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Germanium core-level shifts at Ge/GeO2 interfaces through hybrid functionals
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The Ge core-level shift across the Ge/GeO2 interface is determined within semilocal and hybrid density
functional schemes. We first assess the accuracy achieved within these theoretical frameworks by comparing
calculated and measured core-level shifts for a set of Ge-based molecules. The comparison with experimental data
results in rms deviations of 0.19 and 0.09 eV for core-level shifts calculated with semilocal and hybrid density
functionals, respectively. We also compare calculated core-level shifts at the Ge(001)-c(4 × 2) surface with
high-resolution x-ray photoemission spectra finding similar agreement. We then turn to the Ge/GeO2 interface,
which we describe with atomistic superlattice models showing alternating layers of Ge and GeO2. The adopted
models include a substoichiometric transition region in which all Ge atoms are fourfold coordinated and all O
atoms are twofold coordinated, as inferred for Si/SiO2 interfaces. Since the calculation of core-level shifts involves
charged systems subject to finite-size effects, we use two different methods to ascertain the core-level shift �EXPS

between the oxidation state Ge0 and Ge+4 across the interface. In the first method, core-hole relaxations are first
evaluated in bulk models of the interface components and then complemented by the initial-state shift calculated
across the interface, while the second method consists of direct interface calculations corrected through classical
electrostatics. Using the more accurate hybrid functional scheme, we obtain a shift �EXPS of 2.7 ± 0.1 eV.
This value is significantly lower than experimental data, which typically fall around 3.3 eV or higher, but the
underestimation is consistent with that found for the valence band offset of the same model. This leads to the
conclusion that the adopted model structures yield an incorrect description of the interface dipole and emphasizes
that Ge/GeO2 interfaces possess different structural properties than their silicon counterparts.
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I. INTRODUCTION

In order to meet future demands in terms of speed and power
consumption for microelectronic devices, alternatives to the
silicon-based technology are currently being investigated. In
this context, germanium has been shown to display several
advantages over silicon for use in field-effect transistors.1

For instance, the mobilities of both holes and electrons are
significantly higher and the lower band gap makes it possible
to operate devices at lower voltages.1 Another advantage is that
germanium requires lower temperatures for dopant activation
which might allow for an easier integration with a high-κ
dielectric material like HfO2.1 However, germanium-oxide
interfaces generally show considerably higher defect densities
than their silicon counterparts.2 To make progress, it is
important to achieve a detailed understanding of the electronic
and structural properties of Ge/GeO2 interfaces.

X-ray photoemission spectroscopy (XPS) is a standard
analytical tool for the characterization of semiconductor/oxide
interfaces. Core electrons are emitted and their binding energy
is inferred from their kinetic energy. At Ge/GeO2 interfaces,
this technique is sensitive to the local structure around Ge
atoms and to the electrostatic discontinuity at the interface.
For Ge/GeO2 interfaces grown by thermal oxidation, a shift of
�EXPS = 3.3 ± 0.1 eV is generally measured for the Ge 3d

core level between nonoxidized Ge in the substrate and fully
oxide Ge in GeO2.3–8 In experiments in which the interfaces are
grown with oxidizing agents such as O3 and atomic O, much
larger values (3.7–3.8 eV) have been reported.9,10 The spread
in the experimental values likely results from the different
growth conditions.

The measured XPS shifts can be used to derive valence band
offsets (VBOs) through the application of Kraut’s method.11,12

For the interfaces grown with reactive O species, this method
yielded VBOs around 4.5 eV.9,10 Valence band offsets can
alternatively be obtained directly from photoemission spectra
in which the onsets of the valence band edges of both Ge
and GeO2 appear. This direct procedure has been found to
yield a VBO of 4.0 eV for Ge/GeO2 interfaces obtained by
thermal oxidation,5 while a larger VBO value is confirmed for
structures grown by O3 oxidation (4.3 eV).9 Overall, on the
basis of the available experimental data,5,9 it appears that the
shift �EXPS and the VBO vary consistently, supporting that
the interfaces achieved with different growth conditions differ
in their band alignment.

Several studies have addressed the electronic properties at
the Ge/GeO2 interface. This interface is generally modeled
in the same way as Si/SiO2 interfaces,13–18 namely through
the consideration of a substoichiometric transition region
in which all Ge atoms are fourfold coordinated and all O
atoms are twofold coordinated.19,20 For an interface of this
type, Pourtois et al. performed density-functional calculations
within the local density approximation finding a Ge 3d

shift across the interface of �EXPS = 3.2 eV,14 in excellent
agreement with measurements at thermally oxidized structures
(3.3 ± 0.1 eV).3–8

The theoretical determination of VBOs suffers from the se-
vere band-gap underestimations inherent to standard semilocal
density functionals.15 To overcome these limitations, one can
turn to hybrid density functionals, which have been shown to
yield accurate band alignments for a series of semiconductor-
oxide interfaces.21 However, such an approach applied to
Ge/GeO2 interfaces yielded VBOs of about 3.4 eV,15,18 notice-
ably lower than the experimental value expected for thermally
oxidized interfaces (4.0 eV).5 The theoretical situation is
further complicated by a recent study at the hybrid functional
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level which yields a VBO of 4.3 eV for similarly constructed
models.17 Hence, severe inconsistencies subsist among the
various theoretical descriptions.

It has recently been suggested that substoichiometric GeOx

has fundamentally different bonding characteristics than its
Si analog, showing the occurrence of valence alternation
pairs.22 These consist of negatively charged Ge dangling
bonds and positively charged threefold coordinated O atoms.
It has further been shown that such pairs may significantly
contribute to the interface dipole and thus affect the band
alignment.18 Hence, the band alignment acts as a fingerprint
of the underlying interface structure. This calls for theoretical
efforts aiming at an accurate quantitative description, which
consistently accounts for both the XPS shift and the VBO.

In this work, we determine in an accurate way the Ge
3d core-level shift across the Ge/GeO2 interface using a
plane-wave pseudopotential scheme at the hybrid density
functional level of theory. The ultimate aim of this paper is
to clarify the relation between measured core-level shifts and
the underlying structural properties of the Ge/GeO2 interface.
For this purpose, it is important to achieve high quantitative
accuracy in the calculated Ge core-level shifts. We begin our
study by assessing the overall accuracy associated to our deter-
mination of Ge core-level shifts in molecules by comparison
with experimental data. This study on molecules gives two
main results: (i) It shows that calculated Ge core-level shifts
generally differ from experiment by less than 0.1 eV with
hybrid functionals achieving a small quantitative improvement
with respect to semilocal functionals; (ii) it allows us to verify
the validity of our pseudopotential approach when moving
from an all-electron description to a pseudopotential one. As
a side result, we also find that differences between Ge 3d

and 2p shifts are negligible. The achieved level of accuracy
enables a quantitative comparison with experiment for the
Ge core-level shift across the Ge/GeO2 interface. To model
the interface, we use atomistic structures containing only
fourfold-coordinated Ge atoms and twofold-coordinated O
atoms. These models enable us to achieve a comprehensive
description of electronic properties at Ge/GeO2 interfaces,
since calculated VBOs for these same models are already
available.15,18 Since the core-level shift determination involves
charged supercell calculations, the convergence due to finite-
size effects needs to be carefully ensured. Thus, the core-level
shift calculations at the interface are performed through the
use of two different methods. In the first method, we adopt
a two-step procedure in which the core levels are separately
determined in bulk models of the two interface components and
then aligned through a local reference potential determined at
the interface. The second method is based on core-level shift
calculations performed directly at the interface. To cope with
the spurious effect of periodic boundary conditions, we correct
our results for finite-size effects using classical electrostatics.
The overall agreement between the two schemes allows us
to assess whether the adopted interface model structures are
consistent with experimental data.

This paper is organized as follows. In Sec. II, we describe
the electronic-structure methods for the determination of
core-level shifts used in this work. In Sec. III, Ge core-level
shifts are determined at various levels of theory for atoms,
molecules, and Ge surfaces, and compared to experimental

data when available. We turn to the core-level shift at the
Ge/GeO2 interface in Sec. IV, where two calculation methods
are confronted. The paper concludes with Sec. V, where the
implications of our results are discussed.

