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Heteroepitaxial graphite on 6H -SiC„0001…: Interface formation
through conduction-band electronic structure

I. Forbeaux, J.-M. Themlin,* and J.-M. Debever
Groupe de Physique des Etats Condense´s, UMR CNRS 6631, Case 901, Faculte´ des Sciences de Luminy,

F-13288 Marseille Cedex 9, France
~Received 10 August 1998!

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 spectroscopy~KRIPES! to monitor the
progressive formation of crystalline graphite on 6H-SiC(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 unshiftedp* states, 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)36))R30° symmetry. The growth of the first
graphene sheet proceeds on top of adatoms characteristic of the ()3))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.@S0163-1829~98!06347-4#
ite
th
lu
-
o
a

kl
-

gle
ly

an
it

ec
se
er

le-
ea
id
e
ep

a
n
e
h-
ou
le
t

n to

e
ch-

y
he
r-
m-
a

g

Si
-

res
b-
s-
o
ain

rease

e
e

c of
I. INTRODUCTION

There has recently been a renewal of interest in graph1

the archetype layered material, in connection with
progress on new allotropic forms of carbon such as nanoc
ters~buckyballs! or nanotubes.2,3 Graphite is made of honey
comb carbon layers weakly coupled to their neighbors. Fr
the theoretical side, much of its unique properties such
Fermi-surface shape or free-carrier density have been tac
by ab initio calculations.4,5 However, apart from some stud
ies which report the use of natural or synthetic sin
crystals,6–8 most of the experimental studies to date still re
on the highly oriented pyrolytic graphite~HOPG! material.
HOPG, made of an aggregate of small crystallites with r
dom in-plane orientation and separated by regions w
translational and rotational disorder, only mimics the perf
arrangement found in true single crystals. In some ca
defects of HOPG-like stacking-fault planes largely det
mines the measured physical quantity.1 In the present work,
we demonstrate that millimeter-sized bulklike sing
crystalline graphite can easily be formed by thermal ann
ing under vacuum as epitaxial thin films on a silicon carb
wafer. Using surface-sensitive techniques, we reveal som
the mechanisms that govern the formation of the hetero
taxial graphite layers.

With outstanding characteristics such as wide band g
high electron saturation velocity, and high thermal, mecha
cal and chemical stability, silicon carbide presents a gr
potential for applications in high-temperature, hig
frequency, and high-power semiconductor devices. Vari
polytypes of this material are now commercially availab
but to date most of the studies have been carried out on
hexagonal 6H and on the cubic polytype 3C. Their polar
PRB 580163-1829/98/58~24!/16396~11!/$15.00
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surfaces with a silicon termination, 6H-SiC(0001) and
3C-SiC(111), present the same stacking sequence dow
four Si-C bilayers from the surface.9 Low-energy-electron-
diffraction ~LEED! ~Refs. 9–11! has revealed several surfac
reconstructions which have also been studied using te
niques such as Auger-electron spectroscopy~AES!,9,12,13

electron-energy-loss spectroscopy~EELS!,12–14 x-ray photo-
emission spectroscopy~XPS!,12 ultraviolet photoemission
spectroscopy~UPS!,15,16 and scanning tunneling microscop
~STM!.17–21 In the present work, we are concerned with t
silicon termination of 6H-SiC which presents several o
dered reconstructions with a remarkable range of stoichio
etries. Annealing around 850 °C under a Si flux gives
silicon-rich (333) reconstruction. A further annealin
around 1050 °C gives a ()3))R30° reconstruction made
of Si adatoms in the hollow sites of a compact
termination.20,22,23After annealing at 1400 °C, electron dif
fraction reveals a graphitic termination with only the 131
spots of crystalline graphite.24

The intermediate step towards graphitization is the (6)
36))R30° reconstruction~hereafter referred to as 6) for
short! obtained after annealing at intermediate temperatu
above 1050 °C and below 1300 °C. In their early LEED o
servations, Van Bommelet al.24 have observed that succe
sive heat treatments of the 6)-reconstructed surface lead t
a diffraction pattern where only the graphite spots rem
visible. AES studies performed on that reconstruction9,12,13

have also shown that heat treatments above 1000 °C dec
the intensity of the Si peak~88 eV! while the C peak~271
eV! progressively changes from the ‘‘carbide’’ type to th
‘‘graphite’’ type, its intensity remaining constant. The sam
behavior has also been observed by EELS,12 where, after
annealing at 1000 °C, a sharp loss feature characteristi
16 396 ©1998 The American Physical Society
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PRB 58 16 397HETEROEPITAXIAL GRAPHITE ON 6H-SiC(0001): . . .
graphite appears in the electron energy loss spectrum. F
a vibrational point of view, optical phonons of the graph
layer have been detected by HREELS.14 The structure of the
6H-SiC(0001) termination has also been probed by ato
resolved microscopies. STM has revealed17–19that annealing
the surface at 1150 °C induces the formation of a 636 re-
construction corresponding to the (6)36))R30° pattern
observed in previous LEED studies.

All these studies roughly converge towards the same c
clusion: the (6)36))R30° reconstruction consists of a
independent graphite layer on top of the unreconstructed
face of 6H-SiC(0001). However, a recent high-resolutio
core-level photoemission study of the (6)36))
R30°-reconstructed surface cast some doubt on
picture.15 On the one hand, these authors have demonstr
that the (6)36))R30° reconstruction contains a consi
erably larger amount of carbon than silicon compared to
()3))R30° structure. They have concluded that t
structural changes from the) to the 6) are accompanied
by changes in the chemical composition of the surface al
the trends given by the above-mentioned AES studies.9,12,13

On the other hand, they have followed the evolution of hig
resolution C 1s and Si 2p UPS spectra after heating at tem
peratures between 950 and 1350 °C. This leads to surf
shifted C 1s components with binding energiesdifferent
from the graphitic C1s peak, since both bulk and surface
sensitive spectra are characterized by features at higher b
ing energies. For the) surface, the C 1s surface-sensitive
spectra are dominated by one broad feature around 283.
and another broad, weak feature located around 285 eV.
intensity of this last feature dominates the spectra for ann
ing temperatures between 1150 and 1250 °C, where the
face exhibits a fully developed (6)36))R30° LEED pat-
tern. This broad feature can be decomposed into at least
components located at'285.5 and 284.7 eV. While the lat
ter is clearly assigned to graphitic carbon, the origin of
former, completely dominant below 1350 °C, is still uncle
Its presence allows Johanssonet al. to rule out the formation
of graphite below 1350 °C. It is only after annealing
1350 °C that the intensity of the component at 285.5
decreases and that the shape of the C 1s spectrum become
that of graphite with practically a single component at 28
eV related tosp2-hybridized graphitic carbon.

