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Structural Determination of b-SiC(100)-cs2 3 2d from C-1s Surface-Core-Exciton
and Si-2p Absorption
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The marked polarization dependences of two C-1s surface-core-exciton transitions—as revealed by
near-edge x-ray absorption fine structure on single-domainb-SiCs100d-cs2 3 2d—are used, together
with Si-2p absorption and molecular orbital cluster calculations, to settle the long-standing controvers
over the structure of this surface. The surface is terminated with staggered rows of unusua
nearly triply-bonded C dimers bridging underlayer Si dimers. Resonant valence-band photoemissio
accompanying C-1s exciton autoionization reveals directly the electronic structure of the C dimers.

PACS numbers: 78.70.Dm, 73.20.At, 79.60.Bm
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The pronounced near-edge x-ray absorption fine st
ture (NEXAFS) observed at many core edges often
flects variations in the local unoccupied density of sta
(DOS) near the core. Probing thesurfaceDOS becomes
possible by detecting NEXAFS via the electrons, or th
secondaries, that are ejected with short escape de
when the core hole decays via Auger or autoionizat
channels. Surface sensitivity allows the orientation of
occupiedp orbitals of surface atoms to be found, in pri
ciple, from the characteristic cos2sfd dependence of the
dipole absorption from a1s core level, wheref is the an-
gle between thep-orbital axis and the x-ray electric fiel
$E. This approach has been used to determine the orie
tion of many simple moleculesadsorbedon ordered sur-
faces [1] and even of bonds toadsorbedatoms [2]. Until
now, however, the structures ofintrinsic surfaces have no
been similarly explored.

The problem with intrinsic surfaces occurs large
because bulk- and surface-adsorption features of
same element overlap. This problem may be allevia
in the case of surface-core excitons (SCE), which
distinguished from the bulk background by narrow li
shapes or by transition energies falling below the b
onset. Previous NEXAFS studies have thus identifi
SCE’s on several intrinsic surfaces [e.g., cation SC
on III-V semiconductor (110) surfaces] but have n
determined surface structures. In the case of III-V SCE
only thef dependence of autoionization emission (oft
called resonant photoemission), not of total absorpti
has been reported but has not been usefully rela
to structure because it is affected by mixing betwe
resonant and direct photoemission [3]. On diamond (1
2 3 1, C-1s SCE’s have also been observed [4], b
neither af dependence of total absorption nor reson
photoemission has been demonstrated. C-1s excitons in
both the sp and pp systems of graphite have recent
been verified [5], but a distinction between bulk a
surface behavior has not been reported and is unlikel
this van der Waals–bonded solid.
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b-SiC is a cubic, wide band gap (2.38 eV) semicondu
tor having promise in high temperature and blue-emitti
optoelectronic devices. The C-terminated (100) surfa
which reconstructs ascs2 3 2d, is important for its chemi-

FIG. 1. Definitions of polarization and angle of incidence f
the two previously proposedcs2 3 2d surface topologies,p
and s. Only the terminating C layer and the Si underlay
are sketched. Dangling atomic-basis orbitals are indica
dotted lines show dimer interactions. For clarity in thep
model, the px orbitals are shown only for one C dime
Energy level diagrams show schematically the results of M
cluster calculations. Predominant orientations ofp-related DOS
for empty dangling bondsDBpd and pp MO’s are given in
parentheses.
© 1996 The American Physical Society 991
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cal inertness and thermal stability [6]. Two structures, t
p ands models sketched in Fig. 1, have been propos
and have remained controversial both experimentally [7
and theoretically [9–12] for years. Here we establish co
clusively that thep structure is correct through the sep
arate polarization dependence of two, intense C-1s SCE
resonances. This conclusion is further supported both
Si L2,3-edge NEXAFS, which provides evidence for a S
dangling bond state that is present only in thep model,
and by molecular orbital (MO) cluster calculations, whic
reveal the presence of this Si state and which predict
polarization dependences of the C-1s resonances. This
work thus verifies a recentab initio calculation [12] and
an earlier semiempirical one [9] that found thep structure
to be energetically favored. Both calculations found f
the C-C dimers and unusual triple-bond character, wi
out precedent in surface reconstructions, which occ
through an interaction between the two dangling bon
(DB’s) as indicated by a dotted line in Fig. 1. Our po
larization results are the first to verify this picture. I
addition, we find that the electronic structure of these s
face C dimers is revealed through the strong reson
photoemission of their valence states that accompan
the autoionizing deexcitation of the C-1s SCE. This first
demonstration of surface resonant photoemission at th
K edge contrasts with other CK-edge resonant photoe
mission studies, e.g., on graphite [5] or C60 [13], which
have given data characteristic of the bulk.

