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Heteroepitaxial graphite on 6H-SiC(0001): Interface formation
through conduction-band electronic structure
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When annealed at elevated temperatures under vacuum, silicon carbide surfaces show a tendency towards
graphitization. Using the sensitivity of empty conduction-band states dispersion towards the structural quality
of the overlayer, we have used angular-resolved inverse photoemission spectr@&RtpES to monitor the
progressive formation of crystalline graphite oH-6iC(0001) surfaces. The KRIPES spectra obtained after
annealing at 1400 °C are characteristic of azimuthally oriented, graphite multilayers of very good single-
crystalline quality. For lower annealing temperatures, the ordered interface already presents most of the fin-
gerprints of graphite as soon as 1080 °C. The observation of unshiftestates, which reveals a very weak
interaction with the substrate, is consistent with the growth of a van der Waals heteroepitaxial graphite lattice
on top of silicon carbide, with a coincidence lattice of/6< 6v3)R30° symmetry. The growth of the first
graphene sheet proceeds on top of adatoms characteristic af3ke/8) R30° reconstruction. These adatoms
reduce the chemical reactivity of the substrate. A strong feature located at 6.5 eV above the Fermi level is
attributed to states derived from Si vacancies in the C-rich subsurface layers of the SiC substrate. This strongly
perturbed substrate can be viewed as a diamondlike phase which acts as a precursor to graphite formation by
collapse of several layers. In this framework, previously published soft x-ray photoemission spectra find a
natural explanation.S0163-1828)06347-4

. INTRODUCTION surfaces with a silicon termination, H5SiC(0001) and
3C-SiC(111), present the same stacking sequence down to
There has recently been a renewal of interest in graphitefour Si-C bilayers from the surfacelLow-energy-electron-
the archetype layered material, in connection with thediffraction (LEED) (Refs. 9—11 has revealed several surface
progress on new allotropic forms of carbon such as nanoclugeconstructions which have also been studied using tech-
ters(buckyball or nanotube$? Graphite is made of honey- niques such as Auger-electron spectroscdBgS) 21213
comb carbon layers weakly coupled to their neighbors. Fronglectron-energy-loss spectroscofBELS),*2~**x-ray photo-
the theoretical side, much of its unique properties such agmission spectroscopyXPS),*? ultraviolet photoemission
Fermi-surface shape or free-carrier density have been tackleghectroscopyUPS),'>®and scanning tunneling microscopy
by ab initio calculations*® However, apart from some stud- (STM).}=21|n the present work, we are concerned with the
ies which report the use of natural or synthetic singlesilicon termination of 61-SiC which presents several or-
crystals®® most of the experimental studies to date still rely dered reconstructions with a remarkable range of stoichiom-
on the highly oriented pyrolytic graphittHOPG material.  etries. Annealing around 850 °C under a Si flux gives a
HOPG, made of an aggregate of small crystallites with ransilicon-rich (3xX3) reconstruction. A further annealing
dom in-plane orientation and separated by regions wittaround 1050 °C gives a/8 Xv3)R30° reconstruction made
translational and rotational disorder, only mimics the perfecof Si adatoms in the hollow sites of a compact Si
arrangement found in true single crystals. In some casesermination?®?223After annealing at 1400 °C, electron dif-
defects of HOPG-like stacking-fault planes largely deter-fraction reveals a graphitic termination with only thex1
mines the measured physical quantitiyn the present work, spots of crystalline graphité.
we demonstrate that millimeter-sized bulklike single- The intermediate step towards graphitization is the3(6
crystalline graphite can easily be formed by thermal annealx 6v3)R30° reconstructiorthereafter referred to as/8 for
ing under vacuum as epitaxial thin films on a silicon carbideshor) obtained after annealing at intermediate temperatures
wafer. Using surface-sensitive techniques, we reveal some @bove 1050 °C and below 1300 °C. In their early LEED ob-
the mechanisms that govern the formation of the heteroepservations, Van Bommaedt al?* have observed that succes-
taxial graphite layers. sive heat treatments of the/B-reconstructed surface lead to
With outstanding characteristics such as wide band gapm diffraction pattern where only the graphite spots remain
high electron saturation velocity, and high thermal, mechanivisible. AES studies performed on that reconstructigr?
cal and chemical stability, silicon carbide presents a greahave also shown that heat treatments above 1000 °C decrease
potential for applications in high-temperature, high-the intensity of the Si peakB8 eV) while the C peak271
frequency, and high-power semiconductor devices. VariougV) progressively changes from the “carbide” type to the
polytypes of this material are now commercially available,“graphite” type, its intensity remaining constant. The same
but to date most of the studies have been carried out on theehavior has also been observed by EEESihere, after
hexagonal 6 and on the cubic polytype@. Their polar annealing at 1000 °C, a sharp loss feature characteristic of
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graphite appears in the electron energy loss spectrum. Frothe study of the electronic structure of layered materials such
a vibrational point of view, optical phonons of the graphite as graphité.Indeed, highly localized two-dimensional unoc-
layer have been detected by HREEY/SThe structure of the cupied states usually generate a significant photon flux upon
6H-SiC(0001) termination has also been probed by atomelectron bombardment. Furthermore, from the conservation
resolved microscopies. STM has revealed’that annealing of the parallel component of the wave veckorwe can usu-
the surface at 1150 °C induces the formation ofa6re-  ally determine a two-dimensional experimental band struc-
construction corresponding to they®x 6v3)R30° pattern  ture E(k;) which can be compared with the calculated, pro-
observed in previous LEED studies. jected empty band structure of the layered solid. Applying