As far as the electronic structure of the 6) reconstruction
is concerned, it thus seems to significantly differ from t
well-known spectroscopic signature of graphite, at least fr
the core-level shift analysis. Fortunately, this kind of syst
~Monolayer of graphite/substrate! has long been of great in
terest in relation to catalysis.25–27 In some cases, a stron
interaction with the substrate has been reported where
overlayer acquires modified structural, vibrational, and el
tronic properties which can significantly differ from
‘‘bulk’’ graphite layer.27–29 However, the observation of a
ordered superstructure does not favor the idea of a str
overlayer/substrate interaction which is expected to degr
the long-range order within a single layer. New and comp
mentary measurements were thus required to understan
evolution of this complex interface towards the ‘‘graph
tized’’ termination of 6H-SiC(0001). ki-resolved inverse-
photoemission spectroscopy~KRIPES!, involving optical
transitions between empty crystal states, is ideally suite
m
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the study of the electronic structure of layered materials s
as graphite.6 Indeed, highly localized two-dimensional uno
cupied states usually generate a significant photon flux u
electron bombardment. Furthermore, from the conserva
of the parallel component of the wave vectork, we can usu-
ally determine a two-dimensional experimental band str
ture E(ki) which can be compared with the calculated, pr
jected empty band structure of the layered solid. Applyi
KRIPES on 6H-SiC(0001), we are able to identify empt
p* states which are clear fingerprints of graphitic carbon
annealing temperatures as low as 1080 °C.

II. EXPERIMENT

The experiments have been performed in an ultrahi
vacuum chamber~base pressure 10210 mbar! equipped with
a low-energy electron diffractometer and the inverse pho
emission system.30 This one consists of a BaO electron gu
and an elliptical mirror to focus photons emitted in a lar
solid angle toward the photon counter. The Geiger-Mu¨ller
type detector filled with a helium-iodine mixture and seal
with a CaF2 window operates in an isochromat mode at
fixed photon energy of 9.7 eV. The overall energy resoluti
determined by measuring the Fermi edge of a polycrystal
Ta foil, is 0.6 eV, including the performance of the electr
gun and the detector. The angular resolution defined by
dispersion of the electron beam is about 3° resulting in
Dki,0.1 Å21. The dispersion within the surface Brilloui
zone~SBZ! of interest is investigated by rotating the electr
gun in a vertical plane perpendicular to the sample surf
~variable polar angleu with respect to the surface norma!
and oriented along a given azimuth.

We have used a commercial~Cree research!, nitrogen-
doped (ND5931017 cm23) 6H-SiC(0001) sample cut from
a 0.3-mm-thick wafer. The sample was fixed by Mo cli
and all the treatments were achieved in a preparation ch
ber ~base pressure,3310210 mbar!. The temperature of
annealing was monitored by an infrared pyrometer assum
an emissivity of 0.90.13 The 6H-SiC(0001) sample is intro-
duced into vacuum withoutex situcleaning. The subsequen
cleaning steps will be described below~see Sec. III!.

