted the calculated dispersions of thasically can be obtained through a small modification of the
two topmost filled dangling-bond bands of the MRAD model 1-ML 2 1 dimer modef. We therefore compared the theo-
in Fig. 2. As can be seen, along the-X line the dispersion retical band dispersions of the 1-ML<2L dimer model from

of the S, state is well reproduced by the topmost theoreticalRef: 16 to_our ex%erimentr?l dgta by mapping it into the
band(denotedD ,, in Ref. §. There is only a small energy c(4x2) SBZ (not shown. Thereby a worse agreement was
shift of about 0.3 eV visible. Along thE—U—X direction found than for the MRAD model. This would suggest that

he diff b dth h ical band | the AUDD model is also inconsistent with our results, how-
the difference betwees, and the topmost theoretical band is ever, for a quantitative analysis a calculated band structure

more pronounced. The_calculated band disperses slightl%r the AUDD model is necessary.
downwards towards th& point, whereas the experimental  More details of the reconstruction mechanisms of the 3C-
bandS,; shows a practically dispersionless course. The obsjc(001) surface can be found directly by comparison of the
served polarization dependence Sif, indicating ap, char-  electronic structures of the>21 and thec(4x2) surface.
acter, is consistent with the orbital character of the theoretiywe have recently made extensive ARUPS measurements on
cal Dy, band, which originates from the dangling bonds ofthe 2x 1-reconstructed surfad.In Fig. 3, spectra taken
the dimer up atoms in the MRAD model. Theoretical bandﬁrom the 2x1 and thec(4>( 2) surface, respective|y, are
corresponding to th& andS, bands are not found along the compared. The spectra recorded from the12surface were
I'-U—X line in Ref. 8. We also did not find any evidence of shifted by 0.15 eV in order to account for a slightly different
the predicted second surface band of the MRAD modelFermi level pinning position. As can be seen in the figure,
Thus, it is clear that although ti® band fits reasonably well the spectra from the two surfaces are very similar. In particu-
to the theoreticaD, band, there are significant deviations lar, the surface stateS, and S, appear at the same energy
between the calculated band dispersions of the theoreticalositions on both surfaces. However, the emission f@m
MRAD model and our photoemission data for theand$S, is generally higher and the peaks appear sharper on
3C-SiC(001)e(4 %< 2) surface. thec(4X2) than on the X1 surface. This observation can
A second model for the(4Xx2) surface is the recently be explained by defects on thex2 surface leading to a
proposed AUDD model by Soukiassiahal® In this model,  higher disorder on the surface. A comparison of the plotted
the surface is terminated with 1 ML Si. The Si atoms areband structure of Fig. 3 to the corresponding band structure
arranged into dimers with neighboring dimers being dis-from the 2x 1 surfacé® confirms the close similarity of the
placed vertically alternately up and down. Recent theoreticatwo surfaces: the dispersions of ti% and S, states are
calculations give some support for this model, especially in practically identical’ These results confirm the assumptions

Intensity (arb. units)
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of previous studie? namely, that the 3C-SiC(001)21 re-  served weak tendency to metallicity in Ref. 6 at elevated
construction is essentially a defective or disorderedemperatures can be more easily explained by thermal broad-
c(4x2) structure. The main difference in the spectra fromening of the electronic states, without invoking a true metal-
the two reconstructions is the existence of the surface stafe state.
Sy on the c(4X2) surface, and its absence on thx 2 Finally, we note that the close relationship between the
surface. This indicates the®, is a characteristic feature c(4x2) and the 21 structures described above is consis-
of thec(4X 2) surface. The fact that it appears in the band-tent with both the AUDD model and, to a lesser extent, with
gap at the edge of the SBZ on the more well-orderedche MRAD model. Catellanét al® reported that the AUDD
c(4x2) surface confirms this conclusion and excludes ammodel may be stabilized by a tensile stress in the surface
interpretation ofS, as a defect state. structure. Relaxation of the stress, e.g., by defects or adsor-
The close relationship between thg4Xx2) and the pates, would then stabilize a weakly dimerized 2 surface.
2X1 structures is further emphasized by the recentlyrnec(4x2)-2x1 phase transition at elevated temperatures

observefl reversiblec(4x2)~2x1 phase transition upon s aiso easily explained by the AUDD model. The MRAD
annealing the(4X2) surface. This phase transition was ob- ,q4el can be reduced to a2 periodicity by breaking the
served by LEED also in this work. However, whereas thedimer bonds, which is energetically unfavorable

2X 1 reconstruction at room temperature appears to be in- : '

duced by adsorbates and defects, the high-temperatu . o
21 structure seems to be a thermally disordezéix 2) tfie electronic band structure of the 3C Sic(oe#x2)

surface, similar to the(4X 2)-2x 1 phase transitions on surface reconstruction. T.he surface displays three occupied
the S(Ob]) and G€001) surfaces. The phase transition on surface state_band_s and is semiconducting. Our results show
3C-SiQ001) was accompanied by an apparenta close relationship betyveen thué4><2) surface and the
semiconducting-metallic change of the surface electroni¢ 1 surface reconstructions. Comparison of the experimen-
structure, as measured by scanning tunneling spectroscoﬁg} surfac_e band structure _to theoretical results shows that
(STS.® In contrast, both the(4x 2) and the % 1 surfaces the question about the detailed structures ofdf¥ex 2) and

at RT are clearly semiconducting, as measured here and #< 1 reconstructions is still unsolved.

Ref. 10, with the highest occupied state lying about 1 eV The authors acknowledge the helpful support of T. Bala-
below the Fermi level. Actually, from electron-counting ar- subramanian, MAX-lab, and the MAX-lab staff. This work
guments a metallic surface is not expected for any stabl&vas supported by the EU TMR Large Scale Facility pro-
structural model of the clean 3C-Si@1) surface. The ob- gram.

In conclusion, we present an experimental investigation of
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