All these studies roughly converge towards the same corKRIPES on 64-SiC(0001), we are able to identify empty
clusion: the (63X 6v3)R30° reconstruction consists of an 7* states which are clear fingerprints of graphitic carbon for
independent graphite layer on top of the unreconstructed supnnealing temperatures as low as 1080 °C.
face of 8H-SiC(0001). However, a recent high-resolution
core-level photoemission study of the V®X6v3) Il. EXPERIMENT
R30°-reconstructed surface cast some doubt on this . ] ]
picture’® On the one hand, these authors have demonstrated The experiments have been performed in an ultrahigh-
that the (63X 6v3)R30° reconstruction contains a consid- Yacuum chambefbase pressure 16° mbaj equipped with
erably larger amount of carbon than silicon compared to thé low-energy electron diffractometer and the inverse photo-
(V3XV3)R30° structure. They have concluded that the€mission systerif’ This one consists of a BaO electron gun
structural changes from thé to the 6/3 are accompanied an(_j an elliptical mirror to focus photons emltted_ln_'a large
by changes in the chemical composition of the surface alon?OIId angle toward the photon counter. The Geigetiétu
the trends given by the above-mentioned AES stutiféd®  type detector f|lled with a hel|u.m—|od|.ne mixture and sealed
On the other hand, they have followed the evolution of high-With a Cak window operates in an isochromat mode at a
resolution C & and Si 2 UPS spectra after heating at tem- fixed photon energy of_9.7 eV. The (_)verall energy resolutpn,
peratures between 950 and 1350 °C. This leads to surfac8€termined by measuring the Fermi edge of a polycrystalline
shifted C 1 components with binding energiegifferent Ta foail, is 0.6 eV, including the performanqe of th_e electron
from the graphitic Cls peak since both bulk and surface- 9un an(_j the detector. The angula_r resolution defmgd by the
sensitive spectra are characterized by features at higher binfllSPersion _OI the electron beam is about 3° resulting in a
ing energies. For the3 surface, the C & surface-sensitive Aki<0.1 A - The dispersion within the surface Brillouin
spectra are dominated by one broad feature around 283.5 &&Pne(SB2) of interest is investigated by rotating the electron
and another broad, weak feature located around 285 eV. TH&N in a vertical plane perpendicular to the sample surface
intensity of this last feature dominates the spectra for annealvariable polar angley with respect to the surface normal
ing temperatures between 1150 and 1250 °C, where the su@d oriented along a given azimuth. _
face exhibits a fully developed ¢8 X 6v3)R30° LEED pat- We have used a cgr;"nmerc@:ree researoh nitrogen-
tern. This broad feature can be decomposed into at least twdPed Np=9x 10" cm™®) 6H-SIC(0001) sample cut from
components located a¢285.5 and 284.7 eV. While the lat- @ 0-3-mm-thick wafer. The sample was fixed by Mo clips
ter is clearly assigned to graphitic carbon, the origin of theand all the treatments wer?lglcmeved in a preparation cham-
former, completely dominant below 1350 °C, is still unclear.Per (base pressurec3x 10" mbaj. The temperature of
Its presence allows Johanssetral. to rule out the formation @nnealing was monltcg)red by an infrared pyrometer assuming
of graphite below 1350 °C. It is only after annealing at@n emissivity of 0.96..The 6H-SiC(0001) sample is intro-
1350 °C that the intensity of the component at 285.5 e\/duceq into vacuum W|thouix.3|tuclean|ng. The subsequent
decreases and that the shape of thesGpiectrum becomes cleaning steps will be described belgsee Sec. Il
that of graphite with practically a single component at 284.7
eV related tosp?-hybridized graphitic carbon. Ill. EXPERIMENTAL RESULTS

As far as the electronic structure of thé¥reconstruction
is concerned, it thus seems to significantly differ from the
well-known spectroscopic signature of graphite, at least from Figure 1 shows the KRIPES spectra taken at normal inci-
the core-level shift analysis. Fortunately, this kind of systendence ¢=0°) for different reconstructions of the
(Monolayer of graphite/substrateas long been of great in- 6H-SiC(0001) surface obtained for increasing values of an-
terest in relation to catalysfS-2” In some cases, a strong nealing temperature. The intensities of each spectrum have
interaction with the substrate has been reported where thgeen normalized to the transmitted sample current. The en-
overlayer acquires modified structural, vibrational, and elecergies are referenced to the Fermi level measured on a
tronic properties which can significantly differ from a nearby metal in electrical contact with the sample. Figure 2
“bulk” graphite layer?’~2° However, the observation of an presents selected LEED patterns observed on these surfaces.
ordered superstructure does not favor the idea of a stronBight after introduction into vacuum followed by a moderate
overlayer/substrate interaction which is expected to degradannealing below 900 °C, a faintd1 pattern(not shown in
the long-range order within a single layer. New and comple+ig. 2) related to adsorbed residual O or other contaminants
mentary measurements were thus required to understand tiobserved?! The corresponding KRIPES spectrum visible
evolution of this complex interface towards the “graphi- in Fig. 1 gives some faint structures. The sample, held at a
tized” termination of 64-SiC(0001). k;-resolved inverse- fixed temperature around 900 °C, is then exposed to a Si flux
photoemission spectroscopfKRIPES), involving optical obtained from a resistively heated Si wafer held near
transitions between empty crystal states, is ideally suited ta200 °C. This cleaning procedure is used to remove the na-

A. Overview
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FIG. 1. KRIPES spectra taken at normal incidenée=Q°) for
different reconstructions of thet6-SiC(0001) surface obtained for
increasing values of annealing temperature.
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tive surface oxides which sublime at this temperature as SiO
species. The LEED pattern then exhibits a sharpx 3 re-
construction [Fig. 2@)], attributed to a silicon-rich
termination'’ A further annealing in the range 1000—
1050 °C for a few minutes produces #3(x v3)R30° recon-
struction[Fig. 2(b)], attributed to Si adatoms occupying the
filled T, sites above a compact bilayer terminatfr? In
inverse photoemission, this reconstruction is characterized
by a sharp peald (Fig. 1) appearing 1.1 eV above the Fermi
level and attributed to an empty surface stat@ther struc-
tures with a maximum around 7.5 eV above the Fermi level
are much less sensitive to contamination and can be ascribed
to bulk states. Successive heat treatments at higher tempera-
tures(above 1080 °Cinduce the gradual development of a
complex (6/3xX6v3)R30° pattern[Figs. Ac)—2(e)]. This
pattern has been interpreted considering a crystalline single
graphite monolayer on top of SiC, rotated by 30° with re-
spect to the SiC lattic# At low annealing temperatures, the
SiC spots are the brightest. FiguréaBshows a LEED pat-
tern (Ep=110eV) taken after annealing around 1100 °C.
Figure 3b) shows the unit vectors; ands, of the SiC re-
ciprocal lattice.c; andc,, the unit vectors of the reciprocal
lattice of the overlayer, are determined from the LEED pat-
tern obtained after annealing at 1400 fElg. 2Z(f)]. Taking

as a reference the substrate lattice constant at 3.87ttfe
lattice constant of the overlayer is estimated at=2041 A

from the LEED pattern. This value can be compared with the
reported value for graphitea=2.4589 A. The diffraction
pattern is thus consistent with a graphite overlayer with its