III. EXPERIMENTAL RESULTS

A. Overview

Figure 1 shows the KRIPES spectra taken at normal in
dence (u50°) for different reconstructions of the
6H-SiC(0001) surface obtained for increasing values of
nealing temperature. The intensities of each spectrum h
been normalized to the transmitted sample current. The
ergies are referenced to the Fermi level measured o
nearby metal in electrical contact with the sample. Figur
presents selected LEED patterns observed on these surf
Right after introduction into vacuum followed by a modera
annealing below 900 °C, a faint 131 pattern~not shown in
Fig. 2! related to adsorbed residual O or other contamina
is observed.11 The corresponding KRIPES spectrum visib
in Fig. 1 gives some faint structures. The sample, held a
fixed temperature around 900 °C, is then exposed to a Si
obtained from a resistively heated Si wafer held ne
1200 °C. This cleaning procedure is used to remove the
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FIG. 1. KRIPES spectra taken at normal incidence (u50°) for
different reconstructions of the 6H-SiC(0001) surface obtained fo
increasing values of annealing temperature.
its
tive surface oxides which sublime at this temperature as
species.9 The LEED pattern then exhibits a sharp 333 re-
construction @Fig. 2~a!#, attributed to a silicon-rich
termination.17 A further annealing in the range 1000
1050 °C for a few minutes produces a ()3))R30° recon-
struction@Fig. 2~b!#, attributed to Si adatoms occupying th
filled T4 sites above a compact bilayer termination.20,22 In
inverse photoemission, this reconstruction is character
by a sharp peakU ~Fig. 1! appearing 1.1 eV above the Ferm
level and attributed to an empty surface state.23 Other struc-
tures with a maximum around 7.5 eV above the Fermi le
are much less sensitive to contamination and can be asc
to bulk states. Successive heat treatments at higher tem
tures~above 1080 °C! induce the gradual development of
complex (6)36))R30° pattern@Figs. 2~c!–2~e!#. This
pattern has been interpreted considering a crystalline si
graphite monolayer on top of SiC, rotated by 30° with
spect to the SiC lattice.24 At low annealing temperatures, th
SiC spots are the brightest. Figure 3~a! shows a LEED pat-
tern (EP5110 eV) taken after annealing around 1100 °
Figure 3~b! shows the unit vectorss1 and s2 of the SiC re-
ciprocal lattice.c1 andc2 , the unit vectors of the reciproca
lattice of the overlayer, are determined from the LEED p
tern obtained after annealing at 1400 °C@Fig. 2~f!#. Taking
as a reference the substrate lattice constant at 3.07 Å,31 the
lattice constant of the overlayer is estimated at 2.460.1 Å
from the LEED pattern. This value can be compared with
reported4 value for graphite,a52.4589 Å. The diffraction
pattern is thus consistent with a graphite overlayer with
FIG. 2. LEED patterns from 6H-SiC(0001) with a primary energy of 130 eV obtained on~a! (131), ~b! ()3))R30°, ~c! ()
3))R30° and (6)36))R30°, ~d! and ~e! (6)36))R30°, and~f! graphite (131).
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^213̄0& azimuth oriented along the substrate^112̄0& azi-
muth. For that orientation, a coincidence lattice with a la
hexagonal unit cell of a (6)36))R30° symmetry19 with
respect to the substrate is obtained. In the reciprocal sp
because of the 30° rotation between the substrate and
overlayer, theḠ-K̄ direction of the graphite SBZ corre
sponds to theḠ-M̄ direction of the SiC SBZ andvice versa
@Fig. 3~c!#. Other spots are visible which are located at t
positions of sum vectors of substrate and overla
reciprocal-lattice vectors. The position of these spots is gi
by the reciprocal vectornr11mr2 and labeled by~n,m!,
where r1 and r2 are the basis vectors of the small (6)
36))R30° unit mesh in the reciprocal space. For examp
spot ~7,7! in Figs. 3~a! and 3~b! is obtained by adding one
overlayer reciprocal vectorc11c2 to one substrate vecto
2s2 . Similarly, spot ~5,0! is given by (s11s2)2c1 , spot
~6,1! by c21(s12s2), and spot~7,21! by (c12c2)1(s2
2s1). Other spots of the (6)36))R30° mesh may be
obtained by combination of other reciprocal vectors. Ho
ever, most of these combinations involve large reciproc
lattice vectors that will produce a much lower intensity in t

FIG. 3. ~a! LEED pattern of 6H-SiC(0001) with a primary en-
ergy of 110 eV after Si flux exposure~see text! and annealing
around 1100 °C. ~b! Schematics of the diffracted beams, showi
the unit vectorss1 ands2 of the SiC reciprocal lattice andc1 andc2 ,
the unit vectors of the reciprocal lattice of the overlayer. Other sp
are visible which are located at the positions of sum vectors
substrate and overlayer reciprocal-lattice vectors. The positio
these spots is given by the reciprocal vectornr11mr2 and labeled
by ~n,m!, wherer1 and r2 are the basis vectors of the small (6)
36))R30° unit mesh~shaded! in the reciprocal space.~c! In the
reciprocal space, because of the 30° rotation between the sub

and the overlayer, theḠ-K̄ direction of the graphite SBZ corre

sponds to theḠ-M̄ direction of the SiC SBZ andvice versa.
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double diffraction process involved.32 Indeed, some of these
spots are visible, although faint, on the LEED pattern pho
graph of Fig. 3~a!, obtained after annealing around 1100 °
In particular, this should also be the case for the~6,0! spot
which is also part of the smaller adatom-induced ()
3))R30° reconstruction of the substrate. However, t
spot remains perfectly visible up to about 1100 °C. Th
shows that besides multiple diffraction, single diffraction
the ()3))R30° reconstruction which coexists with th
6) reconstruction33 on different terraces most probab
contributes to the~6,0! spot intensity. Although this spot is
part of the (6)36))R30° pattern, its intensity suddenl
decreases above 1100 °C where it becomes indistinguish
from the background. This is consistent with the disappe
ance, at this temperature, of the unoccupied surface-s
peak in the inverse-photoemission spectrum since both
empty surface state and the~6,0! spots are directly related to
the presence of adatoms. Above the annealing temperatu
1150 °C, the~13,0! and~0,13! spots become more and mo
intense up to 1400 °C where other multiple-diffraction sp
have disappeared@Fig. 2~f!#. These~13,0! and ~0,13! spots
are coincident with the graphite~1,0! and ~0,1! diffracted
beams@Fig. 3~b!#. It seems plausible that upon annealing, t
overlayer thickness becomes larger than the electron m
free path and the primary electrons can no longer reach
substrate. The growth of given structures in the KRIP
spectra~see below! will prove the gradual development o
more than one single layer of graphite. Since the grap
unit cell contains two atoms, the structure factor modula
the diffracted beam intensities by doubling the~h,k! spot
intensity whereh1k563n, with n50,1,2,... . The observa
tion of narrow spots instead of the ringlike structures usua
observed on HOPG ascertains the good azimuthal orde
of the graphite thin layer. We also note that a lower contr
is observed on the three LEED pattern photographs of F
2~c!–2~e!, where the 6) pattern is present. This highe
background intensity with respect to the) or graphite-(1
31) reconstructions suggests some degree of disorde
amorphization. We will show below that this disorder
linked to the presence of silicon vacancies in a carbon-r
phase precursor of graphite formation.

B. Multilayer graphite

As a starting point, we have studied in detail the surfa
heated at 1400 °C for which the presence of graphitic car
is evidenced by its characteristic LEED pattern@Fig. 2~f!#.
Various studies performed on similarly prepared surfa
have also concluded that after an extended annealing a
1350 °C, the surface is covered by several layers of graph
carbon.13 The SXPS and UPS measurements15 also find clear
evidence of graphitization after extended annealing at
elevated temperature. Figure 4 presents spectra recorde
that surface for the two high-symmetry directions of t
graphite SBZ. The peak positions, marked by vertical ba
are determined by adjusting a sum of Gaussian line sha
and a background baseline to the raw data~Fig. 5!. For all
the spectra, the solid line is the envelope of the synth
spectra obtained from the addition of the Gaussian peaks
the background, and the experimental data are represe
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with open circles. For both directions, the spectra are s
metrical with respect tou50° and present at least five dis
tinct features. We first observe, located at'1.5 eV above the
Fermi level (EF), a peakB present all over the SBZ with

FIG. 4. KRIPES spectra obtained on the graphitiz
6H-SiC(0001) surface annealed at 1400 °C as a function of

polar angleu along theḠ-M̄ and Ḡ-K̄ direction of the graphite
surface Brillouin zone.