II. METHODS

Total energies are obtained from electronic structure cal-
culations based on density functional theory. We used two
different density functionals. The first is the semilocal density
functional proposed by Perdew, Burke, and Ernzerhof (PBE).23

The second is a hybrid functional which is obtained from the
semilocal PBE functional by replacing a fraction α of the
exchange functional with Fock exchange:

Ex = αEFock
x + (1 − α)EPBE

x . (1)

This hybrid functional is referred to as PBEh(α) and corre-
sponds to the PBE0 functional when α = 0.25.24

As we treat systems of increasing complexity, we adapt the
applied electronic-structure calculation scheme. In this work
we use three different schemes. The first scheme assumes
spherical symmetry and is here only used for all-electron
calculations at the PBE level for the Ge atom and its
excited states. The radial Kohn-Sham equations are integrated
numerically with different spin channels treated separately.
Relativistic effects are included in the scalar approximation.25

These calculations are performed with the ATOMIC code26

provided in the QUANTUM-ESPRESSO package.27

In order to extend the all-electron calculations to molecular
systems and to hybrid functionals, we use an electronic-
structure scheme based on local basis sets, as implemented
in the ADF code.28 The ADF code employs Slater-type orbitals
as basis functions. The basis functions are extended to
include diffuse functions to treat atomic excitations involving
weakly bonded 4d states when appropriate. Relativistic effects
are treated in the zeroth-order regular approximation.29 The
electronic-structure calculations on molecules are performed
at the all-electron level with triple-ζ (TZ2P) basis sets. In
the structural optimizations, the convergence criteria are set at
1 mHa for the total energy and at 1 mHa/Å for the remaining
maximal force. The molecular structures are relaxed within
this structural relaxation scheme.

To address the Ge/GeO2 interface system, we use a plane-
wave density functional approach in which core-valence inter-
actions are described by normconserving pseudopotentials.30

For Ge, we include a nonlinear core correction to account for
the overlap between core and valence electron densities. The
pseudopotentials are generated at the PBE level of theory, and
used in all calculations. While this practice is conceptually not
satisfactory for hybrid functionals, it is demonstrated below
through comparison with all-electron schemes that it does not
lead to any sizable error in the core-level calculations. The
valence electron wave functions are expanded in plane-wave
basis sets defined by an energy cutoff of 70 Ry. The structural
optimizations are performed at the PBE level with convergence
criteria of 0.1 mRy for the total energy and 1 mRy/bohr for
the maximal residual force. The singularity of the exchange
potential is treated with an auxiliary function.31,32 We used the
PWSCF code provided in the QUANTUM-ESPRESSO package.27
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We model the core-electron binding energy Eb measured in
XPS experiments as the energy required to excite the electron
from its core level to the vacuum level:

Eb = E+ + Vvac − E0, (2)

where E+ is the final-state energy of the system in the presence
of a core hole, Vvac the reference vacuum potential for the
extracted electron, and E0 the energy of the initial state.
We assume the vertical approximation which implies that
the atomic structure is not modified in the final state and
that polarization effects are described by the high-frequency
dielectric constant. In our all-electron schemes, the final state
energy E+ is obtained through a calculation in which the
occupation of the core state is constrained. This corresponds
to the evaluation of core-level binding energies through the
�SCF method.33

More specifically, we focus in this work on core-level shifts
with respect to an adopted reference:

�Eb = (E+ − E0) − (
E+

ref − E0
ref

)
. (3)

Such core-level shifts then become also accessible in the pseu-
dopotential scheme. For this purpose, a special pseudopotential
is generated for describing the valence electrons in the presence
of a core hole.34 With respect to all-electron schemes, the
pseudopotential approach does not account for the relaxation
of core electrons. This approximation is generally very good,
as demonstrated for the analogous Si/SiO2 interface.35–37

In the pseudopotential calculations, the presence of the core
hole requires a uniform background charge to achieve charge
neutrality in the periodically repeated simulation cell. Spurious
interaction effects due to the periodic boundary conditions
might affect the calculated results and need to be accounted
for. For the molecular systems, we calculated core-level shifts
using cubic simulation cells with sides increasing from 20
to 30 bohr. The desired shifts could then be obtained through
extrapolation to infinite cell size.37,38 For the interface systems,
the effect due to the dielectric discontinuity is less trivially
determined. Special attention to the ensuing corrections will
be given in Sec. IV D.

III. ACCURACY OF ADOPTED APPROACH

A. Atom

The atom is the most simple case for which core-level
shifts can be calculated and is therefore a suitable test case to
perform a comparison between different theoretical schemes.
In particular, we are interested in validating the local basis sets
used in the all-electron scheme. To this end, we here first val-
idate the basis sets through comparisons with results obtained
through numerical integration, which are not subject to basis
set errors. Then, we compare core-level shifts calculated at the
PBE and PBE0 levels of theory. The section concludes with a
comparison between Ge 3d and Ge 2p core-level shifts.

To validate the local basis sets, we focus on Ge atoms
imposing spherical symmetry. The core-level binding energies
are given with respect to the ground state Ge atom in
the electronic configuration [Ar]3d104s24p2. In Table I, Ge
3d core-level shifts obtained through numerical integration
are compared with those obtained with three different local
basis sets for various electronic configurations of the outer
valence shells. We consider the triple-ζ basis set with two

TABLE I. Calculated 3d core-level shifts for the Ge atom in
various excited electronic configurations of the outer valence shells
with respect to the ground-state configuration [Ar]3d104s24p2. The
exact core-level shifts are obtained through numerical integration of
the Kohn-Sham equations (ATOMIC code, Ref. 27) and are compared
to those obtained with three different local basis sets (ADF code,
Ref. 28). The calculations are performed at the PBE level of theory.
Energies are in eV.

Configuration Exact TZ2P QZ4P ETQZ3P-3diff

s1p3 1.666 1.671 1.668 1.671
s2p1d1 4.689 1.252 4.229 4.672
s1p2d1 6.113 3.032 5.757 6.100
s2p1 10.230 10.239 10.226 10.223
s1p2 11.862 11.869 11.859 11.868
s1p1d1 15.568 13.932 15.601 15.553

polarization functions (TZ2P), the quadruple-ζ basis set with
four polarization functions (QZ4P), and the even-tempered
basis set augmented with three polarization functions and
three diffuse functions (ETQZ3P-3diff). The calculations are
performed at the PBE level of theory.

As seen in Table I, the core-level shifts spread out over
a range of more than 15 eV. For the s1p3, s2p1, and s1p2

configurations, one notices that the results obtained with the
TZ2P and QZ4P basis sets are both very accurate. For describ-
ing the excitations to states involving the weakly bound 4d

level, even the large standard basis set (QZ4P) is not sufficient
and a good agreement is only achieved through the use of the
ETQZ3P-3diff basis set which includes diffuse functions.

Next, we compare in Table II atomic core-level shifts
calculated with the PBE functional with those obtained with
the hybrid PBE0 functional. In this comparison, we use the
ETQZ3P-3diff basis set to account for the weakly bonded 4d

levels. We note that the differences for the more localized
configurations (s1p3, s2p1, and s1p2) never exceed 0.15 eV.
This result is in good agreement with the general behavior
of charge transition levels of atomically localized defect
states.39,40 More generally, calculations with the PBEh(α)
functional show that the core-level shift dependence on α

is linear, in agreement with previous calculations for both
localized and extended states.21,41 The rate of change is specific
to the considered electronic configuration.

The Ge 3d level is only slightly deeper than the valence
electrons (Eb ∼ 30 eV), while the Ge 2p level is much deeper

TABLE II. Comparison between 3d core-level shifts for the
Ge atom as calculated with the semilocal PBE and hybrid PBE0
functionals. The ADF code is used with the ETQZ3P-3diff basis set.
The last column corresponds to the difference between the PBE0 and
PBE shifts. Energies are in eV.

Configuration PBE PBE0 Diff.

s1p3 1.671 1.814 0.143
s2p1d1 4.674 4.959 0.285
s1p2d1 6.102 6.543 0.441
s2p1 10.224 10.115 0.109
s1p2 11.869 11.938 0.069
s1p1d1 15.553 15.791 0.238
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TABLE III. Comparison between Ge 2p and Ge 3d core-level
shifts calculated with the hybrid PBE0 functional. The ADF code is
used with the ETQZ3P-3diff basis set. The difference between Ge 2p

and Ge 3d core-level shifts is given in the last column. Energies are
in eV.