(@ 900°C under Si - (3x3)

(d 1150°C - (6V3x6\3)R30°

() 1050°C - (V3xV¥3)R30°

(e) 1250° C - (6V3x6V3)R30°

(c) 1080°C - (6\3x6V3)R30°
+ (V3x\3)R30°

. "

®

1400°C - graphite

FIG. 2. LEED patterns from 18-SiC(0001) with a primary energy of 130 eV obtained @ (1x1), (b) (vV3Xv3)R30°, (c) (V3
Xv3)R30° and (6/3X6v3)R30°, (d) and(e) (6v3 X 6v3)R30°, and(f) graphite (1x1).
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double diffraction process involved.Indeed, some of these
spots are visible, although faint, on the LEED pattern photo-
graph of Fig. 8a), obtained after annealing around 1100 °C.
In particular, this should also be the case for {G) spot
which is also part of the smaller adatom-induced3 (
Xv3)R30° reconstruction of the substrate. However, this
spot remains perfectly visible up to about 1100 °C. This
shows that besides multiple diffraction, single diffraction by
the (V3Xv3)R30° reconstruction which coexists with the
6v3 reconstructiof® on different terraces most probably
contributes to th€6,0) spot intensity. Although this spot is
part of the (63X 6v3)R30° pattern, its intensity suddenly
decreases above 1100 °C where it becomes indistinguishable
from the background. This is consistent with the disappear-
ance, at this temperature, of the unoccupied surface-state
peak in the inverse-photoemission spectrum since both the
empty surface state and th&0) spots are directly related to
the presence of adatoms. Above the annealing temperature of
1150 °C, theg(13,0 and (0,13 spots become more and more
intense up to 1400 °C where other multiple-diffraction spots
have disappearefdig. 2(f)]. These(13,0 and (0,13 spots
are coincident with the graphit€l,0) and (0,1) diffracted
beamqFig. 3(b)]. It seems plausible that upon annealing, the
overlayer thickness becomes larger than the electron mean
free path and the primary electrons can no longer reach the
FIG. 3. (a) LEED pattern of &1-SiC(0001) with a primary en- substrate. The growth of given structures in the KRIPES
ergy of 110 eV after Si flux exposuresee text and annealing spectra(see below will prove the gradual development of
around 1100 °C. (b) Schematics of the diffracted beams, showing more than one single layer of graphite. Since the graphite
the unit vectors, ands, of the SiC reciprocal lattice antf andc,,  ynit cell contains two atoms, the structure factor modulates
the unit vectors of the reciprocal lattice of the overlayer. Other spotshe diffracted beam intensities by doubling ttek) spot
are visible which are located at the positions of sum vectors Ointensity wheréh+k=+3n, withn=0,1,2,... . The observa-
substrate and overlayer reciprocal-lattice vectors. The position ofiyn of narrow spots instead of the ringlike structures usually
these spots is given by the reciprocal veatog+mr, and labeled o, q0 e on HOPG ascertains the good azimuthal ordering
by (n,m, W?ere.rl andr, are th.e basis vectors of the smali® of the graphite thin layer. We also note that a lower contrast
XG.‘/E)RSO unit mesh(shadeglin the rec'pr.ocal spacé) In the is observed on the three LEED pattern photographs of Figs
reciprocal space, beca_us_e of the 30° rotation between the substraﬁac)_z(e) where the &3 pattern is present. This higher ’
and the overlayer, th&-K direction of the graphite SBZ corre- backgrOljnd intensity with respect to th@ or.graphite-(l
sponds to the'-M direction of the SiC SBZ andlice versa X 1) reconstructions suggests some degree of disorder or
amorphization. We will show below that this disorder is

(2130) azimuth oriented along the substra®120) azi- jinked to the presence of silicon vacancies in a carbon-rich
muth. For that orientation, a coincidence lattice with a largephase precursor of graphite formation.

hexagonal unit cell of a (B X 6v3)R30° symmetry® with
respect to the substrate is obtained. In the reciprocal space,
because of the 30° rotation between the substrate and the B. Multilayer graphite

overlayer, thel’-K direction of the graphite SBZ corre-  ag 5 starting point, we have studied in detail the surface
sponds to thd"-M direction of the SiC SBZ andice versa heated at 1400 °C for which the presence of graphitic carbon
[Fig. 3(c)]. Other spots are visible which are located at thejs evidenced by its characteristic LEED pattgfig. 2(f)].
positions of sum vectors of substrate and overlayeNarious studies performed on similarly prepared surfaces
reciprocal-lattice vectors. The position of these spots is givemave also concluded that after an extended annealing above
by the reciprocal vectonr,+mr, and labeled by(n,m, 1350 °C, the surface is covered by several layers of graphitic
wherer; andr, are the basis vectors of the smallv® carbon!® The SXPS and UPS measureméngiso find clear

X 6v3)R30° unit mesh in the reciprocal space. For examplegvidence of graphitization after extended annealing at this
spot(7,7) in Figs. 3a) and 3b) is obtained by adding one elevated temperature. Figure 4 presents spectra recorded on
overlayer reciprocal vectoc;+c, to one substrate vector that surface for the two high-symmetry directions of the
—s,. Similarly, spot (5,0 is given by & +s,)—c;, spot graphite SBZ. The peak positions, marked by vertical bars,
(6,2) by c,+(s,—5,), and spot(7,—1) by (c,—¢c))+(s, are determined by adjusting a sum of Gaussian line shapes
—s;). Other spots of the @ X 6v3)R30° mesh may be and a background baseline to the raw ddtay. 5. For all
obtained by combination of other reciprocal vectors. How-the spectra, the solid line is the envelope of the synthetic
ever, most of these combinations involve large reciprocalspectra obtained from the addition of the Gaussian peaks and
lattice vectors that will produce a much lower intensity in thethe background, and the experimental data are represented




