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Reinvestigation of the Si 2p photoemission line shape from a clean Si„001…c„4Ã2… surface
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We have reinvestigated the Si 2p photoemission spectra of a clean Si(001)c(432) surface with an appar-
ently higher resolution than previous studies. A systematic and extensive line-shape analysis of the spectra
taken at various photon energies and emission angles indicates that the Si 2p spectra are composed of seven
different components. With regard to the recent debate on the Si 2p component of the down-dimer atoms, we
conclude that even with the present resolution the corresponding surface core-level shift~SCLS! cannot be
determined accurately but is in the range of 30–130 meV between the bulk and the second-layer components.
One of the two newly identified components, with a SCLS of 1.4 eV, is interpreted as a surface loss structure
due to the interband transition between surface-state bands.

DOI: 10.1103/PhysRevB.67.073306 PACS number~s!: 79.60.Bm, 68.35.Bs, 73.20.2r
av
bo
h
fo

n

t
m
ng

g-

en
o

d
ica
-

.
v
o

iou
r

ad
in
ic

ic
th
ow
f
tw

-
d

d-
te
is

wn-

thors

ion

-

alf

h-
n
are

lish
-
are

an
a

,
ed
eV

ing

uce
, a

Bi
ace
ke

n
Bi-
Atomic and electronic structures of clean Si surfaces h
been studied extensively over the past two decades
theoretically and experimentally with a great variety of tec
niques due to their fundamental and crucial importance
various adsorption, reaction, and growth phenomena on
surfaces. One of the most important surface structures o
is the reconstruction of Si~001! with a p(231) @at room
temperature~RT!# or a c(432) ordering ~below 200 K!.1

These surface structures are basically understood from
dimerization of Si surface atoms, which are buckled asy
metrically with a strong charge transfer from the dangli
bond electron of one dimer atom buckled down~the so-
called down-dimer atom! to the other buckled up~the up-
dimer atom!.2 The surface Si dimers favor an antiferoma
netically buckled configuration ofc(432) in the ground
state but dynamically flip above 200 K to form an appar
p(231) order. In the course of establishing the existence
the buckled dimers, the surface band structure measure
angle-resolved photoemission combined with theoret
band calculations,3–5 the scanning tunneling microscopy im
ages at low temperature,7,8 and the high-resolution Si 2p
photoemission spectra had played their own crucial roles6

The Si 2p surface core-level shift measurements ha
been one of the major analytical techniques for the study
not only the clean Si surface reconstructions but also var
adsorbates and initial growth or reaction systems on Si, p
viding crucial information on the bonding states and the
sorption geometries. In this technique the core-level bind
energy shifts of different surface atoms are detected, wh
reflect the valence charge distribution affected by chem
bond formation and structural or electronic changes on
surface atoms as well. From early studies, it has been kn
that the Si 2p spectra of the Si~001! surface are composed o
at least three components, the bulk component and
~sub!surface-related components with SCLS’s of about20.5
and 0.2–0.4 eV.9 The origins of these two components, how
ever, had been under debate for a long time. Later, Lan
mark et al.6 identified two more components at about20.2
and 0.06 eV with a significantly improved resolution, provi
ing a consistent interpretation of the major surface-rela
components within the asymmetric dimer structure. That
the origins of the surface components with SCLS’s of20.5,
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0.06, and 0.2 eV are interpreted as the up-dimer, the do
dimer, and the second-layer atoms, respectively.6 This inter-
pretation scheme has been adopted by many other au
and was supported by anab initio calculation10 and a photo-
electron diffraction experiment.11 However, recently Pi,
Cheng, and Hong proposed a different decomposit
scheme, where the component due to down-dimer atoms~de-
noted asSd hereafter! is introduced at a higher binding en
ergy than the second-layer component (S8),12 or even at a
lower binding energy than the bulk component~B!.13 This
discrepancy stems from the fact that theSd is too close toB
by less than 100 meV, while the apparent full width at h
maximum of Si 2p is about 200 meV and also partly from
the quantitative difference in the SCLS values forSd be-
tween theory10 and the previous experiment.6

In this Brief Report, we present an extensive set of hig
resolution Si 2p spectra obtained at 90 K, which exhibit a
improved resolution over previous reports. These spectra
systematically and carefully analyzed especially to estab
a reliable SCLS value for theSd component. Several differ
ent spectral features are also identified and their origins
discussed.

