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Surface core levels of the 3C SiC„001…332 surface: Atomic origins and surface reconstruction
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The Si-rich 3C-SiC~001!332 surface has been studied by high-resolution core-level photoemission. Well-
resolved Si 2p and C 1s core-level spectra were measured at a temperature of;120 K. Three different Si 2p
surface components are clearly identified with binding energy shifts of20.5860.03,20.9260.03, and21.27
60.03 eV, respectively. The presence of these components and their intensity ratios are consistent with a
structure model with2

3 monolayer~ML ! of additional Si dimers but incompatible with another model with only
1
3 ML of Si dimers. Assignments have been made of the atomic origins of the Si 2p surface core levels and the
line shape of the C 1s core level is discussed.@S0163-1829~97!50348-1#
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In recent years, much attention has been paid to the
face properties of SiC crystals grown by chemical-vap
deposition, prototypically the cubic 3C-SiC~001! ~Ref. 1!
and hexagonal 6H-SiC~0001! ~Ref. 2! surfaces. Technologi
cally this is mainly due to the potential of SiC as a hig
temperature, high-power, and high-voltage electronic dev
material together with applications as heteroepitax
substrates.1–3 From a fundamental point of view, SiC is not
covalent semiconductor, which makes it interesting for st
ies of reconstruction mechanisms and electronic propertie
Si and C atoms of ‘‘polar’’ surfaces.

The cubic 3C-SiC~001! surface is ideal for such compara
tive investigations of Si and C surfaces. This surface
known to exhibit three major surface phases,c(232), ~2
31! @or c(432)] and ~332!, depending on the surfac
stoichiometry.1 In spite of recent extensive investigations d
voted to them, the surface structures of these major sur
reconstructions are still under significant debate.1,4–8 In par-
ticular, for the Si-rich 332 surface, there presently exist tw
contradictory models which not only have different Si co
erages but also have orientations of the unit cells which
fer by 90°.1,4,5

Core-level shifts of surface atoms observed in hig
resolution core-level photoemission have played a cru
role in elucidating structural and electronic properties
semiconductor surfaces.9,10 This is also partly the case fo
SiC surfaces.1,6,11,12However, it has not been possible, up
now, to directly relate the surface core levels to surfa
atomic structure because of incompatibilities with the pres
structural models and/or because of limited experime
resolution.
560163-1829/97/56~24!/15525~4!/$10.00
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In this communication, we report a successful applicat
of high-resolution photoemission to the Si-ric
3C-SiC~001!332 surface. Three surface shifted compone
are clearly identified in the Si 2p spectra which are used t
discriminate between two existing models of the 332 recon-
struction. Furthermore, the atomic origins of the surface c
levels are successfully identified within one of these str
ture models.

High-resolution photoemission measurements were p
formed on the plane grating beam line~BL-22! at the Max-I
synchrotron radiation facility in Lund, Sweden, which
equipped with a high performance hemispherical elect
spectrometer.13 The total energy resolution was better th
70 and 200 meV at photon energies (hn) of 130 and 330 eV,
respectively. Si 2p and C 1s spectra were measured for
single-domain 3C-SiC~001!332 surface at photon energie
between 113 and 150 eV for Si 2p and between 310 and 50
eV for C 1s at several different emission angles (ue). All
spectra were obtained at a temperature of;120 K to reduce
the thermal broadening of the spectra.

The sample was a SiC thin film~;3-mm-thick! grown by
chemical-vapor deposition on a misoriented Si~001!
substrate.4 The quality of this sample has been characteriz
extensively.4 As described before, anex situHF ~hydrofluo-
ric acid! rinse andin situ heat treatments of this samp
yielded a very sharp single-domain 332 low-energy electron
diffraction ~LEED! pattern.4 No oxygen traces were ob
served in the photoemission spectra indicating a high qua
of the 332 surface prepared in this way. In addition, in a
independent setup, valence-band photoemission meas
R15 525 © 1997 The American Physical Society
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ments yielded very sharp and distinctive surface-state pe
confirming the quality of the present surface.14

A series of Si 2p spectra for the 332 surface measured a
different photon energies and emission angles is show
Fig. 1. The photon energy was varied from 113 to 150 eV
achieve different surface sensitivity. The maximum surfa
sensitivity is obtained for photon energies of 130–140 eV.9,10

