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Surface core-level shifts on clean Si(001) and Ge(001) studied with photoelectron spectroscopy
and density functional theory calculations
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�Received 13 January 2010; revised manuscript received 4 March 2010; published 31 March 2010�

The Si 2p and Ge 3d core levels are investigated on the c�4�2� reconstructed surfaces of Si�001� and
Ge�001�, respectively. Calculated surface core-level shifts are obtained both with and without final state effects
included. Significant core-level shifts are found within the four outermost atomic layers. A combination of the
theoretical results and high-resolution photoemission data facilitates a detailed assignment of the atomic ori-
gins of the various components identified in the core-level spectra of both Si�001� and Ge�001�.

DOI: 10.1103/PhysRevB.81.125443 PACS number�s�: 79.60.Bm, 73.20.At, 71.15.�m

I. INTRODUCTION

Electrons in core states are in general not involved in the
bonding in materials due to their tightly bound nature. It is
instead valence electrons that form bonds and determine the
electronic properties of the material. However, core electrons
are still intensely studied since their localized nature, in com-
bination with their sensitivity to the local valence charge
distribution, makes them ideal for probing the chemical sur-
rounding of individual atoms. In photoelectron spectroscopy
�PES�, which is the standard method for probing core states,
photons are used to excite the core electrons. This photoion-
ization induces a change in the local charge distribution; i.e.,
valence electrons try to screen the core hole. This redistribu-
tion can alter the energy of the emitted electron. Electrons
measured by PES are thus affected both by initial state ef-
fects, i.e., the chemical surrounding of the atoms, and by
final state effects, i.e., the screening by valence electrons.
The importance of final state effects has been shown for
metals.1–3 In calculations performed on p�2�2� reconstruc-
tions Pehlke and Scheffler have shown4 that also core states
on the Si�001� and Ge�001� surfaces are influenced by
screening. These Si 2p and Ge 3d core states have been in-
tensely studied; see Ref. 5 and references therein. Increased
energy resolution over the years has led to the identification
of six6 shifted surface components in the Si 2p spectrum
from the c�4�2� reconstruction on Si�001�. Even though the
atomic origins are being debated, there is an overall agree-
ment regarding the energy position of the major components
in the Si 2p spectra.6–10 The components of the Ge 3d spec-
trum from Ge�001� are less well established11–15 due to the
lack of pronounced features in the spectra.

In this paper calculated surface core-level shifts �SCLS�
are used to aid in the decomposition of high-resolution Si 2p
and Ge 3d core-level spectra obtained at low temperature.
Calculated results with final state effects included can ex-
plain the experimentally observed SCLS quite well.

II. EXPERIMENTAL DETAILS

All PES measurements were performed at the MAX-lab
synchrotron radiation facility in Lund, Sweden. Linearly po-
larized light from the MAX-II and MAX-III storage rings
were used at beamlines I311 and I4, respectively. Si 2p data

were acquired at I311 using a Scienta SES200 electron ana-
lyzer. The experimental energy resolution was about 30 meV
and the acceptance angle was about �5.5°. The clean
Si�001� sample �n-type P, 2 � cm� was prepared via direct
resistive heating up to 1520 K until no photoemission inten-
sity from the C 1s or O 1s core levels could be observed.
Ge 3d data were acquired at I4 using a Specs Phoibos 100
electron analyzer. The experimental energy resolution was
about 70 meV and the acceptance angle was about �2°. The
clean Ge�001� sample �n-type Sb, 0.01–0.1 � cm� was pre-
pared by several cycles of Ar+ sputtering �500 eV� and heat-
ing to about 960 K.

The quality of the surface reconstructions was assessed by
inspection of low-energy electron-diffraction patterns. Liquid
N2 cooling was used at both beamlines and the sample tem-
perature was 100 K during measurements.

III. COMPUTATIONAL DETAILS

All calculated results were obtained by density functional
theory calculations in the generalized gradient
approximation16 using the full-potential �linearized� aug-
mented plane-wave+local orbitals method within the WIEN2K

