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The Ge core-level shift across the Ge/GeO; interface is determined within semilocal and hybrid
density functional schemes. We first assess the accuracy achieved within these theoretical frame-
works 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)-¢(4 x 2) surface with high-resolution X-ray photoemission spectra
finding similar agreement. We then turn to the Ge/GeO- interface, which we describe with atom-
istic 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/SiO 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 AExps between the oxidation state Ge” and Ge™* 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 in direct interface calculations corrected through classical electrostatics. Using the
more accurate hybrid functional scheme, we obtain a shift AFExpg 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 in-
terface dipole and emphasizes that Ge/GeO2 interfaces possess different structural properties than

their silicon counterparts.
I. INTRODUCTION

In order to meet future demands in terms of speed
and power consumption for microelectronic devices, al-
ternatives to the silicon based technology are currently
being investigated. In this context, germanium has been
shown to display several advantages over silicon for the
use in field-effect transistors.! 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.! Another advantage is that germanium
requires lower temperatures for dopant activation which
might allow for an easier integration with a high-x< di-
electric material like HfO5.! However, germanium-oxide
interfaces generally show considerably higher defect den-
sities than their silicon counterparts.? To make progress,
it is important to achieve a detailed understanding of
the electronic and structural properties of Ge/GeOy in-
terfaces.

X-ray photoemission spectroscopy (XPS) is a standard
analytical tool for the characterization of semiconduc-
tor/oxide interfaces. Core-electrons are emitted and their
binding energy is inferred from their kinetic energy. At
Ge/GeOy interfaces, this technique is sensitive to the lo-
cal structure around Ge atoms and to the electrostatic
discontinuity at the interface. For Ge/GeOg interfaces
grown by thermal oxidation, a shift of AFxps = 3.3+0.1
eV is generally measured for the Ge 3d core level be-
tween nonoxidized Ge in the substrate and fully oxide
Ge in GeO,.? ® In experiments in which the interfaces are
grown with oxidizing agents such as Oz and atomic O,

much larger values (3.7-3.8 eV) have been reported.?1°
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.''? For the interfaces grown with reactive O
species, this method yielded VBOs around 4.5 eV.%10
Valence band offsets can alternatively be obtained di-
rectly from photoemission spectra in which the onsets of
the valence band edges of both Ge and GeOs appear.
This direct procedure has been found to yield a VBO
of 4.0 eV for Ge/GeOg interfaces obtained by thermal
oxidation,” while a larger VBO value is confirmed for
structures grown by O3 oxidation (4.3 eV).? Overall, on
the basis of the available experimental data,,”® it ap-
pears that the shift AFxps and the VBO vary consis-
tently, supporting that the interfaces achieved with dif-
ferent growth conditions differ in their band alignment.

Several studies have addressed the electronic proper-
ties at the Ge/GeOs interface. This interface is gener-
ally modelled in the same way as Si/SiO interfaces,® 18
namely through the consideration of a substoichiometric
transition region in which all Ge atoms are fourfold co-
ordinated and all O atoms are twofold coordinated.%-2°
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
AExpsg = 3.2 eV, in excellent agreement with measure-
ments at thermally oxidized structures (3.3 40.1 eV).>8

The theoretical determination of VBOs suffers from
the severe band-gap underestimations inherent to stan-
dard semilocal density functionals.'® 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.?! However,
such an approach applied to Ge/GeOs interfaces yielded
VBOs of about 3.4 eV,'518 noticeably lower than the
experimental value expected for thermally oxidized in-
terfaces (4.0 eV).> The theoretical situation is further
complicated by a recent study at the hybrid functional
level which yields a VBO of 4.3 eV for similarly con-
structed models.'” Hence, severe inconsistencies subsist
among the various theoretical descriptions.