FIG. 5. Example of a set of Gaussians used to fit a KRIP
spectrum obtained at normal incidence on the graphiti
6H-SiC(0001) surface obtained after annealing at 1400 °C.
experimental data~dots! are adjusted with the sum of segments
linear background~substracted from the raw data in this figure! and
the fitted set of Gaussians~solid line!. The bottom curve shows th
residuals between the fit result and the experimental data.
-

only a slight dispersion. At'4 eV aboveEF at theḠ point,
we note the presence of peakC, very sharp foruuu,35° and
disappearing foruuu.40°. We can observe the large dispe
sion of this peak which goes away fromEF by almost 2 eV
for increasing values ofuuu. Another very sharp and promi
nent peak~E! is also present foruuu.35°. It can be seen in
the Ḡ-K̄ direction of the graphite SBZ and shows a ve
large dispersion towardsEF for increasing values ofuuu.
Spectra also present two other marked features: peaF,
located at'10.5 eV aboveEF , observed foruuu,30°, and
peak K, located at'13 eV aboveEF , appearing foruuu
.55° in theḠ-K̄ direction of the graphite SBZ.

Graphite has different bonding character depending on
crystallographic orientation. The strong bonding of the C
oms within the basal planes is conveniently described bs
states, contributed to by 2s and 2px,y atomic orbitals. Thep
states made of 2pz orbitals are oriented perpendicular to th
planes. Band-structure calculations34,35 have shown that the
low-energy region of the conduction band is ofp character,
whereas the high-energy part has mainlys character. The
final-state energies with respect toEF versus the wave vecto
parallel to the surface are presented in Fig. 6 for the vari
peaks or shoulders of our KRIPES spectra~Fig. 4!, together
with the results of self-consistent band-structure calculati
for graphite from Holzwarthet al.,35 abbreviated HLR in
what follows. The nondispersing peakB present in all the
spectra at'1.5 eV aboveEF has been attributed to indirec
transitions into the high density of states of thep* band at
the M̄ point.6 The overall behavior ofC located at'4 eV
aboveEF in normal incidence and showing an upward d
persion away fromḠ closely follows the calculated disper
sion predicted by HLR for thes* (G1

1) state. However, this

e

S
d
e

FIG. 6. Final-state energies with respect toEF versus the wave
vector parallel to the surface for the dominant peaksB, C, E, F
~filled circles!, or shoulders~open circles! of the KRIPES spectra
shown in Fig. 4, together with the results of self-consistent ba
structure calculations for graphite from Ref. 35. Thes* (G1

1) and
s* (G5

1 ,G6
2) bands are indexed following the notation used in R

35.
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nice agreement is fortuitous, since photon-energy-reso
inverse-photoemission experiments36 have shown that the
sharp structureC has no dispersion perpendicular to the ba
plane. This is in contrast to the predicted behavior of
s* (G1

1) state. Although graphite is the archetype of a tw
dimensional solid, the interaction between layers manife
itself in several ways in the electronic structure such as, e
the splitting of thep andp* bands, calculated by HLR an
experimentally observed in ARUPS~Ref. 37! and KRIPES.6

The interlayer interactions are also responsible for the str
dispersion normal to the basal plane ofs* (G1

1), the first
unoccupieds band. Band-structure calculations by HLR r
veal that the electron density distribution for this state
highly concentrated in the region between two carbon plan
which is why thes* (G1

1) state is often referred to as th
‘‘interlayer’’ state. Thes* (G1

1) state has been unambigu
ously localized36 as a tiny, strongly dispersing feature lo
cated at 5 eV aboveEF nearḠ. In the present study, the fain
structureC8 with a parabolic dispersion visible in Fig. 6 ca
most probably be ascribed to thiss* (G1

1) state. Coming
back to the sharp structureC, it seems that to date, no con
sensus has been reached about its origin. Calculation
Posternaket al. have predicted an unoccupied surface st
located at 3.8 eV aboveEF . However, the small sensitivity
of peakC to activated O2* or H2* casts some doubt38 on its
surface origin. StructureC has also been attributed38,36 to
indirect transitions into some high density of states at
bottom of the interlayer states* (G1

1). Surprisingly, other
studies39 have reported a marked sensitivity of peakC to-
wards contamination. An alternative explanation has the
fore been proposed for this prominent peak which could
rive from an image-potential surface state. These ima
potential states where the incoming electron is trapped b
own Coulombic image force are well known for met
surfaces.40 On the other hand, by comparing the attenuat
of peakC and other bulk-derived structures upon the grow
of Au and Pd clusters, Huet al. were able to conclude41 to
the surface-derived origin of the sharp structureC, either a
surface state or an image state.