code.17 The repeated slabs consisted of 11 �001�-layers. The
slabs had the dimer structure of the c�4�2� reconstruction
on one side and were H-terminated on the other side. A
vacuum of 43 Å separated the slabs in the �001� direction.
Three k-points were used to sample the irreducible Brillouin
zone. The muffin-tin radii for the Si case were as follows: Si:
1.89 a.u.; H: 1.02 a.u. and for the Ge case, Ge: 1.93 a.u.; H:
1.04 a.u. The muffin-tin radius times the plane-wave cutoff
�Rmt·Kmax� was 3.2. The positions of the atoms in the five top
layers of the slabs were allowed to relax before the core-level
calculations were performed. Calculations were also per-
formed on symmetric slabs without H termination. These
were tested with up to 19 atomic layers, but did not result in
any stable core-level positions for the bulk reference layers
at the center of the slab. Undesired effects of H termination
have been reported in Ref. 18. When ionized atoms were
present in the slab, the H layer was reported to disturb the
bulk reference atoms so that all the relative SCLS would
come out wrong. However, stable initial state and final state
core-level shifts within layers 5–8 indicate that the slab size
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used in this work is sufficient for obtaining a reliable bulk
reference.

Initial state core-level shifts of the Si 2p core levels were
extracted from the eigenenergies of the core states, all deter-
mined in a single calculation. The average eigenenergy of
atoms in deeper layers was chosen as the reference energy
for the SCLS in the initial state model. The low binding
energy of the Ge 3d states made it difficult to treat them as
core states without too much core-charge leakage. Therefore,
initial state results for Ge 3d are not included in this paper.

Final state Si 2p SCLS were calculated in two ways. First
the regular approach was used with the 2p states in the core
and the individual atoms ionized and treated in individual
cases. This approach was not possible in the case of Ge due
to the low binding energy of Ge 3d. Instead, final state core-
level shifts were calculated using a two window semicore
approach19 where again each of the atoms was treated in
individual cases. In a first step, one electron was removed
from the 2p �3d� core states of one atom in the case of Si
�Ge�. As a result, the 2p �3d� states of that atom were shifted
to a slightly higher binding energy. Next, the cutoff energy
that separates the core states from the valence states was
decreased so that all the 2p �3d� states were treated as va-
lence states. In order to keep the 2p �3d� states of only one
atom ionized, a two window semicore calculation was finally
utilized. The energy position separating the two windows
was chosen between the downshifted 2p �3d� states and the
2p �3d� states of the other atoms. In the window with the
downshifted 2p �3d� states the occupation number was one
electron short. The other window contained the fully occu-
pied 2p �3d� states of all other atoms. A background charge
was added to compensate for the removed electron. The two
window approach appears to be reliable, since in the Si case
the two methods used, i.e., Si 2p in the core and the two
window approach, resulted in final state SCLS which differ
by at most �0.03 eV. Total energies were higher when core
holes were introduced compared to the nonionized case. The
average total energy when atoms in deeper layers were ion-
ized was chosen as the reference energy, and the SCLS are
the total energy deviations from this reference value that
arise when different atoms closer to the surface were ionized.

IV. RESULTS AND DISCUSSION

A. Core-level shift calculations

The calculations were performed on c�4�2� reconstruc-
tions of Si�001� and Ge�001� as shown in Fig. 1. Atomic

labels in the four top layers were adopted from Ref. 20 and
were used for both Si and Ge. In the relaxed Si structure we
obtained a dimer bond length and a tilt angle of 2.36 Å and
18.95°, respectively. An earlier calculation using the c�4
�2� unit cell resulted in values of 2.29 Å and 17.5° �Ref.
21�. In Refs. 20 and 22, the tilt angle was found to be 19°.
Our calculations in the Ge case gave a dimer bond length and
a tilt angle of 2.56 Å and 20.78°, respectively. Correspond-
ing values from the literature include 2.51 Å and 19.5° �Ref.
23�, 2.50 Å and a quite small tilt angle of 15.5° �Ref. 24�,
and finally 19.1° for the tilt angle in Ref. 22. Overall, the
present values are in line with the majority of previous pub-
lications.

Si 2p SCLS were calculated in both the initial and the
final state picture. Due to the computational difficulties men-
tioned in Sec. III, only final state results are included for
Ge 3d. The results of our calculations are summarized in
Table I. In layers 5–8 the variation in energy position was
very small and the average value was chosen as the bulk
reference. Core-level energies of atoms in the three layers
closest to the H termination deviate from this bulk value and
data from these layers were not used.

The change in relative binding energy when screening
was included is given as � for Si 2p in Table I. The results
from the calculations are also illustrated in Fig. 2. The dimer
down-atom �1d� is most affected by the screening. This has
been attributed to the polarization of the tilted dimers.4 In the
nonionized case, charge transfer within the dimers results in
an unoccupied state mainly localized at the down-atom; see

FIG. 1. Top and side views of the c�4�2� reconstruction.