Configuration Ge 3d Ge 2p Diff.

s1p3 1.814 1.831 0.017
s2p1d1 4.959 4.907 −0.052
s1p2d1 6.543 6.529 −0.014
s2p1 10.115 10.314 0.199
s1p2 11.938 12.150 0.212
s1p1d1 15.791 16.099 0.308

(Eb ∼ 1218 eV).5 It is therefore of interest to compare 2p and
3d core-level shifts as both are experimentally accessible. In
Table III, Ge 2p core-level shifts calculated with PBE0 func-
tionals are compared with the respective Ge 3d shifts. Overall,
Ge 3d and Ge 2p are remarkably similar for shifts up to
∼6.5 eV and show deviations of at most 0.3 eV for larger shifts.

B. Molecules

The primary aim of this section is to assess the accuracy of
Ge core-level shifts calculated within all-electron hybrid den-
sity functional schemes. We thus consider a set of molecules
for which experimental data are available.42 In particular, we
determine the optimal value of the fraction α of nonlocal
exchange to be used in the hybrid functional PBEh(α). We
then switch to the pseudopotential scheme and quantify to what
extent this approximation deteriorates the accuracy achieved
with the all-electron scheme.

1. Structural properties

The relaxed structures of a set of Ge-based molecules are
determined with the PBEh(α) hybrid functional for various
values of α. We here use the all-electron ADF code with the
TZ2P basis set, which is expected to give converged core-level
shifts in the absence of diffuse d electrons (cf. Table I).
Table IV shows relaxed structural parameters for the two
extreme values α = 0 (PBE) and α = 1. Overall, the effect
of α is small with bond lengths and bond angles differing by
less than 0.1 Å and 2◦, respectively.

To illustrate these calculations in more detail, we focus
on the Ge(CH3)4, GeH4, and GeF4 molecules and give in
Fig. 1 the evolution of three specific bond lengths with α. The
bond lengths vary in an approximately linear way with α. For
α = 0 (PBE), they are slightly larger than their experimental
counterparts, while the opposite behavior is found for α = 1.
The best agreement with experiment is found for α ∼= 0.5.
As will be seen below, the structural variations observed here
can be considered to be marginal since they do not have a
significant impact on the calculated core-level shifts.

2. Ge 3d core-level shifts

Ge 3d core-level shifts are calculated within an all-electron
scheme for the set of molecules in Table IV. For each molecule,
the calculations are performed with the PBEh(α) functional
for three to five different values of α (ADF code with TZ2P
basis set). The molecular structures used in the binding energy

TABLE IV. Bond lengths and bond angles for a set of Ge-based
molecules obtained with PBEh(α) functionals for α = 0 (PBE) and
α = 1. The all-electron ADF code is used with the TZ2P basis set.

Molecule Parameter α = 0 α = 1

Ge(CH3)4 d(Ge-C) 1.979 Å 1.931 Å

(CH3)3GeH d(Ge-H) 1.551 Å 1.517 Å
d(Ge-C) 1.975 Å 1.926 Å

� H-Ge-C 108.3◦ 108.0◦

(CH3)2GeH2 d(Ge-H) 1.546 Å 1.513 Å
d(Ge-C) 1.970 Å 1.922 Å

� C-Ge-C 111.7◦ 112.7◦
� H-Ge-C 109.4◦ 109.2◦
� H-Ge-H 107.4◦ 107.3◦

(CH3)GeH3 d(Ge-H) 1.541 Å 1.508 Å
d(Ge-C) 1.964 Å 1.918 Å

� H-Ge-C 110.6◦ 110.6◦
� H-Ge-H 108.4◦ 108.3◦

GeH4 d(Ge-H) 1.533 Å 1.503 Å

GeH3Br d(Ge-H) 1.534 Å 1.499 Å
d(Ge-Br) 2.332 Å 2.258 Å
� H-Ge-H 111.4◦ 111.5◦
� H-Ge-Br 107.4◦ 107.3◦

GeH3Cl d(Ge-H) 1.533 Å 1.499 Å
d(Ge-Cl) 2.175 Å 2.108 Å
� H-Ge-H 111.7◦ 111.7◦
� H-Ge-Cl 107.1◦ 107.2◦

(CH3)GeHF2 d(Ge-H) 1.534 Å 1.495 Å
d(Ge-C) 1.939 Å 1.888 Å

� H-Ge-C 121.5◦ 119.7◦
� F-Ge-C 108.5◦ 109.0◦

(CH3)GeCl3 d(Ge-Cl) 2.162 2.083 Å
d(Ge-C) 1.949 1.889 Å

� H-C-Ge 108.5◦ 109.2◦
� Cl-Ge-C 111.2◦ 111.7◦

GeBr4 d(Ge-Br) 2.316 Å 2.226 Å
GeCl4 d(Ge-Cl) 2.143 Å 2.065Å
GeF4 d(Ge-F) 1.713 Å 1.639Å

calculations are optimized at the corresponding level of
theory. The calculated binding energies are found to vary
linearly with α.

Since we focus in this work on the accuracy of core-level
shifts, we take one molecule as reference and compare
calculated and experimental values for the resulting core-
level shifts. In this way, systematic errors inherent to the
absolute binding energies, such as those resulting from the
relativistic approximation used, do not affect the comparison
with experiment. Taking the GeH4 molecule as reference,
we calculate the rms deviation σGeH4 (α) with respect to
experimental data42 for the set of calculated binding energies
obtained with the functional PBEh(α):

σGeH4 (α) =
√√√√ 1

N − 1

N∑
i

[
δEi

b(α) − δEi
b(expt.)

]2
, (4)
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FIG. 1. (Color online) Dependence of the Ge-C, Ge-H, and Ge-F
bond lengths on the fraction α of nonlocal exchange for the molecules
Ge(CH3)4 (squares, blue), GeH4 (disks, red), and GeF4 (triangles,
green), respectively. The ADF code is used with the TZ2P basis set.
The bond lengths are given as deviations with respect to experimental
values: dGe−C = 1.945 Å (Ref. 43), dGe−H = 1.514 Å (Ref. 44), and
dGe−F = 1.67 Å (Ref. 45).

where δEi
b(α) and δEi

b(expt.) correspond to theoretical and
experimental core-level shifts referred to GeH4 and where the
sum is over the molecules in the considered set.

In Table V, we show the comparison with experiment for
binding energies calculated with the semilocal PBE functional
(α = 0) and with the hybrid PBE0 functional (α = 0.25), when
the GeH4 molecule is taken as reference. The accuracy of
calculated Ge 3d core-level shifts can be estimated through
σGeH4 , and results in 0.26 eV for PBE and in 0.08 eV for
PBE0. The relative maximal deviations observed are 0.54 and
0.18 eV. These results indicate that core-level shifts obtained

TABLE V. Comparison between calculated and measured Ge
3d core-level shifts for a set of Ge-based molecules. We obtain
PBE and PBE0 core levels using molecular structures optimized
at the corresponding level of theory (ADF code with TZ2P basis
set). The calculated and experimental core levels are referred to that
of the GeH4 molecule. We give the rms deviation σGeH4 obtained
for this choice of reference. We also give 〈σ 〉 corresponding to the
average of all the rms deviations obtained when varying the reference
among the molecules in the set. The experimental values are taken
from Ref. 42. Energies are in eV.

Molecule PBE PBE0 Expt.

Ge(CH3)4 −1.43 −1.37 −1.27
(CH3)3GeH −1.17 −1.11 −1.05
(CH3)2GeH2 −0.84 −0.79 −0.72
(CH3)GeH3 −0.52 −0.45 −0.42
GeH4 0 0 0
GeH3Br 0.56 0.66 0.75
GeH3Cl 0.71 0.83 0.87
(CH3)GeHF2 1.47 1.67 1.62
(CH3)GeCl3 1.43 1.67 1.71
GeBr4 1.70 2.01 2.05
GeCl4 2.34 2.63 2.70
GeF4 4.11 4.47 4.65

rms deviations
σGeH4 0.26 0.08 –
〈σ 〉 0.19 0.09 –

 0.08
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FIG. 2. (Color online) Average deviation 〈σ 〉 of relative Ge 3d

core-level shifts with respect to experimental results as a function of
the fraction α of nonlocal exchange used in the PBEh(α) functional.
The smallest rms deviation (〈σ 〉 = 0.09 eV) is achieved for α = 0.27.

with the PBE functional are already accurate and that a further
improvement can be achieved with the PBE0 functional. The
good agreement between PBE and PBE0 shifts is analogously
found for ionization potentials in molecules46 and defect
levels39 in solids, and stems from the localized nature of the
core-level state.40,47

While the PBE0 hybrid functional is recommended for
a large class of systems, it is admitted that the optimal α

might be material or even property dependent.24 Therefore,
we investigate how the rms deviation between theoretical and
experimental core-level shifts depends on the fraction α of
nonlocal exchange. To overcome the arbitrariness of choosing
one molecule as reference, we calculate rms deviations taking
each molecule as reference in turn and consider the deviation
〈σ 〉 resulting from the average of all rms deviations obtained in
this way. For each value of α, we first derive theoretical values
through the linear interpolation of our results obtained for a
limited set of α values. The 〈σ 〉 resulting from this procedure
are displayed as a function of α in Fig. 2. The minimal value
of 〈σ 〉 = 0.09 is obtained for α = 0.27, noticeably improving
with respect to 〈σ 〉 = 0.19 for PBE (α = 0). The smallest
achieved value of 〈σ 〉 does not differ significantly from the one
at α = 0.25. In the following hybrid functional calculations,
we will thus stick to the common PBE0 functional, which
corresponds to the latter value of α.