With an asymmetric line shape, peakE is the most promi-
nent structure of our KRIPES spectra. It is observed at h
incidence in theḠ-K̄ direction, and is readily attributed t
the low-lying p* states which disperse towards the Fer
level reached at theK̄ point where it slightly overlaps the
filled p bands, since graphite is a semimetal. It should
noted that due to the high incidence angle required, we co
not observe the Fermi level crossing at theK̄ point at such a
low final energy. Spectra have also revealed two other
tures that can be assigned to known bands of graphite
comparison with KRIPES spectra of earlier studies: a n
dispersive peakF around 10.5 eV that has been readily ide
tified with the antibondings* bands ofG5

1 ,G6
2 symmetry at

k50, and a pronounced featureK occurring foruuu.55°. In
accordance with previous KRIPES results on HOPG~Refs.
39 and 42! or natural graphite single crystal,6,7 peakK seems
to follow the calculated dispersion of thep* (G3

1 ,K6) band.
However, the strong dispersion of this feature towards h
energies~visible in the upper two spectra of Fig. 4 atu
560° and 70° but not represented in Fig. 6! has no counter-
d
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part in the available high-energy band-structure calculatio
Finally, the attribution of peakF to transitions into the anti-
bonding s* (G5

1 ,G6
2) bands near the BZ center deserv

some comments since the intensity of peakF will be used
below to gain information on the overlayer morphology. Fi
ure 6 shows that thes* (G5

1 ,G6
2) bands strongly disperse i

the vicinity of the BZ center. This is in contrast with th
limited dispersion experimentally observed on peakF. This
can be understood considering that the optical transition
the electron are supported by a high one-dimensional den
of final states normal to the surface. Indeed, according to
band-structure calculations34,35 the states have no dispersio
along theGA direction ~normal to the surface! of the bulk
BZ, resulting in a high DOS at the zone center in the p
jected band-structure probed by isochromat KRIPES. T
observation of peakF thus requires a well-developed band
the k' direction. This is only obtained when a sufficie
number of graphitic layers build up and the layered so
acquires a three-dimensional character. We will use be
the growth of peakF as a fingerprint for the growth of mul
tilayered graphite.

In conclusion for this part, the spectra recorded on t
graphitic surface are of high quality comparable with earl
studies of the conduction-band structure of natural grap
single crystal6,7 or HOPG.39,42 Several observed feature
~peaksC, E, and F! are prominent and very sharp, the
widths approaching the resolution of our apparatus. For
ample, the fit shows that peakE derived from thep* states
can be resolved into two components lying approximatel
eV apart, in close agreement with thep* splitting predicted
by HLR. Furthermore, marked differences in the spectra
tween theḠ-K̄ and theḠ-M̄ directions are found which are
evidence of the single crystallinity of these graphitic laye
Hence, we can conclude that at these elevated annealing
peratures above 1350 °C, the substrate is covered by se
layers of single-crystalline graphite.

C. The 6) reconstruction

We consider now the surfaces with a well-develop
(6)36))R30° diffraction pattern, obtained for a temper
ture of annealing of 1150 °C where the 6) reconstruction is
uniformly present on the surface. In order to check if so
graphitic carbon fingerprints could be identified, we ha
recorded spectra for various angles along the two hi
symmetry directions of the overlayer graphite SBZ~Fig. 7!.
A structure near 4 eV aboveEF immediately reminds peakC
of graphite. In the vicinity of the Fermi level, we observ
two nondispersive peaksA and B, located at'1 and 2 eV
aboveEF , present all over the SBZ. We observe seve
other features, such as featureD, located at'6.5 eV above
EF , which appears around theḠ point (uuu,25°) with a flat
dispersion; peakC, located at'4 eV aboveEF at the Ḡ
point, very sharp foruuu,35° and disappearing foruuu
.40°; and peakE appearing foruuu.35° in theḠ-M̄ direc-
tion of SiC reciprocal space. Because of their energy posi
and dispersion behavior, the three structuresB, C, andE are
very close to the case of multilayer graphite. However,
strong peakD near 6.5 eV aboveEF and peakA have no
equivalent on graphite.
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To understand the origin of featureD, strong aroundḠ,
we have followed the KRIPES spectra at normal inciden
for different annealing temperatures from 1050 °C up
1400 °C~Fig. 8!. A detailed decomposition of all these spe
tra shows that peakD, dominant in the range of temperatu
1100–1200 °C, is already present as a shoulder on the)
3))R30° reconstructed surface. The spectra taken on
()3))R30° surface present a surface stateU ~Ref. 23!
and a large structure around 8 eV that has been decomp
into three components withD andH at 6.5 and 7.5 eV above
EF ~Fig. 9!. At 1080 °C, the intensity of the surface stateU is
reduced and a new feature at'4 eV aboveEF begins to
appear. Because of its energy position and its evolution u
annealing, this peak can be assimilated to peakC on the
graphite spectra, suggesting that graphite formation alre
proceeds at 1080 °C. We can also note that the intensityD
is stronger than for the) surface while the intensity ofH
diminishes. In the detailed spectral decomposition of Fig
it is clear that in the range 1050–1150 °C, the growth ofD
goes on at the expense ofH. D becomes the dominant struc
ture in this temperature region where the 6) reconstruction
is fully developed. At 1200 °C, we observe the emergence
a new feature at'9.5 eV aboveEF . This feature corre-
sponds to the previously described peakF because of its
energy position and intensity evolution upon heat treatme
up to 1350 °C. We have seen earlier that this structure

FIG. 7. KRIPES spectra obtained on surfaces with a w
developed (6)36))R30° diffraction pattern, obtained for a tem
perature of annealing of 1150 °C. The spectra are obtained for

ous polar angles along the two high-symmetry directionsḠ-M̄ and

Ḡ-K̄ of the SiC substrate SBZ.
e

e

ed

n

dy

,

f

ts
is

associated with thes* (G5
1 ,G6

2) bands of graphite, which
reveals the growth of multilayered graphite with a mark
3D character. At higher temperature, above 1300 °C, the
tensities of the two structuresD and H are reduced and a
1350 °C the spectra are characteristic of graphite with p
C andF very well developed.