The photoemission experiments were performed on
8A1 undulator beam line at Pohang Light Source using
high-resolution electron analyzer~SES-200, Gamma Data
Sweden!. The overall instrumental energy resolution, defin
by photon beam and electron analyzer, is better than 40 m
and the acceptance angle of the analyzer is68°. A clean
Si(001)c(432) surface was obtained by repeated flash
of a P-doped Si~001! wafer up to 1470 K followed by a slow
cooling down to 90 K at a pressure below 2310210 Torr. All
the measurements were performed at 90 K in order to red
the thermal broadening of the spectra. For comparison
well-ordered Bi-terminated Si(001)23n surface was pre-
pared by depositing Bi of about 1 monolayer~ML ! using a
Knudsen cell and subsequent annealing at 500 K. The
termination removes the dimer reconstruction of the surf
Si atoms, which are instead brought into a bulkli
configuration.14

Figure 1 shows the Si 2p spectra taken at various photo
energies and emission angles. The spectrum of a
terminated Si surface is displayed together~the bottom spec-
©2003 The American Physical Society06-1
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trum!, which consists almost of a single spin-orbit doubletB,
the bulk component. As the photon energy increases f
114 to 150 eV, the photoelectron kinetic energy increases
the escape depth decreases. Then the intensities of
surface-related components are enhanced and the co
nents are most well resolved at a photon energy of 145
~dots and solid line in Fig. 1!. There, the raw spectrum
clearly reveals at least six different spectral features, wh
are marked by the arrows and denoted asSu , C, B, S8, D,
andL. Note that none of these features could be explained
the spin-orbit splitting of another feature except forD. The
energy position ofD closely overlaps with the 2p1/2 compo-
nent ofC. However, the apparent intensity ofD is similar to
that of C, which cannot be fully accounted for only by th
2p1/2 component ofC. This point will be made clearer below
The presence of the structure at 1.4 eV~L! is not evident in
Fig. 1 due to its small intensity. However, its presence and
doublet line shape are clear in the enlarged spectra in F
@see the insets in Figs. 2~c! and 2~d!#. As shown in Figs. 1
and 2, these spectral features are almost completely rem
by the Bi termination, further supporting the fact that th
are related to the Si surface dimerization.

FIG. 1. Si 2p core-level spectra obtained from the cle
Si(001)c(432) surface and the Bi-terminated surface~the spec-
trum at bottom! at 90 K. The photon energies and emission ang
~along the@110# azimuthal direction! are given for each spectrum
The obvious spectral features are indicated by arrows and den
asL, D, S8, B ~the bulk component!, C, andSu ~see text for detailed
explanation!.
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So far, there is a consensus on the origins of only th
components:~i! the dominant bulk component,B, is obvious;
~ii ! the well-separated peak at a SCLS of20.5 eV, Su ,
comes from the up-dimer atoms on the top layer;~iii ! the
peak at 0.2 eV,S8, originates from the Si atoms in the secon
layer.6 Although the presence ofC has been established, it
origin is uncertain.6,15 The two extra componentsD and L,
which only few previous studies observed, will be discuss
further below. In addition to these components, the seve
component, one from down-dimer atoms,Sd , should be in-
cluded, which represents half of the top-layer Si atom2

However, theSd component does not appear as any obvio
spectral feature in the raw spectra~see Fig. 1!. Instead, its
presence may be suggested in an indirect way: As guided
the vertical lines in Fig. 1, the energy positions of the ma
mum intensity peaks clearly shift systematically toward
higher binding energy as the surface sensitivity increas
This implies that there is a hidden surface component tha
very close toB and is located at a higher binding energy.6