16 400 I. FORBEAUX, J.-M. THEMLIN, AND J.-M. DEBEVER PRB 58

Graphite / SiC E K Graphite
"M Graphite
| K
] 704
609
|
]
50°
z y
5 o
.‘% °
N’ 300
E | |
o
a l
5 20°
=]
= |
E) F 100 c— — —
Té | I K l— M
OO
Z ¢ C g FIG. 6. Final-state energies with respectdp versus the wave
(ol C vector parallel to the surface for the dominant pe&ksC, E, F
'N (filled circles, or shouldergopen circleg of the KRIPES spectra
1|3 B shown in Fig. 4, together with the results of self-consistent band-
nXRARRRRARRRRARREN: ANNARNARARRARNARAN: structure calculations for graphite from Ref. 35. Tawe(T'y) and
0 5 10 15 0 5 10 15 o*(I'Z ,T'y) bands are indexed following the notation used in Ref.
E-E(eV) E-EfeV) 35.

FIG. 4. KRIPES spectra obtained on the graphitized i i i —
6H-SiC(0001) surface annealed at 1400 °C as a function of th@nly a slight dispersion. At=4 eV aboveE at thel' point,
polar angled along thel'-M and T-K direction of the graphite W€ note the presence of pe@kvery sharp for 9| <35 and
surface Brillouin zone. disappearing fof6|>40°. We can observe the large disper-

sion of this peak which goes away froy by almost 2 eV

with open circles. For both directions, the spectra are symfor increasing values ofl. Another very sharp and promi-
metrical with respect t#=0° and present at least five dis- nent peakE) is also present fof6|>35°. It can be seen in
tinct features. We first observe, locatedsat.5 eV above the the I'-K direction of the graphite SBZ and shows a very
Fermi level Eg), a peakB present all over the SBZ with large dispersion toward&g for increasing values ofé|.
Spectra also present two other marked features: peak

L ' Y ‘ ' located at~10.5 eV aboveE, observed fot6|<30°, and

c 4 KRIPES peak K, located at~13 eV aboveEr, appearing for| |
. gv/_e?-i:,seic\:liog&()) >55° in theT-K direction of the graphite SBZ.

Graphite has different bonding character depending on the
crystallographic orientation. The strong bonding of the C at-
oms within the basal planes is conveniently describedrby
states, contributed to bys2and 2o, , atomic orbitals. Ther
states made of 2, orbitals are oriented perpendicular to the
planes. Band-structure calculatidh® have shown that the
low-energy region of the conduction band is®fcharacter,
whereas the high-energy part has mainlycharacter. The
final-state energies with respectlq versus the wave vector
parallel to the surface are presented in Fig. 6 for the various

T T T T T peaks or shoulders of our KRIPES spedffay. 4), together
0 5 10 15 20 with the results of self-consistent band-structure calculations
Energy above Eg (eV) for graphite from Holzwarthet al,* abbreviated HLR in
what follows. The nondispersing ped&k present in all the
FIG. 5. Example of a set of Gaussians used to fit a KRIPESspectra at~1.5 eV aboveEr has been attributed to indirect
spectrum obtained at normal incidence on the graphitizedransitions into the high density of states of thé band at
6H-SiC(0001) surface obtained after annealing at 1400 °C. Th?he M point.6 The overall behavior of located at~4 eV

experimental datédot9 are adjusted with the sum of segments of b Eo i | incid d showi d di
linear backgroundsubstracted from the raw data in this figuaad aboveke In normal Incidence and showing an upward dis-

the fitted set of Gaussiartsolid line). The bottom curve shows the Persion away fronT" closely follows the calculated disper-
residuals between the fit result and the experimental data. sion predicted by HLR for the™* (I';) state. However, this

.
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nice agreement is fortuitous, since photon-energy-resolvedart in the available high-energy band-structure calculations.
inverse-photoemission experimefithave shown that the Finally, the attribution of peak to transitions into the anti-
sharp structur€ has no dispersion perpendicular to the basabonding o* (I's ,I's) bands near the BZ center deserves
plane. This is in contrast to the predicted behavior of thesome comments since the intensity of péakvill be used
o*(T';]) state. Although graphite is the archetype of a two-below to gain information on the overlayer morphology. Fig-
dimensional solid, the interaction between layers manifestgre 6 shows that the* (I's ,.I's) bands strongly disperse in
itself in several ways in the electronic structure such as, e.gthe vicinity of the BZ center. This is in contrast with the
the splitting of thewr and 7* bands, calculated by HLR and limited dispersion experimentally observed on p&akrhis
experimentally observed in ARURRef. 37 and KRIPES® ~ can be understood considering that the optical transitions of

The interlayer interactions are also responsible for the stronj!€ €léctron are supported by a high one-dimensional density
dispersion normal to the basal plane @t (I'), the first of final states normal to the surface. Indeed, according to the
1/

_ - 5 . .
unoccupieds band. Band-structure calculations by HLR re- band-structure calculatioifs®the states have no dispersion