3. Ge 2p vs Ge 3d core-level shifts

In calculations performed on various excited configurations
of the Ge atom, Ge 2p and Ge 3d core-level shifts are found to
be very similar (cf. Sec. III A). To confirm this trend in more
general terms, we here compare Ge 2p and Ge 3d shifts for
the considered set of Ge-based molecules. The core-level shift
calculations are performed with the PBE0 functional within
an all-electron scheme (ADF code with TZ2P basis set). We
use atomic coordinates obtained at the same level of theory.
The calculated Ge 2p and Ge 3d core-level shifts are given in
Table VI. For the considered set of molecules, the shift ranges
over an interval of almost 6 eV, but the difference between the
two core-level shifts remains always smaller than 0.1 eV. The
similarity of Ge 2p and Ge 3d core-level shifts is supported
by experimental observations.4,48 Thus, we only consider Ge
3d core-level shifts in the following.
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TABLE VI. Comparison between calculated Ge 3d and Ge 2p

core-level shifts in Ge-based molecules. The shifts are determined
with the PBE0 hybrid functional in an all-electron scheme (ADF code
with TZ2P basis set). The atomic structures used are obtained at the
same level of theory. The core levels are referred to respective levels
of the GeH4 molecule. The last column gives the difference between
Ge 2p and Ge 3d shifts. Energies are in eV.

Molecule 2p 3d Diff.

Ge(CH3)4 −1.411 −1.392 −0.019
(CH3)3GeH −1.137 −1.122 −0.015
(CH3)2GeH2 −0.816 −0.795 −0.021
(CH3)GeH3 −0.441 −0.454 0.013
GeH3Br 0.726 0.655 0.071
GeH3Cl 0.880 0.892 −0.012
CH3GeHF2 1.663 1.660 0.003
CH3GeCl3 1.720 1.665 0.055
GeBr4 2.084 1.999 0.085
GeCl4 2.632 2.595 0.037
GeF4 4.386 4.451 −0.065

4. Accuracy of present pseudopotential implementation

In order to address interface models, the pseudopotential
scheme is more practical not only because of the lower nu-
merical cost involved but also because of the suitable periodic
boundary conditions. However, structural relaxations at the
hybrid functional level remain numerically expensive, and it
thus appears convenient to use model structures optimized at
the semilocal PBE level. In this section, we use the set of
Ge-based molecules to quantify the loss of accuracy due to
these simplifications.

We first examine the validity of the pseudopotential
approximation, in which the relaxation of core electrons upon
electron excitation is neglected. For this purpose, we adopt a
given atomic configuration of the molecules (corresponding
to the geometries obtained at the PBE level) and perform
core-level shift calculations at the PBE0 level. By comparing
the first two columns in Table VII, one sees that core-level
shifts obtained with the pseudopotential scheme are very
accurate with deviations with respect to all-electron results
lower than 0.06 eV. The comparison with all-electron results
is a critical step of the validation process which ensures that the
pseudopotential scheme gives quantitatively reliable shifts.49

The comparison is then extended to all-electron calculations
performed on molecular structures consistently optimized at
the hybrid functional level (Table VII). Overall deviations
remain below 0.05 eV, indicating that the combined use
of the PBE structures and the pseudopotential scheme does
not deteriorate the overall accuracy in a significant manner.
In particular, we note that the comparison between pseu-
dopotential and all-electron core-level shifts calculated at
the PBE0 level does not suffer significantly from the fact
that the pseudopotentials are generated at the PBE level of
theory, in agreement with previous findings for ionization
potentials.31

In the last part of this subsection, we use the flexibility of
the pseudopotential code to provide deeper insight into the
underlying reasons for the overall better performance of PBE0
with respect to PBE. As seen above, the differences between

TABLE VII. Comparison between pseudopotential (PP) and all-
electron (AE) Ge 3d core-level shifts for various Ge-based molecules
calculated at the PBE0 level. The pseudopotential results correspond
to structures optimized at the PBE level (RPBE). The all-electron
results (ADF code with TZ2P basis set) are obtained for the same
geometries (RPBE) and for structures consistently optimized at the
PBE0 level (RPBE0). The respective differences between the AE and
PP calculations are given by �1 and �2. The core levels are referred
to that of the GeH4 molecule. Energies are in eV.

PP AE AE
Molecule RPBE RPBE �1 RPBE0 �2

Ge(CH3)4 −1.375 −1.343 0.032 −1.378 −0.002
(CH3)3GeH −1.120 −1.119 0.001 −1.114 0.005
(CH3)2GeH2 −0.805 −0.792 0.013 −0.792 0.013
(CH3)GeH3 −0.442 −0.462 −0.020 −0.451 −0.009
GeH3Br 0.700 0.690 −0.010 0.657 −0.043
GeH3Cl 0.863 0.852 −0.011 0.824 −0.039
(CH3)GeHF2 1.710 1.709 −0.001 1.664 −0.046
(CH3)GeCl3 1.689 1.714 0.025 1.668 −0.021
GeBr4 2.007 2.065 0.058 2.005 −0.002
GeCl4 2.630 2.681 0.051 2.625 −0.004
GeF4 4.505 4.561 0.056 4.465 −0.040

PBE and PBE0 optimized structures do not affect the core-level
shifts in an appreciable way (Table VII). Therefore the effect
should be searched in the electronic-structure description. In
Table VIII, we compare core-level shifts obtained through
a full PBE0 electronic minimization with those obtained
through a first-order perturbational scheme based on PBE
wave functions. The comparison shows that the differences
between the PBE and PBE0 wave functions lead to negligible
differences in the core-level shifts. This suggests that the better
agreement recorded for the PBE0 core-level shifts should be
assigned to the improved energy differences achieved with the
PBE0 functional, possibly due to the reduced self-interaction,
rather than to an improved description of the wave functions.

TABLE VIII. Comparison between Ge 3d core-level shifts ob-
tained self-consistently at the PBE0 level (�PBE0) with those obtained
via a perturbational scheme based on PBE wave functions (�PBE), for
various Ge-based molecules. The difference between the two shifts
is given in the last column. In both calculations, we use the same
molecular geometries corresponding to those obtained at the PBE
level. The core levels are referred to that of the GeH4 molecule.
Energies are in eV.

Molecule �PBE0 �PBE Diff.

Ge(CH3)4 −1.375 −1.378 −0.002
(CH3)3GeH −1.120 −1.121 −0.002
(CH3)2GeH2 −0.805 −0.806 −0.001
(CH3)GeH3 −0.442 −0.442 −0.001
GeH3Br 0.700 0.699 −0.001
GeH3Cl 0.863 0.861 −0.002
(CH3)GeHF2 1.710 1.702 −0.008
(CH3)GeCl3 1.689 1.684 −0.005
GeBr4 2.007 2.005 −0.002
GeCl4 2.630 2.624 −0.005
GeF4 4.505 4.490 −0.015

245305-6



GERMANIUM CORE-LEVEL SHIFTS AT Ge/GeO2 . . . PHYSICAL REVIEW B 85, 245305 (2012)

C. Ge(001)-c(4 × 2) surface

In this section, we continue with the validation of our
theoretical approach by calculating Ge 3d core-level shifts
at the Ge(001) surface. This surface is known to reconstruct
through the formation of rows of buckled dimers and has been
characterized in detail by high resolution XPS.50–53 Given the
fact that the surface core-level shifts are at most 0.5 eV, the
calculations in this section are only performed at the PBE
level. Indeed, for such small shifts the estimated improvement
achieved through the use of a hybrid functional would not
exceed the overall expected accuracy.