In order to determine the SCLS ofSd as precisely as
possible, we first applied the standard least-squares fit
procedure to the most well-resolved spectrum taken at a p
ton energy of 145 eV and an emission angle of 0°. The r
spectrum is fitted by seven spin-orbit-split Voigt functio
(Su , C, B, Sd , S8, D, and L!, as explained above, with

s

ted

FIG. 2. Decompositions of the Si 2p spectra taken at a photo
energy (hn) of 145 eV and an emission angle (ue) of 0° with
different SCLS’s forSd of ~a! Ed5150, ~b! 80, and~c! 10 meV.
Open circles represent the raw data, and solid lines are the fi
results, fitted components, and integral backgrounds. The data i
insets of~c! and ~d! are magnified vertically 9.5 times.
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branching ratio of 0.5 and an integral background. Sev
constraints are applied initially to reduce the ambiguity
the fitting procedure.~i! The same Lorentzian full width a
half maximum~LW! of 50 meV is used for all seven com
ponents since there is no obvious physical reason for a
ferent LW.6 This value of 50 meV itself is determined rel
ably by the best fit of the lower-binding-energy tail of theSu
component, the only place where the line shape of a sin
component shows up without any overlap from other spec
features.16 This LW value agrees well with the result of
gas-phase Si 2p measurement reporting 45 meV~Ref. 17!
although a somewhat larger@85 meV~Refs. 6 and 18!# or a
smaller@35 meV ~Ref. 19!# value of LW have been used i
previous studies.~ii ! Considering the same amount of the u
and down-dimer atoms on the topmost layer, the same in
sity and Gaussian full width at half maximum~GW! are used
for the Su andSd components. The value of GW was dete
mined to be 185 meV from theSu component as in the cas
of LW. ~iii ! The energy separation betweenB andSu , that is,
the SCLS ofSu , is fixed to20.496 eV, as determined pre
cisely from a bulk-sensitive spectrum~114 eV and 0° in Fig.
1!. Otherwise the energy position of the bulk componenB
varies unexpectedly in the fitting procedure caused by
interference fromS and Sd ~see Fig. 2!. Then the curve fit-
tings were done with varying the SCLS ofSd systematically
and then the energies, intensities, and GW’s of other com
nents are determined accordingly.

The results of such curve fittings are displayed in Fi
2~a!–2~c! for several selective SCLS’s ofSd (Ed). The en-
ergy positions ofSd are marked by the arrows. We note th
the raw spectrum is almost equally well fitted for differe
Ed’s, making a precise determination of the SCLS ofSd by
the goodness of the fits almost impossible. WhenSd shifts to
a lower-binding-energy side, the major noticeable chan
are that the intensity and GW ofS8 increase and those ofB
decrease as expected. That is, the three components,B, S8,
andSd , are too close and interfere too much to be fitted
unambiguously. The trends of the intensities and GW’s oB
and S8 are examined quantitatively in Figs. 3~a! and 3~b!.
WhenEd is smaller than 20 meV, the intensity ofS8 is larger
than twice that ofSd ~0.17 in the fractional intensity! and its
GW is also larger than that ofSd ~0.185 eV!. These values
are physically unreasonable because~i! the intensity of the
second-layer component should be less than twice the in
sity of Sd ~i.e., the total intensity of the first-layer compo
nents! and ~ii ! a smaller GW is expected for a deeper lay
due to the increased connectivity and thus the reduced
ton broadening. These arguments set a lower limit ofEd at
20 meV@the dashed lines in Figs. 3~a! and 3~b!#. Therefore,
we exclude the previous decomposition scheme of
Cheng, and Hong which suggested a negative SCLS ofSd ,
i.e., Sd at a lower binding energy thanB.13 That decomposi-
tion is qualitatively contradictory to the spectral behav
shown in Fig. 1 since the maximum peak position, wh
results from the convolution ofB andSd , shifts to ahigher
binding energy as the surface sensitivity increases, indica
a surface peak (Sd) at ahigher binding energy thanB.

The behavior of the intensity and width ofSd shown in
Figs. 3~a! and 3~b! further indicates that the reasonable ran
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of Ed is roughly 40–140 meV. We then applied a thorou
and extensive curve-fitting procedure to the whole set of
2p spectra shown in Fig. 1, varyingEd with and without the
constraint of the same intensity for theSd and Su compo-
nents in order to take into account of the possible photoe
tron diffraction effect.11 Through comparing the goodness
fits ~the sums of the goodness of fits for each spectrum!, it is
found that the reasonable energy range ofEd is from 30 to
130 meV. Although not conclusive enough, the best fits
whole spectra are obtained forEd555 meV when keeping
the constraint of the same intensity for up- and down-dim
components. This value is fully consistent to the previo
report of 62 meV by Landemarket al.6 Some of these fitting
results are shown in Fig. 4. The LW of 50 meV is used
the whole spectra as explained above. The branching rat
fixed to 0.5, which is decided by the multiplicity of 2p3/2 and
2p1/2. The same spin-orbit splitting of 615 meV is applied
all seven components. The SCLS’s forSu , C, Sd , S8, D, and
L are determined to be20.496,20.207, 0.055, 0.225, 0.366
and 1.400 eV, respectively. The GW’s ofSu (Sd), C, B, S8,
D, andL are 0.185, 0.150, 0.145, 0.160, 0.180, and 0.400
respectively. Note that the physically rigorous conditions
the curve-fitting analysis above is that the SCLS, LW, a
GW of each component should not be changed to fit
whole spectra taken at various photon energies and an
The constraint of the same intensity for theSu andSd com-
ponents and the same branching ratio of 0.5 for all com
nents are not rigorous, since the intensity and the branch