Angle-integrated electron spectra were obtained with
double-pass cylindrical mirror analyzer (CMA) on bea
line X24C at the National Synchrotron Light Sourc
(NSLS). b-SiC films (n-type, Nd ø 1017 cm23, ,5 mm
thick), grown ex situ by chemical vapor deposition on
Si(100) wafers [14], were prepared in ultrahigh va
uum s,3 3 10210 torrd as noted elsewhere [6,7,15]. Th
wafers were cut 0.5± from [001] toward [110] to elicit
single domain reconstructions. Figure 1 defines our p
larizationsE' and Ek and angles of incidenceu relative
to the previously proposedp [8] and s [7] structures.
The direction of the Si bonds was found with low-energ
electron diffraction (LEED) from the orientation of the Si
terminated, single-domain,s2 3 1d reconstruction [15,16]
upon which H-freecs2 3 2d was subsequently formed by
decomposition of ethylene at 1100±C [7,8]. The alterna-
tive preparation ofcs2 3 2d by thermal desorption of Si
from the Si-terminateds2 3 1d was rejected because o
the likelihood for graphite contamination [7,8].

Figure 2 shows C-1s NEXAFS data obtained by con-
stant final state spectroscopy (CFS), where the yield
hn of secondary electrons at fixed kinetic energyEk

is measured. The small escape depth of electrons w
Ek  25 eV (breadth 0.3 eV) enhances surface sensit
ity. For the bulk-sensitive scan (Ek  4 eV: larger es-
cape depth), the marked decrease of the narrow resona
relative to the bulk absorption at largerhn identifies it
as surface derived [17]. This was confirmed by the ne
elimination of the resonance (not shown) after dosing w
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FIG. 2. Dependence of C-1s NEXAFS onui and polarization
(defined in Fig. 1). The partial yield (CFS) spectra a
normalized for equal amplitudes in the bulk-absorption regi
around 287 eV and are offset vertically for clarity. Threshold
are marked for absorption from bulk (B) C to the conduction
band minimum (CBM) and from surface (S) C to the Fermi
level. Insets show angular dependences obtained from
fitting and predicted theory (see text). (a)$E': ui behavior
for the two SCE’s involving the two empty surface state
comprising DBp

C and p
p
C MO’s. The weak bulk-sensitive

response forEk  4 eV confirms surface character. (b)$Ek:
Single DBp

C resonance in surface-sensitive mode.

atomic H. The hatched absorption thresholds in Fig. 2 a
located from C-1s photoelectron spectra: The binding en
ergy of the surface carbonCS is 282.7 eV [relative to the
valence band (VB) maximum], 1.1 eV larger than the bu
CB. The resonances near 284 eV lie in the bulk band g
belowthe Fermi level and are therefore SCE’s.

We now consider the polarization dependence and ori
of the absorption resonances. Figure 1 illustrates qual
tively the energy levels of the frontier orbitals predicte
from MO cluster calculations (AMPAC-AM1 [18]) for
both p and s models. We emphasize the polarizatio
predictions, for which a MO approach is well suited. Th
C-1s polarization dependence was estimated by project
out thepx, py, pz strengths on the surface C atoms fo
each antibonding MO. The dominant strength is given
parentheses in Fig. 1. In all cases, including cluster s
dependence, the dipole transition strength when$E is along



VOLUME 76, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 FEBRUARY 1996

u
e

o
s

u
t

tl
o
a
n

t

lf-

e

-
e
o

u
-
a

h

d

e
h
e
to
e

d

e

S

h

ed
gle-

4)

ile
hin
ring

e
ta-

e
ec-
n.

ex-

by
lec-
ere
pro-
ited
e-
le,
ible
ion
ng
ex-
ole,
-

hed

of
VB
on.

as
to
ng
this axis exceeds 80% relative to the other axes. To incl
effects of the core hole, calculations were also perform
with one surface C in the cluster replaced by N (theZ 1 1,
equivalent-core approximation) with the extra N electr
removed so that the empty levels could be interpreted a
single-particle DOS.

In Fig. 2(a), the two C-1s SCE’s at 283.9 and 284.4 eV
exhibit intensities consistent with a sin2su'd and cos2su'd
dependence (see inset), as predicted by the MO calc
tions with the assumption of dipole transitions. The poin
in the inset, which include additional data taken at sligh
lower resolution, were determined from fitting sums
Gaussians with an error function onset [1]. The pol
izations given in the energy level diagrams in Fig. 1 co
strain thep

p
Csxd state of thep model to be the cos2su'd

resonance. This resonance rules out thes model, which
has no empty states near the edge with predominanpx

character. In both models there is a stateDBp
C with pre-

dominantpz character. This state originates from ha
filled dangling atomic orbitals which form bondingsDBCd
and antibondingsDBp

Cd MO’s through a dimer interac-
tion (dotted line in Fig. 1). The sin2su'd resonance for
E' is attributed to this state, which is predicted to lie b
low the pp state in thep model, as observed. This DBp

C
resonance is isolated (pp is absent) for the azimuthal ori
entation ofEk [Fig. 2(b)]. The polarization dependenc
for this case is compared in the inset to the prediction
the equivalent-core MO calculation, which finds a val
of 12± for a (the tilt angle of the dangling atomic or
bital away from the normal); the noise level of the data
uk  0 allows us only to constraina , 16±. The weak-
ness of the transition measured foruk  0 is a conse-
quence of the significant DBC-DBC interaction within the
dimer, which decreasesa. If sp2 hybridization prevailed,
without dangling bond interaction,a would be 30±. The
interaction splits DBC and DBp

C and lends triple-bond
character to the C dimer. The observed small value
a thus confirms the unusual triple-bond character emp
sized in more rigorous calculations [9,12].