It has recently been suggested that substoichiomet-
ric GeO, has fundamentally different bonding charac-
teristics than its Si analogue, showing the occurrence of
valence alternation pairs.?? These consist of negatively
charged Ge dangling bonds and positively charged three-
fold coordinated O atoms. It has further been shown
that such pairs may significantly contribute to the inter-
face dipole and thus affect the band alignment.'® Hence,
the band alignment acts as a fingerprint of the underlying
interface structure. This calls for theoretical efforts aim-
ing at an accurate quantitative description, which con-
sistently 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/GeOg interface using a
plane-wave pseudopotential scheme at the hybrid den-
sity 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/GeOs interface. For this purpose, it is impor-
tant to achieve high quantitative accuracy in the calcu-
lated Ge core-level shifts. We begin our study by assess-
ing the overall accuracy associated to our determination
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 quantita-
tive improvement with respect to semilocal functionals;
(i) it allows us to verify the validity of our pseudopo-
tential approach when moving from an all-electron de-
scription 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/GeQOy 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 compre-
hensive description of electronic properties at Ge/GeO2
interfaces, since calculated VBOs for these same models
are already available.'®'® Since the core-level shift de-
termination involves charged supercell calculations, the
convergence due to finite-size effects needs to be carefully
ensured. Thus, the core-level shift calculations at the in-
terface are performed through the use of two different
methods. In the first method, we adopt a two-step pro-
cedure in which the core-levels are seperately determined

in bulk models of the two interface component 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 con-
ditions, 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 experimen-
tal data.

This paper is organized as follows. In Sec. II, we de-
scribe the electronic-structure methods for the determi-
nation 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 com-
pared to experimental data when available. We turn to
the core-level shift at the Ge/GeOs interface in Sec. IV,
where two calculation methods are confronted. The pa-
per concludes with Sec. V, where the implications of our
results are discussed.

II. METHODS

Total energies are obtained from electronic structure
calculations based on density functional theory. We used
two different density functionals. The first is the semilo-
cal density functional proposed by Perdew, Burke and
Ernzerhof (PBE).?* The second is a hybrid functional
which is obtained from the semilocal PBE functional by
replacing a fraction « of the exchange functional with
Fock exchange:

E, = aEF°* 4 (1 — o)ELPBE, (1)

This hybrid functional is referred to as PBEh(a) and
corresponds to the PBEO functional when a=0.25.%4

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 in-
cluded in the scalar approximation.?® These calculations
are performed with the ATOMIC code?® provided in the
Quantum-ESPRESSO package.?”

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.?® The ADF code employs
Slater-type orbitals as basis functions. The basis func-
tions 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.?” The electronic-
structure calculations on molecules are performed at the
all-electron level with triple-¢ (TZ2P) basis sets. In the



structural optimizations, the convergence criteria are set
at 1 mHa for the total energy and at 1 mHa/A for the
remaining maximal force. The molecular structures are
relaxed within this structural relaxation scheme.

To address the Ge/GeOy interface system, we use a
plane-wave density functional approach in which core-
valence interactions are described by normconserving
pseudopotentials.?® For Ge, we include a nonlinear core
correction to account for the overlap between core and
valence electron densities. The pseudopotentials are gen-
erated at the PBE level of theory, and used in all cal-
culations. While this practice is conceptually not sat-
isfactory for hybrid functionals, it is demonstrated be-
low through comparison with all-electron schemes that it
does not lead to any sizable error in the core-level calcula-
tions. 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.?"3? We used the PWSCF code
provided in the Quantum-ESPRESSO package.?”

We model the core-electron binding energy Fj}, mea-
sured in XPS experiments as the energy required to ex-
cite the electron from its core-level to the vacuum level:

E,=E" + Viue — EY, (2)

where Et is the final-state energy of the system in the
presence of a core hole, Vi,. the reference vacuum po-
tential for the extracted electron, and E° 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 de-
scribed 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 eval-
uation of core-level binding energies through the ASCF
method.?3

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

AB, = (B = E%) — (B — Erey). (3)