To probe the presence of carbon graphite on the surfac
early as 1080 °C, we have followed the evolution of spec
taken at a high angle of incidence for which a very char
teristic peak of graphite, namely thep* band, appears very
sharp and prominent. Figure 10 presents the spectra reco
at u555° along theḠ-K̄ direction of the graphite SBZ for
different annealing temperatures corresponding to Fig. 8.
can note the presence of peakE as early as 1080 °C. Its
intensity is larger after each annealing while its energy po
tion does not change at all. So, as early as 1080 °C, we
unambiguously observe some fingerprints of graphite w
p* ands* bands. The lack of a significant energy shift o
the position of the sensitivep* states with respect to th
‘‘bulk’’ graphite reveals a weak interaction with the sub
strate. In particular, it rules out a significant charge trans
between the overlayer and the substrate. It also rules o
strong rehybridization of some carbon orbitals with oth
orbitals of the substrate. Such a rehybridization would sh

-

ri-

FIG. 8. KRIPES spectra taken at normal incidence (u50°) on
6H-SiC(0001) surfaces annealed for increasing values of annea
temperatures from 1050 °C up to 1350 °C.
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up as a deformation of thep* bands which are known to b
very sensitive to rehybridization.27

IV. DISCUSSION

The picture which emerges from the whole set of resu
is a model where, since the beginning of its formation~above
1080 °C!, an ordered graphite overlayer interacts with t
SiC substrate through weak van der Waals forces. Lo

FIG. 9. Decomposition of selected KRIPES spectra for th
annealing temperatures of 1050 °C@()3))R30°#, 1080 °C@co-
existence of ()3))R30° and (6)36))R30°#, and 1150 °C
@(6)36))R30°#. The top curve shows the result of a calculati
on bulk defectiveb-SiC ~Ref. 47!: it represents the changes in loc
density of states~D-LDOS! around a Si vacancy.

FIG. 10. KRIPES spectra recorded at a polar angleu555°

along theḠ-K̄ direction of the graphite SBZ for different annealin
temperatures corresponding to Fig. 8. We can note the presen
the peakE as early as 1080 °C.
s

g-

range order is obtained through the intralayer interacti
which are stronger than the overlayer-substrate interacti
This is similar to the process known as Van der Waals e
taxy, where the formation of sharp and defect-free interfa
between 2D and 3D materials has been reported.43 In the
present case, however, the material for the overlayer for
tion does not come from the gas phase but rather from
substrate itself. In both cases, the unreactive character o
‘‘substrate’’ surface is essential to preserve the crystall
character of the overlayer. The LEED results have eviden
the coexistence of both) and 6) reconstructions in the
early stage of 6) formation around 1100 °C. Although
some heterogeneity in the termination among different
races cannot be ruled out,33 the persistence of the surfac
stateU suggests that the initial 6) formation may proceed
on top of an adatom-terminated substrate of) symmetry, at
least in the very beginning of graphite growth. This is
favorable case since the number of dangling bonds wh
would be present at a compact Si termination is reduced
1
3 due to the presence of Si adatoms. Furthermore, the
maining surface states localized on the adatoms are not
dangling bonds since this reconstruction has a semicond
ing character with a band gap around 2.0 eV. Both occup
and empty levels are thus well separated from the Fe
level and, therefore, are expected to be less reactive
conventional, ‘‘metallic’’ dangling bonds. The ‘‘ball model’
of Fig. 11 shows the close agreement between a multiple
the graphite unit vector length along the^101̄0& azimuth
(1332.459 Å531.97 Å) and six times the distance betwe
silicon adatoms on top of the Si compact plane (63)
33.07 Å531.9 Å). The Si adatoms at the four edges of t
represented graphene sheet coincide with troughs of the
eycomb graphite and are thus four nodes of the (6)
36))R30° coincidence lattice. Although overlaye
substrate interactions are sufficiently weak to allow its u
constrained growth, the epitaxial layer is azimuthally o
ented with respect to the substrate. A significant ene
minimum configuration is thus obtained for the overlayer
the reported orientation which allows near commensura

e

of

FIG. 11. Ball model representing part of a graphite overlayer
top of a Si-adatom-covered 6H-SiC(0001) substrate~silicon termi-

nation!. The graphitê 213̄0& azimuth is oriented along the substra

^112̄0& azimuth. For that specific orientation, a coincidence latt
with a large hexagonal unit cell of a (6)36))R30° symmetry
with respect to the substrate is obtained. The Si adatoms at the
edges of the represented graphene sheet coincide with troug
the honeycomb graphite and are thus four nodes of the ()
36))R30° coincidence lattice. Note that for clarity, the carb
atoms of the graphene sheet are not represented, only bond
tween C atoms reveal the graphite honeycomb layer.
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ity, the substrate acting as a template for the oriented gro
It is interesting to note that for the carbon-terminat
6H-SiC (0001̄) where the) reconstruction is not observed
the observation of ringlike structures in the diffraction p
tern has been reported.24 This confirms that the presence
the adatoms of the) reconstruction is essential to drive
preferred orientation during the growth of the first graphe
sheet.

Nevertheless, a flagrant contradiction with the abo
mentioned SXPS results remains to be clarified. These
sults suggest that graphitization is only revealed by hea
to temperatures largely higher than 1150 °C, which is, ho
ever, sufficient for observing a well-developed (6)
36))R30° diffraction pattern. How can we understand t
seemingly delayed appearance of graphitization obtained
SXPS? We will begin by drawing a parallel evolution of o
KRIPES spectra with the SXPS study of Johanssonet al.15 in
this range of temperatures. Both studies reveal as earl
1080 °C the emergence of features that can be assigne
sp2-hybridized carbon~peaksC and E on KRIPES spectra
and component at 284.7 eV on the SXPS spectra! together
with the development of other features which vanish
higher temperatures. This is the case of peakD and of the
SXPS component located at 285.5 eV. Both structures
appear as a shoulder on the) spectra. Upon annealing i
the range 1080–1150 °C, their intensity strongly increas
and peakD becomes dominant on KRIPES spectra in t
domain of temperatures. At the same time, other featu
related to graphite progressively develop. Above 1250
the intensity ofD and of the peak at 285.5 eV on the SXP
spectra begins to decrease down to their almost comp
disappearance at 1350 °C. At this stage we can observe
developed graphite features on our KRIPES spectra w
the SXPS spectra are dominated by a peak at 284.7 eV
lated tosp2-hybridized graphitic carbon. In view of this pa
allelism, we suggest the following interpretation. The ea
emergence of thep* states~Fig. 10! unambiguously shows
that a graphite overlayer starts to develop on some terrace
soon as 1080 °C. The delayed appearance of peakF (s*
states! above 1150 °C~Fig. 8! is clearly related to the growth
of graphite multilayers. We propose that peakD, already
present as a shoulder on the (6)36))R30° reconstruction
but dominant in the range~1100,1250! °C, is characteristic of
a strongly nonstoichiometric intermediate phase under
graphite overlayer. Indeed, its intensity progressively v
ishes when the chemically modified substrate becomes
ied under a graphite overlayer of growing thickness, beco
ing progressively out of reach of the low-energy electro
used in KRIPES.