The p structure is further verified by Si-2p NEXAFS
(Fig. 3), which provides evidence for Si dangling bon
absent in thes model. Two features,S1 andS2, appear in
the difference spectrum [Fig. 3, curve 4]. BothS1 (101–
103 eV) andS2 (105–107 eV) are identified as surfac
states by theirEk (i.e., escape depth) dependence. T
Si-2p spin-orbit splitting of 0.61 eV contributes to th
widths. S1 is removed by H and is therefore ascribed
the DBp

Si state formed from Si dangling orbitals by th
Si-dimer interaction responsible for the calculated DBp

Si-
DBSi splitting. This dimerization was previously propose
based on LEED [8] and has also been predicted inab
initio calculations [12]. Our assignment ofS1 is further
supported by the similarity of our spectra to those of Sh
et al. [19], who reported Si-2p CFS measurements from
the Si-terminatedb-SiC(100) surface, which possesses
dangling bonds. BecauseS2 is relatively unaffected by
H, it is assigned to the antibonding companion of t
de
d

n
a

la-
s
y
f
r-
-

-

f
e

t

of
a-

s

e

k

i

e

FIG. 3. Si-2p NEXAFS using bulk-sEk  4 eVd and surface-
sEk  25 eVd sensitive modes for clean and hydrogenat
surfaces. Curves are normalized at 104.4 eV. The sin
particle absorption threshold inferred from Si-2p core-level
photoemission is marked. The difference spectrum (curve
reveals empty statesS1 andS2 assigned in the text.

backbond from a surface C to an underlying Si. Wh
the MO cluster calculations locate both these states wit
the measured energy range, we note that multiple scatte
[20] could contribute to the S2 feature.

The strong C-1s SCE resonance which facilitate th
present work are a result of acetylenelike C dimers s
bilizing thecs2 3 2d reconstruction. The dimers’ relativ
isolation occasions narrow surface states with large eff
tive mass that favor localization of the excited electro
The strength of the resulting transitions contrasts, for
ample, the weak SCE’s reported for diamonds111d-2 3 1
and attributed to the extended surfaces states of thisp-
bonded chain reconstruction [4].

The strong localization of the SCE engendered
the isolated dimers also provides access to their e
tronic structure through resonant photoemission. H
one records the spectrum of valence electrons that are
moted when the SCE autoionizes, i.e., when the exc
electron, by virtue of its localization, participates in d
excitation of the SCE by recombining with the core ho
leaving a one-hole (1h) state. This process is respons
for the strong resonant enhancement of VB photoemiss
in Fig. 4, as is evident after considering the competi
contribution of on-resonance Auger decay, where the
cited electron remains as a spectator, leaving a two-h
one-electron (2hle) state. (Ordinary 2h Auger decay be
comes important for largerhn values when the excited
electron vacates the core hole.) In Fig. 4, the das
curve gives a rough estimate of the 2h1e contribution, ob-
tained by an iterative procedure involving the self-fold
the on-resonance VB. It is clear that the on-resonance
emission occurs predominantly through 1h autoionizati
That the resonant VB emission stems from the SCE w
verified with constant initial state (CIS) spectra (inset
Fig. 4), which depended on polarization and H dosi
993
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FIG. 4. VB spectra for hn both on and off the DBpC
resonance. Dashed curve is explained in the text. Ins
CIS spectra for initial-state energies as marked in the V
Amplitudes are as measured (no relative scaling).

identically to CFS spectra. In CIS spectra, thehn

dependence of emission from a preselected initial st
is recorded by scanning the CMA along withhn. The
CIS emission tail at largerhn for state (3) is 2h Auger
emission from surface, bulk, or both.

The on-resonance VB exhibits new surface-C fe
tures absent from spectra taken off resonance, e.g.
hn  304 eV in Fig. 4 and at otherhn values down to
45 eV. This is in contrast to the bulklike resonant VB spe
tra reported for graphite [5] and C60 [13]. The dominance
of the surface emission means that the occupied DO
localized on the surface carbons is revealed directly, alb
modulated by the autoionization matrix element. No ca
culations are available for comparison, although a distin
surface electronic structure has been predicted
both an ideally terminated and a hypotheticals2 3 1d,
C-terminated surface [21]. The data in Fig. 4 ma
permit an unusually clear testing of layer-, atom-, an
angular-momentum-resolved DOS calculations and sho
improve understanding of core-hole perturbations, a mo
994
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likely prospect now that the surface topology has be
firmly established.
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