Such core-level shifts then become also accessible in the
pseudopotential scheme. For this purpose, a special pseu-
dopotential is generated for describing the valence elec-
trons in the presence of a core hole.?* With respect to
all-electron schemes, the pseudopotential approach does
not account for the relaxation of core electrons. This ap-
proximation is generally very good, as demonstrated for
the analogous Si/SiO, interface.?> 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 simu-
lation cells with sides increasing from 20 to 30 bohr. The
desired shifts could then be obtained through extrapola-
tion to infinite cell size.?”"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 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 validate the basis sets through
comparisons with results obtained through numerical in-
tegration, which are not subject to basis set errors. Then,
we compare core-level shifts calculated at the PBE and
PBEQO levels of theory. The section concludes with a com-
parison 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 en-
ergies are given with respect to the ground state Ge atom
in the electronic configuration [Ar]3d'%4s24p®. In Ta-
ble I, Ge 3d core-level shifts obtained through numeri-
cal integration are compared with those obtained with
three different local basis sets for various electronic con-
figurations of the outer valence shells. We consider the
triple-C basis set with two polarization functions (TZ2P),
the quadruple-( basis set with four polarization functions
(QZA4P), 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 s'p3, s?p', and
s'p? configurations, one notices that the results obtained
with the TZ2P and QZ4P basis sets are both very accu-
rate. For describing 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 PBEO 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 (s'p3, s’p!, and
s'p?) never exceed 0.15 eV. This result is in good agree-
ment with the general behavior of charge transition lev-
els of atomically localized defect states.??*Y More gener-
ally, calculations with the PBEh(«) functional show that



TABLE 1. Calculated 3d core-level shifts for the Ge atom
in various excited electronic configurations of the outer va-
lence shells with respect to the ground-state configuration
[Ar]3d'%4s%4p®. 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. Ener-
gies are in eV.

Configuration Exact TZ2P QZ4P ETQZ3P-3diff
s'p? 1.666  1.671  1.668 1.671
s%ptd! 4.689  1.252  4.229 4.672
stp?d? 6.113  3.032  5.757 6.100
$2pt 10.230 10.239 10.226 10.223
stp? 11.862 11.869 11.859 11.868
stptadt 15.568 13.932 15.601 15.553

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

Configuration PBE PBEO Diff.
sTp? 1.671 1.814 0.143
s*ptd? 4.674 4.959 0.285
stp?d? 6.102 6.543 0.441
s2pt 10.224 10.115 0.109
stp? 11.869 11.938 0.069
stptd?! 15.553 15.791 0.238

the core-level shift dependence on « is linear, in agree-
ment with previous calculations for both localized and
extended states.?!4! The rate of change is specific to the
considered electronic configuration.

The Ge 3d level is only slightly deeper than the va-
lence electrons (F,~30 eV), while the Ge 2p level is
much deeper (E,~1218 eV).? It is therefore of interest
to compare 2p and 3d core-level shifts as both are exper-
imentally accessible. In Table III, Ge 2p core-level shifts
calculated with PBEO functionals 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 accu-
racy of Ge core-level shifts calculated within all-electron
hybrid density functional schemes. We thus consider a set
of molecules for which experimental data are available.*?
In particular, we determine the optimal value of the frac-
tion « of non-local exchange to be used in the hybrid
functional PBEh(«t). We then switch to the pseudopo-
tential scheme and quantify to what extent this approx-
imation deteriorates the accuracy achieved with the all-

TABLE III. Comparison between Ge 2p and Ge 3d core-level
shifts calculated with the hybrid PBEO 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.
s'p? 1.814 1.831 0.017
s*ptd? 4.959 4.907 —0.052
stpid? 6.543 6.529 —0.014
s%pt 10.115 10.314 0.199
stp? 11.938 12.150 0.212
stptd?! 15.791 16.099 0.308
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FIG. 1. Dependence of the Ge-C, Ge-H, and Ge-F bond

lengths on the fraction « of nonlocal exchange for the
molecules Ge(CHs)s (squares, blue), GeHy (discs, red), and
GeF, (triangles, green), respectively. The ADF code is used
with the TZ2P basis set. The bond lengths are given as de-
viations with respect to experimental values: dge.c = 1.945
A (Ref. 43), dgenn = 1.514 A (Ref. 44), and dger = 1.67 A
(Ref. 45).

electron scheme.

1. Structural properties

The relaxed structures of a set of Ge-based molecules
are determined with the PBEh(«) hybrid functional for
various values of a. 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 elec-
trons (cf. Table I). Table IV shows relaxed structural
parameters for the two extreme values « = 0 (PBE) and
a = 1. Overall, the effect of « is small with bond lengths
and bond angles differing by less than 0.1 A and 2°, re-
spectively.