TABLE I. Surface core-level shifts of the atoms in the c�4�2� reconstruction on Si�001� and Ge�001�
calculated in the initial and final state picture �Si 2p� and final state picture �Ge 3d�. � is the difference in
relative shift between initial and final state cases. All values are given in eV. Atomic labels are from Fig. 1
and the superscripts indicate the number of times each atom appears in the c�4�2� unit cell.

Atom 1u2 1d2 24 32 3�2 42 4�u1 4�d1

Si Initial −0.35 0.51 0.08 −0.01 0.22 −0.19 0.19 0.09

Final −0.49 0.10 0.00 −0.11 0.24 −0.26 0.19 0.10

� −0.14 −0.40 −0.08 −0.10 0.02 −0.07 −0.00 0.01

Ge Final −0.51 −0.10 −0.23 −0.21 −0.00 −0.15 −0.01 −0.06
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Ref. 4. The unoccupied state is shifted down below the Fermi
level upon ionization of the dimer down-atom. The resulting
localized increase in electron density provides efficient
screening of the core holes at the down-atom. A more nega-
tive � for atoms near the surface compared to deeper atoms
and the fact that atoms under the dimer rows are more af-
fected by the screening compared to atoms between the
dimer rows are consistent with the observations in Ref. 4.
The atoms between the dimer rows, 3�, 4�u, and 4�d, appear
to have positive �; i.e., they are slightly less affected by
screening compared to the bulk reference atoms.

Si 2p SCLS in the initial state model are qualitatively in
line with Ref. 4. Our final state results, however, are different
both qualitatively and quantitatively regarding atoms 1d and
2. In Ref. 4, atom 1d showed a negative relative shift while
that of atom 2 was positive. The signs of the SCLS of these
two atoms, as obtained in this study, are opposite to Ref. 4.
Our final state results for Si 2p are, on the other hand, in nice
agreement with the more recent results in Ref. 20.

Regarding the Ge�001� case, the only calculated Ge 3d
SCLS are those obtained on a Ge�001� p�2�2� structure in
Ref. 4. The calculated shifts indicated an overestimation of
the screening compared to experiment.13 As will be shown
below the Ge 3d results presented in this paper �Table I� are
in better agreement with experiments.

B. Si 2p

The decomposition of the Si 2p core-level spectra has re-
sulted in the identification of several shifted surface-related
components. The generally accepted decomposition, origi-
nating from Ref. 7, consists of five shifted components in
addition to a bulk component. A decomposition where these
five surface shifted components and a bulk component are

used is shown in Fig. 3. In addition, a weak component L
was found on the high binding energy tail of the spectrum in
agreement with Ref. 6. The fitting parameters of the bulk and
the six shifted components are given in Table II.

The clearly separated Su component has been established
as originating from the up-atom of the tilted dimer. It is
found at −0.49 eV in the fit as well as in the calculated final
state results. The dimer down-atom component, Sd, is posi-
tioned at 0.13 eV in the fit, which is a slightly larger value
than in Ref. 7 �0.06 eV�, but within the range �0.03–0.13 eV�
suggested in Ref. 6. This shift is close to the 0.10 eV that 1d
exhibits in the final state calculations. In the initial state cal-
culation the 1d component is at 0.51 eV. This is clearly not in
agreement with the PES data. In the discussion below, only
final state data are therefore included. Based on the calcu-
lated shifts, atom 4�d is also expected to contribute to the
spectrum at the energy of the dimer down-atom. A relatively
strong bulk component, B, is also consistent with the calcu-
lations even though the surface sensitivity is very high at a
photon energy of 145 eV ��40 eV electron kinetic energy�.
The calculated shift corresponding to the second layer atoms
is close to zero and these atoms �1 ML� will therefore con-
tribute strongly to the intensity at the position of the bulk
component. The C component can be explained by the cal-
culated shift of atom 4. The strong intensity of C, nearly half
of Su, suggests that also atom 3 contributes. An origin in
these deeper layers is supported by more surface sensitive
spectra taken with a 60° emission angle, where the relative
intensity of C is reduced. The energy position of the S� com-
ponent is consistent with atoms 3� and 4�u. The very weak L
component at 1.34 eV cannot be explained by the calcula-
tions. It has been attributed to a loss process via an interband
transition between surface bands.6

The presence of a D component has been reported
before,6,9 but no explanation has so far been published. The