) L ) ._along thel’A direction (normal to the surfageof the bulk
veal that the electron density distribution for this state ISg7. resulting in a high DOS at the zone center in the pro-

highly c_;oncentrated*intbe regioq between two carbon planei’ected band-structure probed by isochromat KRIPES. The
which is why thes™ (I'; ) state is often referred to as the spseryation of peak thus requires a well-developed band in
“interlayer” state. Theo*(I';) state has been unambigu- the k, direction. This is only obtained when a sufficient
ously localized® as a tiny, strongly dispersing feature lo- number of graphitic layers build up and the layered solid
cated at 5 eV abovEg nearl’. In the present study, the faint acquires a three-dimensional character. We will use below
structureC’ with a parabolic dispersion visible in Fig. 6 can the growth of pealE as a fingerprint for the growth of mul-
most probably be ascribed to this* (I';) state. Coming tilayered graphite.
back to the sharp structu@ it seems that to date, no con-  In conclusion for this part, the spectra recorded on this
sensus has been reached about its origin. Calculations igfaphitic surface are of high quality comparable with earlier
Posternaket al. have predicted an unoccupied surface statéstudies of the conduction-band structure of natural graphite
located at 3.8 eV abovEr . However, the small sensitivity single crystdi’ or HOPG**2 Several observed features
of peakC to activated @ or Hj casts some doutiton its ~ (PeaksC, E, and F) are prominent and very sharp, their
surface origin. Structur€ has also been attribut®f® to ~ Widths approaching the resolution of our apparatus. For ex-
indirect transitions into some high density of states at théxmple, the fit shows that pedkderived from ther” states
bottom of the interlayer state*(I';). Surprisingly, other €an be regolved into two compqnents Iymg _approxu_nately 1
studie€® have reported a marked sensitivity of pe@kto- eV apart, in close agreement Wlt'h thef spllt_tlng predicted
wards contamination. An alternative explanation has therely HLR. Furthermore, marked differences in the spectra be-
fore been proposed for this prominent peak which could detween thel’-K and thel’-M directions are found which are
rive from an image-potential surface state. These imageevidence of the single crystallinity of these graphitic layers.
potential states where the incoming electron is trapped by itslence, we can conclude that at these elevated annealing tem-
own Coulombic image force are well known for metal peratures above 1350 °C, the substrate is covered by several
surface$? On the other hand, by comparing the attenuatiorlayers of single-crystalline graphite.
of peakC and other bulk-derived structures upon the growth
of Au and Pd clusters, Het al. were able to concludé to _
the surface-derived origin of the sharp struct@eeither a C. The 6v3 reconstruction
surface state or an image state. We consider now the surfaces with a well-developed
With an asymmetric line shape, peiks the most promi-  (6v3 x 6v3)R30° diffraction pattern, obtained for a tempera-
nent structure of our KRIPES spectra. It is observed at highure of annealing of 1150 °C where theBreconstruction is
incidence in thel’-K direction, and is readily attributed to uniformly present on the surface. In order to check if some
the low-lying 7* states which disperse towards the Fermigraphitic carbon fingerprints could be identified, we have
level reached at th& point where it slightly overlaps the ecorded spectra for various angles along the two high-
filed 7 bands, since graphite is a semimetal. It should beymmetry directions of the overlayer graphite SBg. 7).
noted that due to the high incidence angle required, we coul@ Structure near 4 eV abover immediately reminds peak

. . iy of graphite. In the vicinity of the Fermi level, we observe
not observe the Fermi level crossing at figoint at such a wo nondispersive peaks and B, located at~1 and 2 eV

low final energy. Spectra have also revealed two other fea_bove E., present all over the SBZ. We observe several

tures that can be assigned to known bands of graphite b .
comparison with KRIPES spectra of earlier studies: a non- ther features, such as featbe located at~6.5 eV above

dispersive peak around 10.5 eV that has been readily iden-Er . Which appears around ttiépoint (|6|<25°) with a flat
tified with the antibondingr* bands ofl'f ,I'g symmetry at ~ dispersion; pealC, located at~4 eV aboveEr at theT’
k=0, and a pronounced featufeoccurring for| | >55°. In  point, very sharp for|§|<35° and disappearing fo6)|
accordance with previous KRIPES results on HOfR&fs.  >40°; and pealE appearing fot 8| >35° in thel'-M direc-

39 and 42 or natural graphite single crystal,peakK seems tion of SiC reciprocal space. Because of their energy position
to follow the calculated dispersion of the* (I'y ,Kg) band.  and dispersion behavior, the three structBe€, andE are
However, the strong dispersion of this feature towards higtvery close to the case of multilayer graphite. However, the
energies(visible in the upper two spectra of Fig. 4 &  strong peakD near 6.5 eV abové&r and peakA have no
=60° and 70° but not represented in Fig.Has no counter- equivalent on graphite.
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FIG. 7. KRIPES spectra obtained on surfaces with a well-
developed (&3 X 6v3)R30° diffraction pattern, obtained for a tem-

perature of annealing of 1150 °C. The spectra are obtained for vari- E'EF(CV)
ous polar angles along the two high-symmetry directibas! and o s
T-K of the SiC substrate SBZ. FIG. 8. KRIPES spectra taken at normal incidenée=0°) on

6H-SiC(0001) surfaces annealed for increasing values of annealing
. temperatures from 1050 °C up to 1350 °C.
To understand the origin of featuf2, strong around”,

we have followed the KRIPES spectra at normal incidence . . ot . .
for different annealing temperatures from 1050 °C up toassomated with the™ (I'; ,T's ) bands of graphite, which

1400 °C(Fig. 8). A detailed decomposition of all these spec- reveals the growth of multilayered graphite with ? markgd
tra shows that peaR, dominant in the range of temperature S0 character. At higher temperature, above 1300 °C, the in-
1100-1200 °C, is already present as a shoulder onwBe ( tensities of the two structured anq H' are reduqed apd at

X V3)R30° reconstructed surface. The spectra taken on th&350 °C the spectra are characteristic of graphite with peak
(V3XV3)R30° surface present a surface statgRef. 23 ~ C andF very well developed. _

and a large structure around 8 eV that has been decomposed T0 Probe the presence of carbon graphite on the surface as
into three Components with andH at 6.5 and 7.5 eV above early as 1080 °C, we have followed the evolution of SpeCtra
Er (Fig. 9. At 1080 °C, the intensity of the surface statés taken at a high angle of incidence for which a very charac-
reduced and a new feature a4 eV aboveE; begins to teristic peak of graphite, namely the* band, appears very
appear. Because of its energy position and its evolution upogharp and prominent. Figure 10 presents the spectra recorded
annealing, this peak can be assimilated to p€akn the at §=55° along thel'-K direction of the graphite SBZ for
graphite spectra, suggesting that graphite formation alreadgifferent annealing temperatures corresponding to Fig. 8. We
proceeds at 1080 °C. We can also note that the intensiy of can note the presence of pe&kas early as 1080 °C. Its