To illustrate these calculations in more detail, we focus
on the Ge(CHzs)y, GeHy, and GeF4 molecules and give in
Fig. 1 the evolution of three specific bond lengths with
a. The bond lengths vary in an approximately linear
way with . For a = 0 (PBE), they are slightly larger
than their experimental counterparts, while the opposite
behavior is found for a = 1. The best agreement with



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

Molecule Parameter a=0 a=1
Ge(CHz)4 d(Ce-C) 1.979 A 1.931 A
(CH3)3GeH d(Ge-H) 1.551 A 1.517 A
d(Ge-C) 1.975 A 1.926 A
/ H-Ge-C 108.3° 108.0°
(CHs)2GeHs d(Ge-H) 1.546 A 1.513 A
d(Ge-C) 1.970 A 1.922 A
/ C-Ge-C 11.7° 112.7°
/ H-Ge-C 109.4° 109.2°
/ H-Ge-H 107.4° 107.3°
(CH3)GeHs d(Ge-H) 1.541 A 1.508 A
d(Ge-C) 1.964 A 1.918 A
/ H-Ge-C 110.6° 110.6°
/ H-Ge-H 108.4° 108.3°
GeH,4 d(Ge-H) 1.533 A 1.503 A
GeH3Br d(Ge-H) 1.534 A 1.499 A
d(Ge-Br) 2.332 A 2.258 A
/ H-CGe-H 111.4° 111.5°
/ H-Ge-Br 107.4° 107.3°
GeH3Cl d(Ge-H) 1.533 A 1.499 A
d(Ge-Cl) 2175 A 2.108 A
/ H-CGe-H 111.7° 111.7°
/ H-Ge-Cl 107.1° 107.2°
(CH3)GeHF, d(Ge-H) 1.534 A 1.495 A
d(Ge-C) 1.939 A 1.888 A
/ H-Ge-C 121.5° 119.7°
/ F-Ge-C 108.5° 109.0°
(CH3)GeCl3 d(Ge-Cl) 2.162 2.083 A
d(Ge-C) 1.949 1.889 A
/ H-C-Ge 108.5° 109.2°
/Cl-Ge-C 111.2° 111.7°
GeBry d(Ge-Br) 2.316 A 2.226 A
GeCly d(Ge-Cl) 2.143 A 2.065A
GeF, d(Ge-F) 1.713 A 1.639A

experiment is found for a@ = 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.

TABLE V. Comparison between calculated and measured Ge
3d binding energies for a set of Ge-based molecules. We obtain
PBE and PBEO binding energies using molecular structures
optimized at the corresponding level of theory (ADF code with
TZ2P basis set). The calculated and experimental values are
referred to the shift of the GeH4 molecule. We give the rms
deviation ogen, obtained for this choice of reference. We also
give (o) 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 PBEO Expt.
Ge(CHs)a —1.43 —1.37 —1.27
(CHs)3GeH —1.17 —1.11 —1.05
(CH3)2GeHz —0.84 —0.79 —0.72
(CHs)GeHs —0.52 —0.45 —0.42
GeHuy 0 0 0

GeH;3Br 0.56 0.66 0.75
GeHsCl 0.71 0.83 0.87
(CH3)GeHF, 1.47 1.67 1.62
(CH3)GeCl3 1.43 1.67 1.71
GeBry 1.70 2.01 2.05
GeCly 2.34 2.63 2.70
GelFy 4.11 4.47 4.65
OGeH, 0.26 0.08 —

(o) 0.19 0.09 -

2. Ge 3d core-level shifts

Ge 3d binding energies referred to the vacuum level
are calculated within an all-electron scheme for the set
of molecules in Table IV. For each molecule, the calcu-
lations are performed with the PBEh(«a) functional for
three to five different values of « (ADF code with TZ2P
basis set). The molecular structures used in the binding
energy calculations are optimized at the corresponding
level of theory. The calculated binding energies are found
to vary linearly with «.