FIG. 2. Binding energy diagrams of the calculated SCLS in
Table I. For Si 2p, initial state and final state SCLS are given. � is
the difference between final state and initial state results for Si 2p
and it indicates the effect of screening on the relative binding en-
ergy. For Ge 3d, only final state SCLS are given.
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FIG. 3. Normal emission Si 2p core-level spectrum �dots� ob-
tained at 100 K. A bulk �black� and six shifted surface components
�gray�, constructed of spin-orbit split Voigt functions, are used to
generate the fit �solid curve�. The residual intensity is shown rela-
tive to the base line. An integrated background has been subtracted
beforehand. All fitting parameters are given in Table II.
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intensity of D is quite weak. It varies between about 4% and
7% depending on the position of the other components. PES
data taken with 0° and 60° emission angles indicate that it
originates from the surface. Since screening tends to shift the
surface components toward lower binding energy, one could
argue that incomplete screening of the 1d atoms may, due to
defects, result in a shifted component at the energy position
of D. However, a comparison of the relative intensities of D
and 1d suggests that the D component would correspond to
about 0.1–0.2 ML or 20%–40% of the 1d atoms. This is far
too high for such an explanation to be likely considering the
quality of the clean Si�001� surface.

The identified origins of the components are given in the
last two rows in Table II. Considering the nice agreement in
energy position between most experimentally obtained com-
ponents and the calculated shifts, it is likely that the uniden-
tified D and L components are induced by some surface fea-
tures not treated in the calculations. Experimentally obtained
relative intensities are in qualitative agreement with what can
be expected from a simple layer attenuation model applied to
the calculated components.

C. Ge 3d

The atomic structure of Ge�001� c�4�2� is very similar
to that of Si�001� c�4�2�. Also the PES data on the Ge 3d
core level show similarities to Si 2p data. However, the
Ge 3d core-level spectra show significantly less features than
Si 2p spectra. This appears to be an intrinsic property of
Ge 3d, since pushing the experimental resolution of state-of-
the-art equipment only results in sharper spectra to some
limited degree. As a consequence of the lack of distinct fea-
tures it is difficult to decompose the Ge�001� Ge 3d core-
level spectra based on experimental data only.

The dotted curves in Fig. 4 show a Ge 3d core-level spec-
trum recorded using a photon energy of 85 eV ��50 eV
electron kinetic energy� and 60° emission angle resulting in
enhanced surface sensitivity. Despite this, the only apparent
feature is a peak on the low binding energy side. Similar to
Si 2p this feature has in earlier studies11–13,15 been attributed
to the dimer up-atom. The bulging shape on the right side of
the main peak suggests that there are components hidden on
the low binding energy side. The binding energy of the dimer
up-atom component relative to the bulk reference is not well

established experimentally. Values range from −0.43 to
−0.56 eV in Refs. 11–13. Compared to these earlier papers,
the up-atom component in Fig. 4 is much better resolved.
That, in combination with the calculated SCLS, facilitates a
more detailed decomposition of the Ge 3d spectrum. The cal-

TABLE II. Fitting parameters of the Si 2p components in Fig. 3. The parameters are binding energy
relative to the bulk �E�, Gaussian width �GW�, and percentage �%� of the total intensity. The Lorentzian width
was 0.046 eV. The spin-orbit split was 0.605 eV and the branching ratios were in the range 0.488–0.511. The
last two rows, labeled “Origins,” summarize the identification of the atomic origins of the various compo-
nents. The number that appears as a subscript on the atom label is the calculated core-level shift.