From the most ‘‘bulk-sensitive’’ measurement athn5113
eV, one can clearly see the main bulk componentB with
additional structures at lower binding energies. It can
noted that the width of the well-resolved bulk Si 2p compo-
nent is smaller than those reported before for S
surfaces.6,11,12 More surface-sensitive measurements (hn
5124– 150 eV! show the presence of three different stru
tures on the lower binding energy side ofB. One is the
prominent peakS1 at ;20.6 eV and the other is a rathe
weak but still discernible shoulderS2 around20.9 eV. A
close look at the spectra reveals a tiny shoulderS3 at a lower
binding energy thanS2. It is quite clear directly from Fig. 1
that all of the lower binding energy structures,S1 –S3, are
enhanced in the more surface-sensitive spectra indicati
surface origin.

The spectra shown in Fig. 1 and other spectra taken at
eV for various emission angles were analyzed by a stand
least-squares-fitting procedure. In this analysis a Lorentz
width ~LW! of ;85 meV, established for the Si surfaces10

was used for all components. Because of the evident se
conducting nature of this surface,11,14 no asymmetric line
shapes are considered. A polynomial background was
tracted before the decomposition of each spectrum. Re
sentative results of the best fits to some of the spectra
shown in Fig. 2. To obtain consistent fits of the differe
spectra, five different components, the bulk componentB,

FIG. 1. Si 2p photoelectron spectra for the 3C-SiC~001!332
surface obtained at a temperature of;120 K and using photon
energies (hn) from 113 to 150 eV. The electron emission angl
(ue) measured from the surface normal are zero except for
topmost spectrum taken at an emission angle of 50°. The Si 2p3/2

peak positions are indicated by solid lines for the four discern
components,B, S1, S2, andS3.
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and surface componentsS1, S2, S3, andD, had to be used
The componentD was introduced in order to fit the tail o
the lower binding energy side, which otherwise would le
to an extraordinarily large LW of theS3 component. The
optimized Gaussian widths were 0.5460.02 eV for B and
0.3860.03 eV forS1, S2, S3, andD. The larger width ofB
was determined precisely from the three bulk-sensitive sp
tra taken at 113, 115, and 118 eV. Although this Gauss
width is in discrepancy with that of Si surfaces~;0.15 eV
under similar experimental conditions10!, it is consistent with
the recent high-resolution study of the 6H-SiC~0001!
surfaces.12,15

The binding energy shifts determined forS1, S2, S3, and
D relative toB are20.5860.03,20.9260.03,21.2760.03,
and21.7060.08 eV, respectively, as averaged over nine d
ferent spectra. The quantitative intensity variation of the
components, obtained by fitting, clearly shows the surf
origin of S1, S2, andS3. For example, the intensity fraction
of S1, S2, andS3 increase from 18 to 32, 18 to 30, and 7
17 %, respectively, from the most bulk-sensitive to the m
surface-sensitive spectra. The average intensity fraction
S1, S2, andS3 are 28.465.7, 26.065.0, and 11.863.2 %,
respectively. The surface sensitivity ofD was not so clear.
This is probably due to its low intensity, which is always le
than 3% of the total integrated intensity. Based on its l
intensity,D is thought to be due to defects, which are alwa
present on the 332 surface as shown by scanning tunneli
microscope~STM! images.4,5 The surface-sensitive Si 2p

e

e

FIG. 2. Decompositions with spin-orbit split doublets@branch-
ing ratios of 0.4960.01 and a spin-orbit splitting of 0.60 eV~Refs.
9 and 10!# of three of the Si 2p photoelectron spectra shown in Fig
1. The solid lines overlapped with dots and those on the bottom
each spectrum are the results and the residues of fits, respect
Each surface component is indicated by different hatching. T
Gaussian widths of the bulk (B) and the other components ar
0.5460.02 and 0.3860.01 eV, respectively. The energy shifts o
the S1, S2, and S3 components relative toB are 20.5860.03,
20.9260.03, and21.2760.03 eV, respectively, as averaged fro
fittings of nine different spectra.