We thus generate a model for the Ge(001) surface showing
the c(4 × 2) dimer reconstruction. In the primitive surface cell,
we use 12 Ge layers and 11 Å of vacuum separating the slabs
in the z direction normal to the surface. Dangling bonds on
the bottom of the slab are terminated with hydrogen atoms to
simulate bulk Ge. The four bottom-most Ge layers are kept
fixed in bulk positions. For the geometry optimization, we
use a 4 × 4 × 1 Monkhorst pack mesh, which is taken to be
off-center to avoid the vanishing band gap of Ge at the 	

point. With these settings, the use of the next available denser
grid of k points results in a total-energy change of less than
0.1 meV per atom. The structural relaxation gives a dimer bond
of 2.58 Å and a dimer tilt angle of 20.1◦, in excellent agreement
with previous DFT calculations.50 The relaxed structure is
illustrated in Fig. 3.
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FIG. 3. (Color online) Top view (top panel) and side view (bottom
panel) of the Ge(001) surface with the c(4 × 2) surface reconstruction.
The numbers indicate the layers after a common labeling convention
(Refs. 35 and 50). Atoms in the same layer share the same level of
gray (color). The shaded area shows the primitive surface unit cell.
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FIG. 4. Calculated Ge 3d core-level shifts at the Ge(001)-c(4 ×
2) surface. The notation corresponds to that used in Fig. 3. The shifts
are given with respect to the bulk line, which is obtained through an
average of the Ge 3d core levels of the atoms belonging to the sixth,
seventh, and eighth layers.

To minimize spurious interactions between the core hole
and its images, the primitive cell is repeated four times for the
calculation of Ge 3d core-level shifts. We thus use a tetragonal
cell structure (cf. Fig. 3) with a lateral dimension of 30.7 bohr.
The Brillouin zone is sampled with an off-centered 2 × 2 × 1
k-point mesh ensuring the same density of k points as in the
primitive surface cell calculations. For the adopted mesh, the
smallest band gap is 0.35 eV. Figure 3 shows the different
Ge sites of the reconstructed surface that we consider in our
calculation of Ge 3d core-level shifts.

The calculated Ge 3d core-level shifts are shown in Fig. 4.
The largest shifts with respect to the bulk line are found for
the upper atoms of the buckled dimers (1u) which are less
effective in charge screening because of electron depletion.
The calculated values are compared to various experimental
data in Table IX. Overall, the agreement between theory and
experiment is very good with deviations of at most 0.1 eV.
This level of agreement strengthens our theoretical approach
and allows us to address with confidence more complex
systems of which the structure has not yet fully been settled
by experimental studies.

TABLE IX. Calculated Ge 3d core-level shifts at the Ge(001)-
c(4 × 2) surface compared to available experimental data. The shifts
are referred to the bulk line, which in the calculation is taken to
correspond to average shift of the atoms belonging to the sixth,
seventh, and eighth layers. All shifts are given in eV.

Theory Experiment

Present Ref. 50 Ref. 51 Ref. 52 Ref. 53

1u −0.42 −0.51 −0.50 −0.43 −0.56
1d −0.07 −0.10 – – –
2 −0.20 −0.23 −0.17 – −0.24
3 −0.16 – – – –
3′ 0.00 – – – –
4 −0.14 – – – –
4′u −0.01 – – – –
4′d −0.06 – – – –
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FIG. 5. (Color online) Ball and stick model of the idealized
GeO1(GeH3)4 molecule representing the oxidation state n = 1.

IV. CORE-LEVEL SHIFTS AT THE Ge/GeO2 INTERFACE

A. Idealized Ge oxide molecules

To investigate the role of the local chemistry on the Ge 3d

core-level shifts, we first study idealized Ge oxide molecules
which reproduce the various oxidation states of Ge in the
transition region. We consider GeOn(GeH3)4 molecules, in
which O atoms are inserted in n of the Ge-Ge bonds, with
n varying between 0 and 4. For illustration, the n = 1 case is
shown in Fig. 5. The Ge-O bond length and the Ge-O-Ge angle
are kept fixed at 1.795 Å and 180◦, respectively.

The calculated Ge 3d core-level shifts for such idealized
molecules are given in Fig. 6. The shifts are calculated for
varying oxidation state n and for varying fraction α of nonlocal
exchange in the functional. The core-level shifts are found to
be proportional to both oxidation state n and fraction α. At
the PBE level, the core-level separation between the lowest
(n = 0) and highest oxidation state (n = 4) is 2.0 eV. For
α = 0.25 and α = 1, the separation increases to 2.25 eV and
3 eV, respectively.

B. Ge/GeO2 interface models

Since the interface dipole contributes directly to the core-
level shift across the interface, it is important to use a realistic
description of the interfacial atomic structure. However, the
bond pattern at the Ge/GeO2 interface is at present essentially
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FIG. 6. (Color online) Calculated core-level shifts for the ide-
alized GeOn(GeH3)4 molecules vs oxidation state n. Circles (red),
squares (blue), and triangles (green) correspond to calculations
performed with PBE, PBE0, and PBEh(α = 1.0) functionals, respec-
tively. The levels are referred to that of the oxidation state n = 0.

(b)

(a)

FIG. 7. (Color online) Atomic structure of two Ge/GeO2 interface
models used in this work, in which the oxide is either (a) amorphous
or (b) crystalline. The balls representing the Ge atoms are light gray
while those representing the O atoms are dark gray (red).

unknown. The two model structures which will be used in the
present work are inspired from the structure at the Si/SiO2

interface which has undergone extensive investigations.19,20,54

It should be understood that the present structures for the
Ge/GeO2 interface can only be validated through extensive
comparisons with experimental data.

The first Ge/GeO2 interface model comprises 217 atoms
in a superlattice geometry with alternate layers of Ge and
GeO2 of approximately equal thickness [Fig. 7(a)]. In the
interfacial plane, it has a

√
8 × √

8 repeat unit with a side
of 8.1 Å. The model was generated in Ref. 15 through full
structural relaxations, which preserved the topology of its
parent Si/SiO2 interface structure.19,20,55 In short, the model
shows a smooth transition region between crystalline Ge
and amorphous GeO2 with reasonable structural parameters
and without any coordination defect, all Ge atoms being
fourfold coordinated and all O atoms twofold coordinated.
The transition region shows the appearance of all intermediate
oxidation states of Ge (Ge+1, Ge+2, and Ge+3). The density
of the GeO2 region is 3.5 g/cm3. While the band gap of Ge
vanishes in the PBE, the electronic structure at the interface
does not show any metallic behavior, with a band gap evolving
from 0.4 eV in the Ge layer to 2.6 eV in the GeO2 layer.
The finite gap in the Ge layer is mainly due to the quantum
confinement effect.15 For a more detailed description of the
structural and electronic properties of this model, we refer
the reader to Refs. 15 and 16. In particular, this model has
previously been used for the calculation of the valence band
offset, resulting in a value of 3.4 eV.15

The second interface model also has superlattice geometry
but the GeO2 is found in a crystalline β-cristobalite phase
[Fig. 7(b)]. The connection is achieved as in a similarly con-
structed model of the Si/SiO2 interface and occurs without any
coordination defect.37,56 In the interfacial plane, this model has
the same repeat unit as the interface model with an amorphous
oxide. The Ge layer consists of nine atomic layers of Ge
(11.6 Å). Following a similar approach as for the first model,15

we allow the oxide to relax in the direction normal to the
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interface, leading to a thickness of 21 Å and a density of
3.2 g/cm3. While this model is expected to show overall similar
electronic properties as the first one, it carries the advantage of
having a small interfacial repeat unit together with a C8 rota-
tional symmetry around an axis perpendicular to the interface.
This allows one to achieve easy scaling of the model in the
lateral directions. In particular, we also use models with inter-
facial repeat units containing 4, 16, and 32 interface Ge atoms.

C. Calculation of core-level shift through potential alignment

We are here interested in determining the Ge 3d core-level
shift across the Ge/GeO2 interface including the effect of the
interface dipole. This corresponds to the shift �EXPS between
the oxidation state n = 0 in Ge and the oxidation state n = 4
in GeO2. The interface also implies a dielectric discontinuity
between the dielectric constants of Ge (ε = 16) and GeO2

(ε = 2.8), which leads to difficulties in treating electrostatic
screening effects in the core-hole calculations because of their
long-range nature. Therefore, two different procedures will be
applied to determine this shift. In the present section, we apply
a method which is commonly used for the alignment of band
structures at interfaces.57,58 All calculations in this section are
performed with the pseudopotential-plane-wave scheme, first
at the PBE level, and then with the PBE0 functional without
further relaxing the atomic coordinates. The application of a
more direct method is deferred to the next section.