We can now address more precisely the nature of
chemically perturbed subsurface region of the SiC substr
We have seen that heat treatments at temperatures a
1000 °C induce Si evaporation and that this sublimation
volves several layers of SiC in the bulk.24 The rate of evapo-
ration of Si from SiC has been estimated12 using the vapor
pressure data44 of Drowart et al. For an annealing of
1030 °C, the evaporation rate of Si is 2
31012 atom cm22 s21. This means that an annealing of
min at this temperature results in a calculated loss of S
2.7 monolayers. We can suppose that the first Si atom
leave are the surface Si atoms and that a mechanism o
h.
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atom diffusion can be established under the surface up to
topmost layers where the Si atoms sublime. The large c
centration of Si vacancies under the graphitic layer~s! can
provide an explanation for the C 1s surface-shifted compo
nent at 285.5 eV recorded by SXPS on a surface presenti
fully developed (6)36))R30° LEED pattern. Indeed, in
perfect SiC bulk, C atoms being more electronegative tha
atoms, there is a displacement of the electronic cloud from
to C atoms.45 In the presence of a Si vacancy, charge trans
can no longer occur so that C atoms ‘‘lose’’ some valen
charge and C 1s shifts to larger binding energies. Thi
charge relaxation near a Si vacancy can explain the pres
of the component at 285.5 eV on the SXPS spectra. Furt
more, the quite large width of this component can be due
heterogeneous surroundings of the C atoms that could
surrounded by one, two, or three Si vacancies. The mar
background detected on the 6) LEED patterns is anothe
signature of the incipient degree of disorder within this
termediate phase. In the limit of highly Si-defective laye
one may also envision the formation of a kind of diamon
like carbon phase made of several C-rich SiC bilayers w
most of their C atomssp3-hybridized. This carbon-rich
phase could then act as a precursor for the subsequent
mation of a thermodynamically more stable graphite lay
An XPS study by Jacksonet al.46 on amorphous carbon thin
films has shown that the C 1s spectrum is a superposition o
three peaks which are assignable tosp2-hybridized carbon
~binding energy of 284.84 eV!, sp3-hybridized carbon at
285.80 eV, and ansp2-satellite peak at 286.85 eV. Th
sp3-hybridized carbon peak is thus shifted by'1 eV from
thesp2 peak towards increasing binding energy. This is fu
compatible with the observation of the 285.5 eV compon
in the work of Johansson.

Within this Si vacancy model, the origin of peakD in the
KRIPES spectra remains to be discussed. Electronic pro
ties of native defects in cubic SiC have been calculated by
et al.47 Although their calculations were made forb-SiC, the
essential features of the total density of states~see, e.g., Fig.
8 of Ref. 31! are expected to be roughly similar apart fro
the sensitive band-gap energy. They have determined th
cal density of states~LDOS! associated with each orbital at
given atomic site and also the changes~D-LDOS! associated
with C or Si vacancy. At the neighboring of a Si vacancy, t
D-LDOS essentially presents two peaks separated by 5.5
and located at'2 and 7.5 eV above the maximum of th
valence band (EVBM). We cannot directly compare this ca
culated LDOS with the density of states we have recorde
normal incidence in our KRIPES experiments because
reference energy is different in the two cases (EF in our
KRIPES study andEVBM in the theoretical study!. However,
we can relate the two above-mentioned peaks of
D-LDOS with two peaks on our KRIPES spectra also se
rated by'5.5 eV. PeaksA andD at, respectively, 1 and 6.5
eV aboveEF nicely satisfy this criterion. Figure 12 show
that peakA intensity closely follows that of peakD. Due to
the presence of the surface-state peakU, structureA could
not be detected before 1080 °C. PeakA clearly appears in the
1150 °C spectrum~Fig. 8! and undergoes a regular decrea
in intensity down to its complete disappearance at 1350
In Fig. 4 presenting spectra recorded on a graphitic surf
annealed at 1400 °C, peakA was not needed to correctly fi



at

ity
, t

o
is
u

io
re
ec

o

y

y
e
.

a
y
n
L

in
se

o

bo

b

V
f
in
-
t
ce

uc-

of
by
e-
the
gain
h
of
e
e to
ich

the
n-

r
y
ar-
0

a-
ers
sur-
cy
ike-

eV
nd.

a

-
into
ra-
ha-
ra-

w
er

s-

epi-
ed

ra-
ifts
the
ture
-
at-
the

of

his
a

ur-
re
ial

es
g.

PRB 58 16 405HETEROEPITAXIAL GRAPHITE ON 6H-SiC(0001): . . .
the spectra. It is thus obvious that this peak cannot be rel
to graphite. Instead, like peakD, it has to be related to the
SiC substrate and to its associated changes in the dens
states due to the presence of Si vacancies. In addition
vanishingki dispersion of both peakD andA indicates that
they both originate from electronic states with a localized
nonextended character. Let us point out that character
defect states in the conduction band have seldom been
ambiguously attributed in the literature. Our observat
opens the way for an improved comparison with more
fined theoretical predictions of characteristic defect el
tronic properties and also to the quantitative evaluation
defect density.