w

u

se
in
8
ta
i

:1
en
e
u
hu
th

U
sid

n

e
ll)
o
r

s
i

om
d
e
di

o
S

e
th
ith
o
m

han
ea-
ulk
ave
d-
-

po-
the

of
lap
if

the
tent
t
ara

city

x-

as
ula-

arly
ms

s
sup-

on
t-

ling
Si
ilar

2
re

s to
ble

se of
ose

ms
to
ar-

gy.

he
re,

rs.
fit
. In-

fit-

he

e
en

RAPID COMMUNICATIONS

56 R15 527SURFACE CORE LEVELS OF THE 3C SiC~001!332 . . .
spectra of the 332 surface, available in the literature, sho
only one very broad surface component shifted;21.0 eV.11

Considering the lower energy resolution of the previo
study, it is consistent with our results.

From the above results it is obvious that there are es
tially three surface shifted components on the lower bind
energy side ofB with an intensity ratio of 28.4:26.0:11.
which gives approximately 2:2:1. The most direct interpre
tion of this result is that the 332 surface has three types of S
atoms in different registries with a population ratio of 2:2
This ratio is obtained by averaging over a wide photon
ergy as well as a wide photoelectron emission angle rang
order to avoid possible photoelectron diffraction effects d
to scattering of photoelectrons by surrounding atoms. T
we believe that this averaged intensity ratio represents
population of different Si surface atoms reasonably well.
to now two completely different structures have been con
ered for the 332 phase~see Fig. 3!. In one model,23 mono-
layer ~ML ! of additional Si atoms form symmetric dimers o
top of a Si termination layer4,16 @Fig. 3~a!, ‘‘Dayan-Hara
model’’ following the convention of Bermudez1#. The sec-
ond model has1

3 ML of asymmetric Si dimersin a 233
instead of 332 periodicity5,17 @Fig. 3~b!, ‘‘Yan-Semond
model’’1#. The former model has indeed three different typ
of surface Si atoms, i.e., dimer atoms (four in a unit ce
second layer atoms bonded to one dimer (4), and sec
layer atoms bonded to two Si dimers (2), which is in ve
good agreement with the present core-level result even
terms of the population ratio of the different surface atom.

In clear contrast, the number of different surface atoms
the Yan-Semond model per unit cell are; one up dimer at
one down dimer atom, 2 second layer atoms not bonde
any dimers, and four second layer atoms bonded to dim
The up dimer atoms and down dimer atoms could have
ferent surface core levels as in the case of the Si~001!
surface.10,18 In such a case, four surface core-level comp
nents are expected with an intensity ratio of 4:2:1:1. If the
2p core levels of up and down atoms of the dimers hav
similar shift, there would be three surface components wi
4:2:2 ratio.19 But none of the above cases is compatible w
the present result. To avoid this apparent discrepancy,
may resort to possible overlaps between the co

FIG. 3. Schematic illustration of the structure models of t
3C-SiC~001!332 surface with~a! 2

3 ML ~Dayan-Hara model! and
~b! 1

3 ML ~Yan-Semond model! of additional Si dimers. The surfac
unit cell is depicted by dashed lines. Surface Si atoms with differ
local registries are indicated with different symbols.
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ponents, which would involve more surface components t
are observed. However, this is hardly possible for two r
sons.~i! The overlap of the surface components with the b
component is very unlikely since the surface Si atoms h
distinctively different chemical environments, i.e., less bon
ing with C atoms.~ii ! An overlap between surface compo
nents is also unlikely since the widths of the surface com
nents were reasonably small and almost identical for
three components. Note that the observed intensity ratio
2:2:1 can hardly be deduced even from any unlikely over
of the components with a ratio of 4:2:1:1. In addition, even
componentD is considered to be due to surface atoms of
332 reconstruction, the present results are not consis
with the Yan-Semond model.Thus it is unambiguous tha
our present results can be explained by the Dayan-H
model but not by the Yan-Semond model.

As an apparent experimental fact, the surface periodi
of the present phase cannot be 233 as in the Yan-Semond
model, since the single-domain 332 LEED pattern shows
that the32 direction is rotated by 90° compared to the 231
phase.1,20,21Furthermore, the Yan-Semond model cannot e
plain the appearance of the 331 LEED pattern by hydrogen
exposure on 332.4,16,20 The modulation shown in STM,5

which was interpreted as evidence of asymmetric dimers
in the Yan-Semond model, can be a pure electronic mod
tion of the charge density or tip-induced effects.