The method we apply here consists of performing the core-
hole calculations separately in bulk models of the two interface
components. The interface model is only used to determine the
line-up of a reference potential Vref across the interface, which
then allows us to connect the two bulk calculations. More
specifically,

�EXPS = E
GeO2
b − EGe

b + �Vref = �Eb + �Vref, (5)

where E
GeO2
b and EGe

b are obtained from bulk calculations in
GeO2 and Ge, respectively,

E
GeO2
b = E+ + V

GeO2
ref − E0, (6)

EGe
b = E+ + V Ge

ref − E0. (7)

In particular, we note that in our pseudopotential scheme the
calculations of both E

GeO2
b and EGe

b involve a same constant
value, which is eliminated when taking the difference, �Eb =
E

GeO2
b − EGe

b . The offset �Vref of the reference potential
across the interface,

�Vref = V Ge
ref − V

GeO2
ref , (8)

is determined from the interface model calculation. We note
that the calculations involving a positively charged core hole
are in this way only performed for bulk models, where the
total energy can be properly corrected.59,60 To deal with
the long-range electrostatic effects in the bulk calculations,
we applied a simple Madelung-like correction,59,60 as this
correction has been demonstrated to be particularly accurate
for well-localized charges.61 The calculation involving the
interface model is only used for the potential alignment and is
charge neutral. The fact that the electrostatic correction only
needs to be applied to the bulk calculations is a clear advantage
of the present potential-alignment method.
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FIG. 8. (Color online) Initial-state Ge 3d core-level shifts across
the Ge/GeO2 interface as obtained within the PBE functional, for the
model interface (a) with an amorphous oxide and (b) with a crystalline
oxide, respectively. The various oxidation states are labeled: Ge0

(disks, red), Ge+1 (squares, green), Ge+2 (upwards-pointing triangles,
blue), Ge+3 (downwards-pointing triangles, magenta), and Ge+4

(diamonds, black). The shifts are referred to the average shift of the
central four Ge layers (lower horizontal line). The upper horizontal
line corresponds to the average shift of the Ge+4 oxidation state in
the central region of the oxide (13 Å < z < 19 Å).

As reference potential Vref , we take the average electrostatic
potential around the Ge nucleus. This is achieved through a
Gaussian weight function with width of 0.175 bohr centered on
the Ge atom. The variations of Vref correspond to initial-state
core-level shifts as obtained within a first-order perturbation
scheme.37 In this perspective, the term �Eb corresponds to the
difference between the final-state core-hole relaxation energies
in the two components.

We thus first address the initial-state shift by focusing
on the potential offset �Vref across the interface models.
For both interfaces, we find that a 3 × 3 × 1 k-point mesh
yields fully converged initial-state shifts.62 The calculated
initial-state shifts of the Ge core levels are shown in Fig. 8 for
both our interface models. For the interface with an amorphous
oxide, we find an initial-state shift of 1.6 eV when going from
the center of the Ge layer to the center of the oxide layer.
The interface with a crystalline oxide yields approximately the
same value (1.5 eV). The initial-state shifts associated with
intermediate oxidation states appear to be regularly spaced
between the two limiting cases.

To accurately determine EGe
b in bulk Ge, we use cubic

supercells of two different sizes (64 and 216 atoms). For each
cell, the k-point sampling is increased symmetrically in all
directions until the binding energies are found to be converged.
For the 64-atom and 216-atom cells, we determine electrostatic
corrections of 0.11 and 0.07 eV, respectively.60 The scaling
is fully consistent with the behavior of a point charge, thus
allowing for straightforward extrapolation.
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TABLE X. Core-level separation �EXPS between Ge0 and Ge+4

oxidation states across the Ge/GeO2 interface, as obtained through
the potential alignment method. We use two interface models which
are distinguished by the nature of the oxide. The total core-level
shift �EXPS is the sum of the difference in initial-state shift (�Vref )
and in core-hole relaxation energy (�Eb) between the two interface
components [cf. Eq. (5)]. The calculations are performed with PBE
and PBE0 functionals. Energies are in eV.

Interface Functional �Vref �Eb �EXPS

Amorphous PBE 1.60 0.94 2.54
β-cristobalite PBE 1.50 1.13 2.63
Amorphous PBE0 1.54 1.22 2.76
β-cristobalite PBE0 1.52 1.23 2.75

Determining EGeO2
b depends to some extent on the bulk

model adopted for the oxide. We here consider two bulk GeO2

structures which consistently reflect the respective structural
arrangements in the two interface models. The first oxide
structure corresponds to a model of amorphous GeO2 gen-
erated previously via first-principles molecular dynamics.15,63

The structure contains 126 atoms at the experimental density
(3.64 g/cm3) in a periodically repeated cubic unit cell and is
composed of corner-sharing Ge(O1/2)4 tetrahedra. The second
oxide structure that we consider corresponds to the crystalline
β-cristobalite phase. We ensure that our bulk model preserves
the same structural arrangement found in the respective
interface model. In this way, we construct two almost cubic
supercells containing 48 and 384 atoms. The k-point sampling
in the Brillouin zone is increased until full convergence of the
desired binding energies is achieved. However, it is found that
	-point sampling is always sufficient, leading to errors of only
8 meV in the worst case, corresponding to the oxide with 48
atoms. For eliminating the spurious electrostatic interactions,
we use Makov-Payne corrections.60 For the amorphous model,
this leads to an increase of the calculated binding energy by
0.58 eV. For the crystalline models of 48 and 384 atoms, the
Makov-Payne corrections are 0.90 and 0.45 eV, respectively.
The scaling is fully consistent with the point-charge behavior,
thereby validating the use of these corrections.

In our pseudopotential approach, only the difference Eb

between the binding energies in bulk Ge and bulk GeO2 is
physically meaningful and represents the difference in core-
hole relaxation energy between the two interface components.
The calculated values together with the initial-state shifts are
given in Table X. The total core-level shift �EXPS is obtained
according to Eq. (5) and is found to be 2.5 eV for the interface
with the amorphous oxide and 2.6 eV for the interface with
the crystalline oxide. The two final values are thus very close,
despite a slightly larger difference of about 0.2 eV found for
the core-hole relaxation energies in the two bulk oxides.

To improve upon the PBE description, we also calculate the
core-level separation �EXPS with the hybrid PBE0 functional.
The atomic structures obtained with the PBE functional are
preserved without allowing for further relaxation, as this does
not lead to any deterioration of the accuracy (cf. Sec. III B4).
The calculation of the initial-state shifts in the interface
models is performed with a k-point sampling restricted to
the sole 	 point, to further alleviate the numerical cost. On the

basis of PBE calculations with the same settings, this entails
deviations of 0.1 eV with respect to full convergence for �Vref .
Assuming that the k-point sampling errors do not depend on
the functional, we use the PBE deviations to correct to PBE0
values of �Vref . Table X shows that the initial-state shifts
obtained in the PBE0 differ by less than 0.1 eV from those
obtained in the PBE.

For the determination of the core-hole relaxation term �Eb,
the k-point sampling in the Ge bulk calculation is performed
with the Baldereschi point,64 while the 	 point is used for
the bulk oxide models. On the basis of our PBE results, this
reduced sampling does not give errors larger than 10 meV for
�Eb. As shown in Table X, the calculated values of �Eb in
the PBE0 are slightly larger than in the PBE. In conclusion of
this section, we thus find that the potential alignment method
yields, for both interface models, a full core-level shift �EXPS

of 2.75 eV at the PBE0 level of theory, up to 0.1–0.2 eV larger
than found in the PBE.

D. Direct calculation of core-level shift followed by electrostatic
correction

In this section, the Ge core-level shifts including the core-
hole relaxation are directly determined through calculations
involving the Ge/GeO2 interface models. All calculations in
this section are performed with the pseudopotential-plane-
wave scheme, both at the PBE and PBE0 levels of theory.
Since the interface models are in the superlattice geometry
and subject to periodic boundary conditions, the dielectric
environment affecting the core-hole relaxation is different than
for an isolated interface. This difference is here accounted for
within a classical electrostatics model and then used to correct
the calculated values.

Core-level shifts are directly calculated for our two interface
models. For both interfaces, we use a 3 × 3 × 1 k-point mesh.
The calculated shifts are given in Fig. 9. In the PBE, the average
separation �EXPS between the core levels of Ge0 and Ge+4

oxidation states is found to be ∼2.0 eV for both interfaces (cf.
Table XI). The shifts of the intermediate oxidation states lie
in between, but the spacing between their average levels is no
longer constant and increases with oxidation state, as the Ge
screening becomes progressively less effective at increasing
distance from the substrate.