FIG. 3. ~a! Fractional intensities~intensities normalized by the
total integrated intensity! and ~b! Gaussian widths of the bulk
~squares! and the second layer~circles! components obtained from
the fittings of the Si 2p spectrum taken athn5140 eV~as in Fig. 2!
with various SCLS’s of the down-dimer component (Sd). ~c!, ~d!
Fractional intensity of each component in bulk- (ue50°) and
surface-sensitive (ue560°) configurations at various photon ene
gies for the whole spectra shown in Fig. 1.
6-3
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ratio of each component can be modulated due to the di
ent matrix element or the photoelectron diffraction effect.11,20

Therefore, small modulations within 10% can be allowed
the intensity ofSd and the branching ratio of each comp
nent, which slightly enhances the goodness of the fits w
out significantly affecting the above conclusions. Howev
in the latter case there are too many variable fitting para
eters increasing the arbitrariness of the fitting.

The fractional intensities of the components at vario
photon energies are displayed in Figs. 3~c! and 3~d!. Com-
paring the normal emission spectra with the spectra take
an emission angle of 60°, the noticeable changes are
increase ofSu and the decrease of the bulk componentB for
the surface-sensitive configuration. This is what is expec
naturally. The fractional intensities of other components
not change as much as that ofSu with emission angle.
Hence, it is clear that the componentsS8, C, andD are not
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(Sd) is set to 55 meV. The SCLS’s ofSu , C, Sd , S8, D, andL are
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0.160, 0.180, and 0.400 eV, respectively. See text for the detai
07330
r-

r

-
r,
-

s

at
he

d
o

related to the Si atoms on the topmost layer and they sho
be related with subsurface layers. This excludes the sug
tion of the symmetric dimers as the origin of theC
component12 and favors the suggestion that one half of t
third layer is the origin ofC.6 In the above decomposition th
componentD is clear and essential. This component was a
noticed in a recent high-resolution measurement similar
the present one.21 The D component may come from
vacancy-type defects but the small intensity prevents ass
ing its origin unambiguously.

The L component~see the insets of Fig. 2!, which exists
in the clean surface spectra but not in the Bi-terminated s
face spectrum, is interpreted as a surface loss structure d
the interband transition between two near-gap surface-s
bands. Its SCLS of 1.4 eV agrees well with both the expe
mental results of electron-energy-loss spectroscopy and o
cal spectroscopy measurements and the theoretical predi
of 1.5 eV.22,23 Although Landemarket al.6 did not consider
the spectral feature at this energy range, Pi, Cheng,
Hong12 recently introduced a tiny two-peak structure at t
high-binding-energy side, which is similar toL. They, how-
ever, interpreted the two high-binding-energy peaks as
surface and bulk loss features, respectively. This interpr
tion is not consistent with the fact that the Si 2p spectrum
from the Bi-terminated surface in Fig. 2 exhibits no bul
related loss structure. Instead, the peak separation and in
sity ratio of the two peaks of the featureL indicates a spin-
orbit doublet.

In summary, we report high-resolution Si 2p photoelec-
tron spectra from the clean Si(001)c(432) surface taken a
various photon energies and emission angles, and com
them with the spectrum from the Bi-terminated surface. T
clean Si 2p spectra are shown to be composed of sev
different components including a small surface loss struct
at 1.4 eV. The SCLS of down-dimer atoms cannot be de
mined precisely due to its proximity with the bulk comp
nent but is proved to be in the range of 30–130 meV
tween the bulk and the second layer components.
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