Li et al.47 have also calculated LDOS ofs andp orbitals
at Si and C sites and an average total electronic densit
states of the cubicb-SiC polytype. The DOS ofb-SiC pre-
sents a broad feature located at'8.5 eV aboveEVBM mainly
derived fromp orbitals of C atoms. This state is shifted b
'1 eV from the maximum inD-LDOS due to the presenc
of Si vacancies located at 7.5 eV we have just discussed
Fig. 9, we can note that peakH is shifted by'1 eV away
from peakD which we have assigned to Si vacancies. Pe
H, already present in the) spectra and whose intensit
decreases drastically with annealing upon 1080 °C, can o
be related to SiC. Referring to the DOS calculated by
et al., and because of its position relative to peakD, feature
H on KRIPES spectra can be ascribed to states which ma
derive from 2p orbitals of C atoms in SiC. The fast decrea
of structureH visible in Fig. 9 confirms this origin. The
interpretation of peakH as an intrinsic feature of SiC is als
confirmed by recent band-structure calculations48 of b-SiC,
where three bands are located near 7.4 and 8.4 eV a
EVBM . In the vicinity of Ḡ, their flat dispersion in the bulk
BZ GL direction~perpendicular to the surface! gives rise to a
high projected DOS which should ease their detection
KRIPES.

From all these observations, both peakD on KRIPES
spectra and the broad surface component near 285.5 e
the SXPS spectra must reflect the increasing number o
vacancies in the C-rich SiC bilayers under the terminat
graphitic layer~s! in formation. The observation of the fea
ture D as a shoulder on the KRIPES) spectra means tha
there are already modified C-rich layers for this surfa
However, we do not observe whatsoever any fingerprints

FIG. 12. Relative intensity variations of the main featur
~peaksA, C, D, andH! of the KRIPES spectra corresponding to Fi
8 versus annealing temperature.
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graphite and the LEED pattern obtained for this reconstr
tion corresponds to the lattice parameters of SiC~0001!.
Therefore, the Si adatoms responsible for the formation
the ()3))R30° reconstruction are already supported
chemically perturbed layers with an already significant d
gree of nonstoichiometry. In the SXPS experiments also,
large broad feature which emerges near 285 eV was a
already present on the) spectra. This is consistent wit
other AES results9 which have suggested the presence
silicon vacancies in the terminating layer. In light of th
present experiment, it is clear that these Si vacancies ar
be found below the terminating layer of Si adatoms, wh
appears rather homogeneous as seen by STM.20 Van Bom-
mel has proposed a model for the graphitization of
3C-SiC(111) surface: after sublimation of silicon, by a
nealing at 1200 °C, three successive carbon layers~total
density53.6731015 atom cm22! collapse into a single laye
of carbon~graphite type!. This thesis is based on the ver
close value of the surface density of this single layer of c
bon with the one of a graphite monolayer (3.8
31015 atom cm22). With the increase of annealing temper
tures, the concentration of Si vacancy in the topmost lay
increases so that there is a larger number of C atoms
rounded by Si vacancies. In the limit of high Si-vacan
concentration, the existence of an intermediate diamondl
carbon phase is reflected in the growth of peakD in the
KRIPES spectra, the presence of the component at 285.5
in the SXPS spectra, and the incoherent LEED backgrou
Recent STM measurements49 have also directly revealed
disordered phase when annealing a 4H-SiC(0001) face pre-
senting a()3))R30° reconstruction. With a further tem
perature increase, these highly defective layers collapse
a thermally stable single layer of graphite. Under this g
phitic cover, with the increase of temperature, the mec
nism of Si evaporation continues. Under the capping g
phitic layer, there is still ‘‘formation’’ of C-rich layers
which, in turn, can furnish additional graphite layers belo
the top monolayer, leading to the observed multilay
growth.

V. CONCLUSIONS

In summary,ki-resolved inverse photoemission spectro
copy applied to the (6)36))R30°-reconstructed
6H-SiC(0001) surface has revealed a system of hetero
taxial graphite overlayers above C-rich layers of a limit
thickness. We are able to identify emptyp* states which are
clear fingerprints of graphitic carbon for annealing tempe
tures as low as 1080 °C. The lack of significant energy sh
of these fingerprints reveals a weak interaction between
substrate and the overlayer, which has an electronic struc
close to the ‘‘bulk’’ crystalline graphite. This weak interac
tion, which at first seems surprising for a compact termin
ing plane with a lot of dangling bonds, suggests that
growth of the first graphene sheet may proceed on top
adatoms characteristic of the ()3))R30° reconstruction
which reduce the chemical reactivity of the substrate. T
layer-by-layer growth opens up the possibility to isolate
single graphene sheet ‘‘floating’’ above the substrate. F
ther STM work is currently in progress to understand mo
fully these mechanisms. This kind of van der Waals epitax
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process goes on upon annealing at increasing tempera
by formation of other graphite layers below the top graphe
sheet. The results we have obtained for a low coverag
graphitic carbon reveal empty electronic states which can
related to structurally modified SiC bilayers under the g
phitic layers. In particular, a critical role is played by silico
vacancies which show up as characteristic fingerprints in
KRIPES spectra. The SXPS spectra are readily unders
considering a kind of diamondlike carbon phase which a
as a precursor to graphite formation. For higher annea
temperatures, KRIPES spectra are characteristic
multilayer graphite with a high degree of crystalline and a
muthal order.

Graphite has long been used in numerous adsorption s
ies as the archetype of a nonreactive substrate. Howe
ures
ne
of
be
a-
n
the
ood
cts
ing
of
i-

tud-
ver,

apart from sparse natural single crystals, it is usually fo
in the HOPG form with azimuthal misorientation within th
layers. Since the details of the electronic structure, part
larly in the empty states, are very sensitive to the struct
quality of the surface, the present results also show
graphite thin films heteropitaxially grown on silicon carbi
are a substrate of choice for more refined adsorption stu
which can now rely on an extended order over macrosc
dimensions.
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