is stronger than for the3 surface while the intensity dff intensity is larger after each annealing while its energy posi-
diminishes. In the detailed spectral decomposition of Fig. 9tion does not change at all. So, as early as 1080 °C, we can
it is clear that in the range 1050-1150 °C, the growtDof unambiguously observe some fingerprints of graphite with
goes on at the expense idf D becomes the dominant struc- #* and ¢* bands. The lack of a significant energy shift on
ture in this temperature region where thé3éreconstruction the position of the sensitiver* states with respect to the

is fully developed. At 1200 °C, we observe the emergence ofbulk” graphite reveals a weak interaction with the sub-

a new feature at=9.5 eV aboveE.. This feature corre- strate. In particular, it rules out a significant charge transfer
sponds to the previously described pdakbecause of its between the overlayer and the substrate. It also rules out a
energy position and intensity evolution upon heat treatmentstrong rehybridization of some carbon orbitals with other
up to 1350 °C. We have seen earlier that this structure isrbitals of the substrate. Such a rehybridization would show
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O s
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ALDOS

FIG. 11. Ball model representing part of a graphite overlayer on
top of a Si-adatom-covered SiC(0001) substratésilicon termi-
nation. The graphitd2130) azimuth is oriented along the substrate
(1120) azimuth. For that specific orientation, a coincidence lattice
with a large hexagonal unit cell of a ¥8X 6v3)R30° symmetry
with respect to the substrate is obtained. The Si adatoms at the four
edges of the represented graphene sheet coincide with troughs of
the honeycomb graphite and are thus four nodes of th& (6

Energy above Er (eV) X 6v3)R30° coincidence lattice. Note that for clarity, the carbon
atoms of the graphene sheet are not represented, only bonds be-

FIG. 9. Decomposition of selected KRIPES spectra for threetween C atoms reveal the graphite honeycomb layer.
annealing temperatures of 1050 PG/3 X v3)R30°], 1080 °C[co-
existence of {3Xv3)R30° and (6/3X6v3)R30°], and 1150 °C  range order is obtained through the intralayer interactions
[(6v3x6v3)R30°]. The top curve shows the result of a calculation yhich are stronger than the overlayer-substrate interactions.
on bglk defectiveB-SiC (Ref. 47): it repr_esents the changes in local This is similar to the process known as Van der Waals epi-
density of state¢A-LDOS) around a Si vacancy. taxy, where the formation of sharp and defect-free interfaces
between 2D and 3D materials has been repdiidd. the
present case, however, the material for the overlayer forma-
tion does not come from the gas phase but rather from the
substrate itself. In both cases, the unreactive character of the

IV. DISCUSSION “substrate” surface is essential to preserve the crystalline

The picture which emerges from the whole set of resuItsCharaCter of the overlayer. The LEED results hgve e_videnced
is a model where, since the beginning of its formatiabove the coexistence of botkf3 _and 6/3 reconstrugtlons in the
1080 °0, an ordered graphite overlayer interacts with the€ary Stage of 83 formation around 1100 °C. Although

SiC substrate through weak van der Waals forces. Longg'Ome heterogeneity in the termination among different ter-
races cannot be ruled otitthe persistence of the surface

e stateU suggests that the initial8 formation may proceed
0=55° on top of an adatom-terminated substrate/dsymmetry, at
least in the very beginning of graphite growth. This is a
favorable case since the number of dangling bonds which
would be present at a compact Si termination is reduced by
1 due to the presence of Si adatoms. Furthermore, the re-
maining surface states localized on the adatoms are not true
dangling bonds since this reconstruction has a semiconduct-
ing character with a band gap around 2.0 eV. Both occupied
and empty levels are thus well separated from the Fermi
level and, therefore, are expected to be less reactive than
conventional, “metallic” dangling bonds. The “ball model”
of Fig. 11 shows the close agreement between a multiple of
the graphite unit vector length along tH&010) azimuth
(13x2.459 A=31.97 A) and six times the distance between
silicon adatoms on top of the Si compact planex(B
x3.07 A=31.9 A). The Si adatoms at the four edges of the
represented graphene sheet coincide with troughs of the hon-
eycomb graphite and are thus four nodes of the/3(6

Normalized Photon Counts (arb. units)

up as a deformation of the* bands which are known to be
very sensitive to rehybridizatiof.

Normalized Photon Counts (arb. units)

vhala bl belelald
E_E:(ev) B X 6v3)R30° coincidence lattice. Although overlayer/

substrate interactions are sufficiently weak to allow its un-

FIG. 10. KRIPES spectra recorded at a polar an@t55° constrained growth, the epitaxial layer is azimuthally ori-
along thel-K direction of the graphite SBZ for different annealing ented with respect to the substrate. A significant energy
temperatures corresponding to Fig. 8. We can note the presence Bfinimum configuration is thus obtained for the overlayer in
the peakE as early as 1080 °C. the reported orientation which allows near commensurabil-
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ity, the substrate acting as a template for the oriented growttatom diffusion can be established under the surface up to the
It is interesting to note that for the carbon-terminatedtopmost layers where the Si atoms sublime. The large con-

6H-SiC (0001 where the/3 reconstruction is not observed, centration of Si vacancies under the graphitic léglecan
the observation of ringlike structures in the diffraction pat-provide an explanation for the Cslsurface-shifted compo-
tern has been reportéd This confirms that the presence of nent at 285.5 eV recorded by SXPS on a surface presenting a
the adatoms of th&3 reconstruction is essential to drive a fully developed (63 X 6v3)R30° LEED pattern. Indeed, in
preferred orientation during the growth of the first grapheneperfect SiC bulk, C atoms being more electronegative than Si
sheet. atoms, there is a displacement of the electronic cloud from Si