Using the same atomic structures obtained in the PBE, we
also perform core-level shift calculations at the PBE0 level for
representative atoms chosen in the Ge and GeO2 regions of
the superlattice models (cf. Fig. 9). In these calculations, the
Brillouin zone is sampled at the sole 	 point, but convergence
corrections of the order of 0.08 eV are estimated from
analogous calculations at the PBE level and incorporated in
the final PBE0 result. As can be seen in Table XI, the values of
�EXPS obtained in the direct PBE0 calculations are larger
than those obtained in the respective PBE calculations by
0.2–0.3 eV.

In these direct calculations, the total energy is obtained
for a system with a positively charged core hole. The use of
periodic boundary conditions requires the use of a uniform
background charge to achieve charge neutrality in the simula-
tion cell. Furthermore, the physical environment determined
by the superlattice model significantly differs from the actual
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FIG. 9. (Color online) Full Ge 3d core-level shifts across the
Ge/GeO2 interface as obtained in the PBE, for the model interface
(a) with an amorphous oxide and (b) with a crystalline oxide. Same
notation as in Fig. 8. The three open circles correspond to calculations
performed with the PBE0 functional.

environment due to a single interface. Hence, such calculations
suffer from finite-size effects which are difficult to eliminate
because of the long-range nature of the Coulomb potential.
While several correction schemes have been proposed in
the literature to deal with such effects in homogeneous
dielectric media,60,65,66 similar schemes to treat dielectrically
discontinuous systems have remained far less explored.

In the following, we develop such a correction scheme
for interfaces in the superlattice geometry within a classical
electrostatics model. In such a classical model, the interface
components are distinguished by their dielectric constants and
the core hole relaxation energy corresponds to the polarization
energy of a positive unit charge. More specifically, we are
interested in comparing the dielectric relaxation energy Eper

of a core hole found in the middle of one of the superlattice

TABLE XI. Core-level separation �EXPS between Ge0 and
Ge+4 oxidation states across the Ge/GeO2 interface, as obtained
through direct calculation followed by classical electrostatics
correction. We use two interface models which are distinguished
by the nature of the oxide. The uncorrected results as obtained
via direct calculations and the corrections pertaining to shifts
on the Ge (δGe) and GeO2 (δGeO2 ) sides of the interfaces are
also provided. Calculations are performed with PBE and PBE0
functionals. Energies are in eV.

Corrections �EXPS

Interface Functional δGe δGeO2 Direct Corrected

Amorphous PBE 0.03 0.33 2.05 2.41
β-cristobalite PBE 0.01 0.36 2.00 2.37
Amorphous PBE0 0.03 0.33 2.23 2.59
β-cristobalite PBE0 0.01 0.36 2.30 2.66

layers with the respective energy Eiso of an isolated core hole
in a bulk medium having the same dielectric constant as the
layer. The desired correction is then given by δ = Eiso − Eper.
In our case, we need one such a correction for the Ge layer,
δGe, and one for the GeO2 layer, δGeO2 .

For numerical convenience, the charge representing the core
hole is modeled by a normalized Gaussian charge distribution
centered at r0,

ρ(r) = 1√
2πσ 2

e−(r−r0)/(2σ 2), (9)

where σ is the spread of the function and is taken to be equal
to 1 bohr unless mentioned otherwise. The electrostatic energy
of interest can be expressed as

U = 1

2

∫
d3r ′ρ(r′)V (r′), (10)

where V is the electrostatic potential. This energy corresponds
to the self-energy of the Gaussian charge distribution in the
specified dielectric environment.

The determination of the electrostatics correction consists
of determining the difference between the self-energy in
a homogeneous dielectric medium and that in a periodic
model representing the interface. In a homogeneous dielectric
medium with a dielectric constant ε, the electrostatic self-
energy U of the Gaussian charge distribution can be obtained
analytically and corresponds to

Eiso(ε) = 1

2σε
√

π
. (11)

In our classical electrostatics description, the superlattice
model consists of alternating layers with dielectric constants of
16 for Ge and of 2.8 for GeO2, as illustrated in Fig. 10(a). The
local dielectric constant ε(z) varies smoothly for facilitating
its numerical treatment, but the region of variation is taken
to be much smaller than other distances involved. The size
of the periodically repeated simulation cell and the thickness
of the layers are set as in the density-functional calculation,
unless mentioned otherwise. In this periodic simulation cell,
the Gaussian charge distribution is compensated by a uniform
background of opposite charge to avoid the divergence of the
energy. The potential V appearing in Eq. (10) is obtained by
addressing the Poisson equation for this system. We solve
this equation numerically by describing the charge density
and the potential on a three-dimensional mesh with a uniform
spacing of 0.5 bohr.67 The potential is then used in Eq. (10) to
obtain U , which in this case corresponds to the electrostatic
self-energy Eper(z). We note that the self-energies defined by U

in Eq. (10) depend on the spread σ and diverge for σ → 0. On
the opposite, the corrections δ = Eiso − Eper do not depend on
σ insofar the distances to the interfaces are significantly larger
than σ . This is numerically confirmed in Table XII.

Figure 10(b) shows the evolution of the electrostatic
self-energy U (z0) as the center z0 of the Gaussian charge
distribution varies across the simulation cell. The corrections
δGeO2 and δGe are obtained by taking the difference between
the self-energy calculated in the middle of the layers and the
respective self-energies pertaining to the homogeneous bulk
media, Eiso(εGeO2 ) and Eiso(εGe). We note that the correction is
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FIG. 10. (a) Local dielectric constant across the periodically re-
peated simulation cell varying nearly abruptly between the dielectric
constant of Ge and that of GeO2. (b) Electrostatic self-energy of a
Gaussian charge distribution with σ = 1 bohr as its center varies
across the periodically repeated simulation cell. The electrostatic
energies Eiso corresponding to the same charge distribution in
homogeneous dielectrics with dielectric constants of Ge and of GeO2

are indicated by horizontal lines. The electrostatic corrections δGeO2

and δGe are evaluated in the central positions RGeO2 and RGe of the
respective layers.

much larger in the GeO2 than in the Ge layer, where the high
dielectric constant effectively screens the inserted charge on a
short distance.

We note that the correction defined in this way does not only
correct the spurious electrostatic interactions due to the peri-
odic boundary conditions but also eliminates the residual phys-
ical electrostatics effects due to the proximity of the interfaces
in the periodic model. The latter feature satisfies our target of
achieving by this correction the core-level shift between atoms
situated on opposite sides of the interface but at large distances
from the interface itself. Thus, the corrections defined in this
way aim at achieving the same final result as that obtained
through the potential alignment method applied in Sec. IV C.

To check the validity of the adopted corrections, we
investigate how they perform for increasing lateral dimension
Lx (Ly = Lx) of the periodic simulation cell. Focusing on
the atomistic interface structure with crystalline oxide, we
consider periodic models with square repeat units containing 4,

TABLE XII. Corrections δGe and δGeO2 from classical electro-
statics for various spreads σ of the Gaussian charge distribution.
The corrections δ = Eiso − Eper are evaluated at the center of the
respective layers in a simulation cell which corresponds to that used
in the density functional calculations.

σ (bohr) δGe (eV) δGeO2 (eV)

0.5 0.129 −0.106
1.0 0.130 −0.103
1.5 0.131 −0.097

 1.8

 1.9

 2

 2.1

 2.2

 2.3

 2.4

 8  10  12  14  16  18  20  22  24

ΔE
X

P
S
 (
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FIG. 11. (Color online) Ge 3d core-level shifts (squares, blue)
calculated within the PBE functional for a series of periodic Ge/GeO2

interface models with crystalline oxides showing different lateral
dimensions Lx (Ly = Lx). The periodicity and the layer thicknesses
in the vertical direction are kept fixed and correspond to the model
introduced in Sec. IV B. The core-level shift is taken between atoms
at the centers of the Ge and GeO2 layers. Core-level shifts including
δGeO2 and δGe corrections from classical electrostatics (cf. Fig. 10)
are also shown (disks, red). The horizontal line corresponds to the
converged result inferred from the calculations.