Within the Dayan-Hara model,4,16 the atomic origins of
the surface components observed in this study can be cle
understood.S1 is assigned to the second layer Si ato
bonded to one dimer atom,S2 is due to Si dimers in the
additional layer, andS3 is due to second layer Si atom
bonded to two dimer atoms. These assignments are
ported as follows:~i! The core-level shift ofS1 is very close
to the major surface component of the 231 Si terminated
surface,6,11,12 which represents Si atoms in the terminati
layer of a very similar registry with the second layer Si a
oms bonded to one dimer atom in the 233 phase~i.e.,
bonded to two C and one Si atoms and with one dang
bond!. ~ii ! It has been reported that adding Si onto the
terminated surface leads to an intensity increase at a sim
binding energy position as that ofS2.6,22 Since all of these
components have a lower binding energy than the bulk Sip
core level, it is generally consistent with the chemical pictu
that less charge is transferred from the Si surface layer
the C layer. However, it is not so easy to derive reasona
relative binding energies~even in an initial-state picture! for
the surface Si atoms in the first and second layers becau
the presence of the dangling bonds in both layers, wh
characteristics are unclear.

Since the 332 surface has been believed to have C ato
from the third layer, the C 1s core level has been expected
have no definite surface component. However, the first c
bon layer may have a different core-level binding ener
This possibility was checked by measuring the C 1s core
level with high-energy resolution as shown in Fig. 4. T
raw spectra show no definite sign of any additional structu
ruling out the possibility of C atoms in the topmost laye
However, it is evident that a single Voigt function cannot
the spectra due to a subtle asymmetry in the line shape
troduction of asymmetry in the form of a Doniach-S˘unjić
line shape was also unsuccessful. The final result of the

t
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ting, shown in the figure, suggests a closely lying compon
C2 at higher binding energy compared to the major com
nentC1. The shift and intensity ratio of this component a
however, rather arbitrary, since they depend on the choic

FIG. 4. C 1s photoelectron spectra for the 3C-SiC~001!332
surface obtained at a temperature of;120 K using a surface
sensitive photon energy, 330 eV~top!, and bulk-sensitive photon
energy, 500 eV~bottom!. The spectra were collected in norm
emission. Decompositions of the spectra are shown together
the raw data. The format of the figure is the same as Fig. 2.
Gaussian widths for the main (C1) and minor (C2) components
are 0.50~0.55! and 0.60~0.65! eV, respectively, for the spectrum
taken athn5330 ~500! eV. TheC2 component is shifted by 0.3
60.05 eV from the mainC1 component which is an average val
obtained from fits to seven different spectra.
y
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the width of C1. If we take this result as evidence of
core-level shift in the third layer, then the bonding betwe
the second layer Si and third layer C is suggested to be
ionic than in the bulk. However, we could not find any de
nite evidence of surface sensitivity of this additional comp
nent. In addition, the possibility of a defect origin ofC2
cannot be ruled out at this point. It is not reasonable to ass
this component as due to the graphite contamination si
the C 1s binding energy of graphite was found to be;1 eV
larger than that of the bulk on the 6H-SiC~0001! surface.12

Further C 1s core-level investigations are needed in order
determine the origin ofC2 and to characterize the bondin
between C and Si in the near surface region.

In summary, three different Si 2psurface core levels,
S1, S2, and S3, were resolved in the spectra from th
3C-SiC~001!332 surface at lower binding energies than th
bulk component. This result strongly supports the struct
model with 2

3 ML of additional Si dimers while the mode
with 1

3 ML of Si dimers was found to be incompatible wit
our core-level data. Within the23 ML model, the atomic ori-
gins of the surface core levels are successfully assignedS1
andS3 as due to second layer Si atoms in different registr
andS2 to surface Si dimers. The bulk Si 2p component was
shown to have a significantly larger width than those of t
surface components. The C 1s core level of this surface
shows an asymmetric line shape, which may be attributed
an unresolved third layer component or to defect contrib
tions.
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