Nevertheless, a flagrant contradiction with the aboveto C atoms? In the presence of a Si vacancy, charge transfer
mentioned SXPS results remains to be clarified. These rezan no longer occur so that C atoms “lose” some valence
sults suggest that graphitization is only revealed by heatingharge and C 4 shifts to larger binding energies. This
to temperatures largely higher than 1150 °C, which is, how<charge relaxation near a Si vacancy can explain the presence
ever, sufficient for observing a well-developed vB6 of the component at 285.5 eV on the SXPS spectra. Further-
X 6v3)R30° diffraction pattern. How can we understand themore, the quite large width of this component can be due to
seemingly delayed appearance of graphitization obtained biyeterogeneous surroundings of the C atoms that could be
SXPS? We will begin by drawing a parallel evolution of our surrounded by one, two, or three Si vacancies. The marked
KRIPES spectra with the SXPS study of Johanssoal 1° in background detected on the/® LEED patterns is another
this range of temperatures. Both studies reveal as early asgnature of the incipient degree of disorder within this in-
1080 °C the emergence of features that can be assigned termediate phase. In the limit of highly Si-defective layers,
sp?-hybridized carbor(peaksC and E on KRIPES spectra one may also envision the formation of a kind of diamond-
and component at 284.7 eV on the SXPS spegdtigether  like carbon phase made of several C-rich SiC bilayers with
with the development of other features which vanish atmost of their C atomssp®-hybridized. This carbon-rich
higher temperatures. This is the case of pBaknd of the phase could then act as a precursor for the subsequent for-
SXPS component located at 285.5 eV. Both structures firsination of a thermodynamically more stable graphite layer.
appear as a shoulder on tW@ spectra. Upon annealing in An XPS study by Jacksoet al*® on amorphous carbon thin
the range 1080-1150 °C, their intensity strongly increasedjlms has shown that the Cslspectrum is a superposition of
and peakD becomes dominant on KRIPES spectra in thisthree peaks which are assignableste’-hybridized carbon
domain of temperatures. At the same time, other featuretinding energy of 284.84 eV sp’-hybridized carbon at
related to graphite progressively develop. Above 1250 °C285.80 eV, and arsp?-satellite peak at 286.85 eV. The
the intensity ofD and of the peak at 285.5 eV on the SXPS sp*-hybridized carbon peak is thus shifted byl eV from
spectra begins to decrease down to their almost completiesp? peak towards increasing binding energy. This is fully
disappearance at 1350 °C. At this stage we can observe fullyompatible with the observation of the 285.5 eV component
developed graphite features on our KRIPES spectra whilgn the work of Johansson.
the SXPS spectra are dominated by a peak at 284.7 eV re- Within this Si vacancy model, the origin of pe&kin the
lated tos p?-hybridized graphitic carbon. In view of this par- KRIPES spectra remains to be discussed. Electronic proper-
allelism, we suggest the following interpretation. The earlyties of native defects in cubic SiC have been calculated by Li
emergence of ther* states(Fig. 10 unambiguously shows et al#’ Although their calculations were made 6¢SiC, the
that a graphite overlayer starts to develop on some terraces assential features of the total density of stdsee, e.g., Fig.
soon as 1080 °C. The delayed appearance of pedk™ 8 of Ref. 3] are expected to be roughly similar apart from
state$ above 1150 °QFig. 8) is clearly related to the growth the sensitive band-gap energy. They have determined the lo-
of graphite multilayers. We propose that peBk already cal density of stated.DOS) associated with each orbital at a
present as a shoulder on the/6< 6v3)R30° reconstruction given atomic site and also the changAsL.DOS) associated
but dominant in the range.100,1250°C, is characteristic of with C or Si vacancy. At the neighboring of a Si vacancy, the
a strongly nonstoichiometric intermediate phase under tha-LDOS essentially presents two peaks separated by 5.5 eV
graphite overlayer. Indeed, its intensity progressively vanand located at=2 and 7.5 eV above the maximum of the
ishes when the chemically modified substrate becomes buwalence bandE,g,). We cannot directly compare this cal-
ied under a graphite overlayer of growing thickness, becomeulated LDOS with the density of states we have recorded at
ing progressively out of reach of the low-energy electronsnormal incidence in our KRIPES experiments because the
used in KRIPES. reference energy is different in the two cas&s (in our

We can now address more precisely the nature of th&RIPES study and, ), in the theoretical stugy However,
chemically perturbed subsurface region of the SiC substrateve can relate the two above-mentioned peaks of the
We have seen that heat treatments at temperatures aboge DOS with two peaks on our KRIPES spectra also sepa-
1000 °C induce Si evaporation and that this sublimation intated by~5.5 eV. Peak#\ andD at, respectively, 1 and 6.5
volves several layers of SiC in the bitkThe rate of evapo- eV aboveEg nicely satisfy this criterion. Figure 12 shows
ration of Si from SiC has been estimatBdsing the vapor that peakA intensity closely follows that of peaR. Due to
pressure dafd of Drowart etal. For an annealing of the presence of the surface-state pegkstructureA could
1030°C, the evaporation rate of Si is 2.7 notbe detected before 1080 °C. Pda&learly appears in the
X 10'2 atom cm?s 1. This means that an annealing of 5 1150 °C spectruniFig. 8 and undergoes a regular decrease
min at this temperature results in a calculated loss of Si ofn intensity down to its complete disappearance at 1350 °C.
2.7 monolayers. We can suppose that the first Si atoms ttm Fig. 4 presenting spectra recorded on a graphitic surface
leave are the surface Si atoms and that a mechanism of @hnealed at 1400 °C, pe#@kwas not needed to correctly fit
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& 1.0 1 . 1 . L L u graphite and the LEED pattern obtained for this reconstruc-
"g c tion corresponds to the lattice parameters of (86D1).
g Therefore, the Si adatoms responsible for the formation of
8 0.8+ - the (V3xXv3)R30° reconstruction are already supported by
% chemically perturbed layers with an already significant de-
S 0.6- L gree of nonstoichiometry. In the SXPS experiments also, the
£ D large broad feature which emerges near 285 eV was again
3 already present on thé3 spectra. This is consistent with
8 044 AT other AES resulfswhich have suggested the presence of
£ silicon vacancies in the terminating layer. In light of the
S 024 H| present experiment, it is clear that these Si vacancies are to
1100 1200 1300 be found below the terminating layer of Si adatoms, which