8, 16, and 32 interfacial Ge atoms, which correspond to lateral
dimensions Lx of 8.2, 11.6, 16.4, and 23.2 Å, respectively. The
size of the supercell in the vertical direction is kept fixed. For
these models, we calculate the total energies for Ge 3d core
holes located in the middle of the Ge and GeO2 layers and
derive the corresponding shift �EXPS between Ge0 and Ge+4

oxidation states. The calculated values are reported in Fig. 11
as a function of the lateral side of the supercell. The calculated
core-level shift is found to increase monotonically with lateral
side. Then, we calculate within classical electrostatics, the
corrections δGeO2 and δGe for periodic superlattice models
with the same supercell as the atomistic models. When the
corrections from classical electrostatics are added to the
calculated shifts, one clearly observes that the shifts reach
convergence. In particular, at Lx = 11.6 Å, corresponding to
the side used for the Ge/GeO2 interface models in Sec. IV B,
the deviation from the converged result is lower than 0.03 eV.
The larger deviations at Lx = 8.2 Å indicate that the correction
from classical electrostatics is insufficient and suggest that
quantum-mechanical effects due to the relatively close periodic
images might still be operative.68

From the present analysis, we infer that the model interfaces
with a lateral side of Lx = 11.6 Å give sufficiently accurate
results provided the corrections of classical electrostatics are
included. These corrections apply indifferently to core-level
shifts calculated in the PBE and in the PBE0. The corrected
values of the �EXPS shifts for the two model interfaces
considered are reported in Table XI. The two interface models
give consistent values, around 2.4 in the PBE and around
2.6–2.7 eV in the PBE0.

V. DISCUSSION AND CONCLUSION

Table XIII summarizes the main result of this work which
corresponds to the theoretical determination of the Ge 3d

core-level shift �EXPS between Ge0 and Ge+4 oxidation states
at the Ge/GeO2 interface. This shift is calculated through two
different methods and for two different interface models. We
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TABLE XIII. Comparison between calculated core-level shift
�EXPS for the two interface models considered in this work as
obtained through the potential alignment method (Sec. IV C) and
through direct calculation with addition of electrostatic corrections
(Sec. IV D). The calculations refer to PBE and PBE0 functionals.
Energies are in eV.

Potential Direct
Interface Functional alignment with corrections

Amorphous PBE 2.54 2.41
β-cristobalite PBE 2.63 2.37
Amorphous PBE0 2.76 2.59
β-cristobalite PBE0 2.75 2.66

find an rms deviation of 0.18 eV between the two different
methods. Since the two applied methods target the same
physical quantity �EXPS, this residual deviation solely reflects
the numerical difficulty in achieving a converged result for a
given interface model.

The difference between the two interface structures is
always smaller than 0.1 eV, despite the different interfacial
bond pattern in the two models. Nevertheless, the two models
also have features in common. Indeed, both interface structures
show no coordination defects and a similar bond density
reduction, thus reproducing the main features of their parent
Si/SiO2 interface models. Hence, the close agreement for
�EXPS further confirms that the interface dipole does not
differ significantly among models satisfying such conditions,
as previously found in investigations of band offsets.18,69

Considering on the same footing the results obtained for
different models and through different methods, we find
�EXPS = 2.49 eV in the PBE and �EXPS = 2.69 eV in the
PBE0, with respective rms deviations of 0.10 and 0.07 eV. In
the following, the discussion is based on the result obtained in
the PBE0, which is expected to yield a closer agreement with
experiment (cf. Sec. III).

Experimental determinations of �EXPS are found to depend
on the growth procedure used for the Ge/GeO2 interface.
Interfaces with oxides grown by thermal oxidation in O2

atmosphere generally give �EXPS
∼= 3.3 eV,3–8 but much

larger values (3.7–3.8 eV) are found in experiments in which
the oxidation is achieved with O3 and atomic O.9,10 Our
PBE0 value of 2.7 eV is significantly lower than all available
experimental determinations. The discrepancy is much larger
than both the numerical error with which we determine �EXPS

and the expected accuracy associated with the PBE0 level of
theory. This leads to the conclusion that the Ge/GeO2 interface
structure differs from those represented by the adopted model
structures. In other terms, the interface structure that appears to
give a satisfactory description of the Si/SiO2 interface19,35 does
not provide an acceptable description of the a priori analogous
Ge/GeO2 interface.

This conclusion, which follows from the comparison
between theoretical and experimental �EXPS, reinforces an
analogous conclusion reached on the basis of a comparison
between calculated and measured valence band offsets.15 In-
deed, a previous theoretical investigation determined a valence
band offset of 3.4 eV for one of the model interface structures
studied in the present work.15 This value is significantly lower
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FIG. 12. (Color online) Ge 3d core-level shift �EXPS and valence
band offset (VBO) as determined theoretically (open symbols) and
experimentally (solid symbols) for a given Ge/GeO2 interface model
or sample. The circle corresponds to the model interface with
an amorphous oxide (�EXPS from the present work and VBO
from Ref. 15). The straight line is consistent with our calculated
values but allows for an undetermined contribution to the interface
dipole, for example, as resulting from the valence alternation pair in
Ref. 18 (diamond). The VBOs corresponding to the red disk (Ref. 5)
and the blue square (Ref. 9) are obtained through valence-band
photoemission, while those corresponding to the magenta downward-
pointing (Ref. 9) and green upward-pointing triangles (Ref. 10) are
derived through Kraut’s method.

than found in experimental studies which yield values ranging
between 4.0 and 4.5 eV.5,9,10

In Fig. 12, calculated and measured values are compared in
a VBO-�EXPS plot. Only experimental data corresponding
to �EXPS and VBO determined for the same sample are
considered. The experimental VBOs are either determined
through valence-band photoemission or through the use of
Kraut’s method. The spread of the available experimental
data clearly indicates that the interface dipole depends on
the sample at hand. However, an uncontrolled contribution
to the interface dipole affects the core-level shift and the
valence band offset by the same amount. It is therefore
meaningful to compare the calculated results with experiment
allowing for an undetermined contribution to the interface
dipole. This results in the straight line in Fig. 12. Overall, the
available experimental results are consistent with the intrinsic
relation between �EXPS and VBO found in the calculation. In
particular, the data corresponding to VBOs measured through
valence-band photoemission show excellent agreement, while
the VBOs obtained with Kraut’s method are only slightly
larger. This result strengthens the results of our calculations
and suggests that the difference between the theoretical and
the various experimental interface structures only lies in their
interface dipole.

The actual interface structure at Ge/GeO2 interfaces re-
mains an open question. There have been several investiga-
tions indicating that substoichiometric germanium oxide is
intrinsically different than its silicon counterpart.17,22,70–72 In
particular, Binder et al. performed first-principles molecular
dynamics on substoichiometric GeOx finding a structure with a
high concentration of negatively charged threefold coordinated
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Ge atoms and positively charged threefold coordinated O
atoms.22 Bonding motifs of this kind carrying opposite charge
are known as valence alternation pairs.73 It has been shown
that when these pairs are properly oriented with respect to
the interface a sizable contribution to the interface dipole can
be obtained.18 This offers a possible interpretation scheme
which could reconcile the theoretical and experimental values
for �EXPS and the VBO. However, also other mechanisms
might affect the interface dipole, such as the charge trapping
in point defects or the occurrence of high or low density
layers in the transition region. It should be noted that the
interface dipole required to move in the direction of the
experimental data should oppose the natural dipole created
by the electronegativity difference in the Ge-O bond.18

In summary, this work focuses on the Ge 3d core-level
shift at Ge/GeO2 interfaces. It is first demonstrated that
such core-level shifts are reliably described within semilocal
and hybrid density functional schemes through comparison
with experiment for a set of Ge-based molecules. Then, the
numerical problem consisting in determining such shifts for
interface models subject to periodic boundary conditions is
addressed. Two different strategies are pursued and found to
yield consistent results. The most reliable theoretical estimate
of the Ge 3d core-level shift is found to be significantly lower
than found in experimental studies. However, the theoretical

core-level shift is found to deviate from measured shifts in
the same way as the calculated valence band offset does
from respective experimental data. This result suggests that
the theoretical relation between core-level shift and valence
band offset is consistent with experimental data. The deviation
from experiment resides in the actual interface dipole at the
interface, which is apparently not well reproduced in the
structural models of the Ge/GeO2 interface used so far. Since
these models are inspired from the structure at the Si/SiO2

interface, we reach the conclusion that the atomic structure at
Ge/GeO2 interfaces must be inherently different. Identifying
the bonding pattern at this interface appears as a priority issue
in view of envisaging valid strategies for defect passivation.
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