L D S� Sd B C Su

E �eV� 1.34 0.30 0.22 0.13 0 −0.22 −0.49

GW �eV� 0.33 0.17 0.11 0.18 0.13 0.14 0.18

% 1.5 7.2 15.4 18 29.4 10.4 18.1

Origins 30.24� 1d0.10 Bulk0.00 4−0.26 1u−0.49

4�u0.19 4�d0.10 20.00 �3−0.11�
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FIG. 4. 60° emission angle Ge 3d core-level spectrum �dots�
obtained at 100 K. A bulk �black� and four shifted surface compo-
nents �gray� constructed of spin-orbit split Voigt functions are used
to generate the fit �solid curve�. In �a�, constraints from calculated
results in Table I are used on the fitting parameters. In �b�, the
constraints have been relaxed. The residual intensity is shown rela-
tive to the base line. An integrated background has been subtracted
beforehand. Fitting parameters are given in Table III.
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culated Ge 3d SCLS in Table I are all negative, of which
some are very close to zero. This indicates a qualitative
agreement between the general appearance of the spectrum
and the calculations. The fitting result using the theoretically
derived shifts of �u and �d, i.e., the shifts corresponding to
atoms 1u and 1d, is shown in Fig. 4�a�. Four shifted compo-
nents, �u, �d, ��, and L�, in addition to the bulk component,
B, were necessary. The fitting parameters are given in Table
III. Contrary to Refs. 14 and 15, we find no evidence of any
surface component shifted to the left of the main peak. Sev-
eral constraints were used in the fit. The intensity of the
dimer down-atom component �d should be similar to the
up-atom component �u. Since the shifts of �d and �u relative
to the bulk component were fixed to the calculated values,
there was a relatively large residual intensity. The �� com-
ponent on the low binding energy side was added to take
care of most of that. Although the quality of the resulting fit
is questionable, it gives a hint on the plausibility of the pa-
rameters used. The extra component, ��, at −0.23 eV
should, even if the calculations are only qualitatively correct,
originate from atoms 2, 3, and possibly also 4; see Fig. 2.
However, �� in Fig. 4�a� is too weak to account for those
atoms. Furthermore, the Gaussian width of 0.12 eV is too
small to be realistic considering that the other components
are at least twice as broad.

Relaxed constraints are clearly necessary to obtain both
an improved fit and a more physically sound �� component.
In Fig. 4�b� the same spectrum has been fitted using slightly
different parameters; see Table III. �u and �d have moved
apart and ��, which is located in between, has gained inten-
sity. �u is shifted by −0.56 eV, i.e., the same value as in Ref.
12. In that paper, a second surface component, in addition to
the dimer up-atom component, at −0.24 eV was used in the
fit. This is consistent with ��, also positioned at −0.24 eV.
The atomic origins of the components used to fit the Ge 3d
spectrum are summarized in the three bottom rows of Table
III. There is a quite nice agreement and it is only atom 4 that
does not fit with any of the components. However, the inten-

sity may be expected to be weak from atom 4 since it is a
fourth layer atom residing underneath the dimer rows and
constituting 0.5 ML.

The calculations in Ref. 4 found the 1d, 1u, and second
layer components at −0.39, −0.67, and −0.16 eV, respec-
tively; i.e., the second layer component exhibited a higher
relative binding energy than 1d, which is opposite to the
results presented in Fig. 2. Based on the results from Ref. 4,
the �� and �d labels in Fig. 4�b� would swap places. Judging
from the similarity in the intensities of �d and �� in Fig.
4�b�, such an interpretation would be equally valid. However,
the final state SCLS of the dimer atoms in Ref. 4 are quan-
titatively not in agreement with the PES data. The results in
Table I do not indicate any overestimation of the screening
effect as discussed in Ref. 4. The −0.51 eV shift of 1u is
close to the experimental value but significantly smaller than
the shift reported in Ref. 4. Thus, the present results should
provide a better description of the experimental data.

V. SUMMARY

In this paper we have shown that calculated surface core-
level shifts in the final state picture of both Si�001� and
Ge�001� agree closely with experimental results obtained by
core-level spectroscopy. The combination of theoretical and
experimental results allowed for an unprecedented detailed
assignment of the atomic origins of the various components
that constitute the core-level spectra. The identification of the
atomic origins could be carried out successfully as deep as
the fourth atomic layer. The four topmost layers contain eight
inequivalent groups of Si �Ge� atoms and a positive assign-
ment could be made for seven of them in both the Si and Ge
cases.
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TABLE III. Fitting parameters of the Ge 3d components in Fig. 4. The parameters are binding energy
relative to the bulk �E�, Gaussian width �GW� and percentage �%� of the total intensity. The Lorentzian width
was 0.15 eV and the spin-orbit split was 0.59 eV. The branching ratios were in the range 0.649–0.707. The
last three rows, labeled “Origins,” summarize the identification of the atomic origins of the various compo-
nents. The number that appears as a subscript on the atom label is the calculated core-level shift.

L� B �d �� �u

Figure 4�a� E �eV� 0.45 0 −0.10 −0.23 −0.51

GW �eV� 0.41 0.26 0.24 0.12 0.24

% 4.4 30.7 25.2 10.2 27.8

Figure 4�b� E �eV� 0.42 0 −0.08 −0.24 −0.56

GW �eV� 0.39 0.23 0.22 0.17 0.22

% 4.1 18.7 27.2 22.9 27.1

Origins Bulk0.00 1d−0.10 2−0.23 1u−0.51

3−0.00� 4�d−0.06 3−0.21

4�u−0.01 �4−0.15�
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