appears rather homogeneous as seen by $TWan Bom-
mel has proposed a model for the graphitization of the
3C-SiC(111) surface: after sublimation of silicon, by an-
nealing at 1200 °C, three successive carbon lay&sl
density=3.67x10" atom cm ?) collapse into a single layer
the spectra. It is thus obvious that this peak cannot be relateef carbon(graphite typg This thesis is based on the very
to graphite. Instead, like pedR, it has to be related to the close value of the surface density of this single layer of car-
SiC substrate and to its associated changes in the density bon with the one of a graphite monolayer (3.80
states due to the presence of Si vacancies. In addition, ths 10% atom cm ). With the increase of annealing tempera-
vanishingk, dispersion of both pealk andA indicates that tures, the concentration of Si vacancy in the topmost layers
they both originate from electronic states with a localized orincreases so that there is a larger number of C atoms sur-
nonextended character. Let us point out that characteristiounded by Si vacancies. In the limit of high Si-vacancy
defect states in the conduction band have seldom been ugoncentration, the existence of an intermediate diamondlike-
ambiguously attributed in the literature. Our observationcarbon phase is reflected in the growth of pdakn the
opens the way for an improved comparison with more reKRIPES spectra, the presence of the component at 285.5 eV
fined theoretical predictions of characteristic defect elecin the SXPS spectra, and the incoherent LEED background.
tronic properties and also to the quantitative evaluation oRecent STM measuremefitshave also directly revealed a
defect density. disordered phase when annealingtd-&iC(0001) face pre-

Li et al*” have also calculated LDOS sfandp orbitals ~ senting a¢3 X v3)R30° reconstruction. With a further tem-
at Si and C sites and an average total electronic density gierature increase, these highly defective layers collapse into
states of the cubi@-SiC polytype. The DOS of8-SiC pre- a thermally stable single layer of graphite. Under this gra-
sents a broad feature locatecke.5 eV aboveE, gy mainly  phitic cover, with the increase of temperature, the mecha-
derived fromp orbitals of C atoms. This state is shifted by nism of Si evaporation continues. Under the capping gra-
~1 eV from the maximum imM-LDOS due to the presence phitic layer, there is still “formation” of C-rich layers
of Si vacancies located at 7.5 eV we have just discussed. Iwhich, in turn, can furnish additional graphite layers below
Fig. 9, we can note that peak is shifted by~1 eV away the top monolayer, leading to the observed multilayer
from peakD which we have assigned to Si vacancies. Pealgrowth.
H, already present in th&3 spectra and whose intensity
decreases drastically with annealing upon 1080 °C, can only
be related to SiC. Referring to the DOS calculated by Li
et al, and because of its position relative to pdakfeature In summary k,-resolved inverse photoemission spectros-
H on KRIPES spectra can be ascribed to states which mainlyopy applied to the (83X 6v3)R30°-reconstructed
derive from 2 orbitals of C atoms in SiC. The fast decreasegH-SiC(0001) surface has revealed a system of heteroepi-
of structureH visible in Fig. 9 confirms this origin. The taxial graphite overlayers above C-rich layers of a limited
interpretation of peaki as an intrinsic feature of SiC is also thickness. We are able to identify emp#y states which are
confirmed by recent band-structure calculatfraf 8-SiC,  clear fingerprints of graphitic carbon for annealing tempera-
where three bands are located near 7.4 and 8.4 eV aboygres as low as 1080 °C. The lack of significant energy shifts
Evgm - In the vicinity of I', their flat dispersion in the bulk of these fingerprints reveals a weak interaction between the
BZ I'L direction(perpendicular to the surfacgives rise to a  substrate and the overlayer, which has an electronic structure
high projected DOS which should ease their detection bylose to the “bulk” crystalline graphite. This weak interac-
KRIPES. tion, which at first seems surprising for a compact terminat-

From all these observations, both peBkon KRIPES ing plane with a lot of dangling bonds, suggests that the
spectra and the broad surface component near 285.5 eV growth of the first graphene sheet may proceed on top of
the SXPS spectra must reflect the increasing number of Sidatoms characteristic of the@Jxv3)R30° reconstruction
vacancies in the C-rich SiC bilayers under the terminatingvhich reduce the chemical reactivity of the substrate. This
graphitic laye¢s) in formation. The observation of the fea- layer-by-layer growth opens up the possibility to isolate a
ture D as a shoulder on the KRIPBS spectra means that single graphene sheet “floating” above the substrate. Fur-
there are already modified C-rich layers for this surfacether STM work is currently in progress to understand more
However, we do not observe whatsoever any fingerprints ofully these mechanisms. This kind of van der Waals epitaxial

Annealing Temperature (°C}

FIG. 12. Relative intensity variations of the main features
(peaksA, C, D, andH) of the KRIPES spectra corresponding to Fig.
8 versus annealing temperature.

V. CONCLUSIONS
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process goes on upon annealing at increasing temperaturapart from sparse natural single crystals, it is usually found
by formation of other graphite layers below the top graphenén the HOPG form with azimuthal misorientation within the
sheet. The results we have obtained for a low coverage dayers. Since the details of the electronic structure, particu-
graphitic carbon reveal empty electronic states which can bkrly in the empty states, are very sensitive to the structural
related to structurally modified SiC bilayers under the gra-quality of the surface, the present results also show that
phitic layers. In particular, a critical role is played by silicon graphite thin films heteropitaxially grown on silicon carbide
vacancies which show up as characteristic fingerprints in thare a substrate of choice for more refined adsorption studies
KRIPES spectra. The SXPS spectra are readily understooahich can now rely on an extended order over macroscopic
considering a kind of diamondlike carbon phase which actglimensions.
as a precursor to graphite formation. For higher annealing
temperatures, KRIPES spectra are characteristic of
multilayer graphite with a high degree of crystalline and azi-
muthal order. It is a pleasure to thank P. Lambin and F. Thibaudau for
Graphite has long been used in numerous adsorption studseful discussions, as well as P. A. Thiry for a critical read-
ies as the archetype of a nonreactive substrate. Howeveng of the manuscript.
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