Since we focus in this work on the accuracy of core-
level shifts, we take one molecule as reference and com-
pare calculated and experimental values for the result-
ing core-level shifts. In this way, systematic errors in-
herent to the absolute binding energies, such as those
resulting from the relativistic approximation used, do
not affect the comparison with experiment. Taking the
GeH,4 molecule as reference, we calculate the rms devi-
ation ogen, (o) with respect to experimental data’? for
the set of calculated binding energies obtained with the
functional PBEh(«):

1 N

> [Ei (@) - 8Bj(expt)]’, (4)

i

OGeHy (a) =

where 0E; (o) and JE; (expt.) correspond to theoretical
and experimental core-level shifts referred to GeH, and
where the sum is over the molecules in the considered
set.
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FIG. 2. (Color online) Average deviation (o) of relative Ge
3d core-level shifts with respect to experimental results as a
function of the fraction « of nonlocal exchange used in the
PBEh(«) functional. The smallest rms deviation ({o) = 0.09
eV) is achieved for a=0.27.

In Table V, we show the comparison with experiment
for binding energies calculated with the semilocal PBE
functional («=0) and with the hybrid PBEO functional
(=0.25), when the GeH4 molecule is taken as reference.
The accuracy of calculated Ge 3d core-level shifts can be
estimated through ogemn,, and results in 0.26 eV for PBE
and in 0.08 eV for PBEQ. The relative maximal devia-
tions observed are 0.54 and 0.18 eV. These results indi-
cate that core-level shifts obtained with the PBE func-
tional are already very accurate and that a further im-
provement can be achieved with the PBEO functional.
The good agreement between PBE and PBEO shifts is
analogously found for ionization potentials in molecules*S
and defect levels®? in solids, and stems from the localized
nature of the core-level state.0:47

While the PBEO hybrid functional is recommended for
a large class of systems, it is admitted that the opti-
mal a might be material or even property dependent.?
Therefore, we investigate how the rms deviation between
theoretical and experimental core-level shifts depends on
the fraction « of nonlocal exchange. To overcome the ar-
bitrariness of chosing one molecule as reference, we calcu-
late rms deviations taking each molecule as reference in
turn and consider the deviation (o) resulting from the av-
erage of all rms deviations obtained in this way. For each
value of a, we first derive theoretical values through the
linear interpolation of our results obtained for a limited
set of a values. The (o) resulting from this procedure
are displayed as a function of « in Fig. 2. The minimal
value of (o) = 0.09 is obtained for o« = 0.27, noticeably
improving with respect to (o) = 0.19 for PBE (a = 0).
The smallest achieved value of () does not differ signifi-
cantly from the one at o = 0.25. In the following hybrid
functional calculations, we will thus stick to the common
PBEO functional, which corresponds to the latter value
of a.

TABLE VI. Comparison between calculated Ge 3d and Ge
2p core-level shifts in Ge-based molecules. The shifts are de-
termined with the PBEO hybrid functional in an all-electron
scheme (ADF code with TZ2P basis set). The atomic struc-
tures used are obtained at the same level of theory. The core-
levels are referred to respective levels of the GeHs molecule.
The last column gives the difference between Ge 2p and Ge
3d shifts. Energies are in eV.

Molecule 2p 3d Diff.
Ge(C3)a 1411 —1.392 ~0.019
(CHs)3GeH ~1.137 ~1.122 ~0.015
(CH3)2GeHz —0.816 —0.795 —0.021
(CHs)GeH3 —0.441 —0.454 0.013
GeHsBr 0.726 0.655 0.071
GeHsCl 0.880 0.892 —0.012
CHs3GeHF4 1.663 1.660 0.003
CH3GeCls 1.720 1.665 0.055
GeBry 2.084 1.999 0.085
GeCly 2.632 2.595 0.037
GeF4 4.386 4.451 —0.065

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

In calculations performed on various excited configu-
rations of the Ge atom, Ge 2p and Ge 3d core-level shifts
are found to be very similar (cf. Sec. IITA). To con-
firm 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 PBEO functional within an all-electron scheme
(ADF code with TZ2P basis set). We use atomic coordi-
nates 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.»*® Thus, we
only consider Ge 3d core-level shifts in the following.

4. Accuracy of present pseudopotential implementation

In order to address interface models, the pseudopoten-
tial scheme is more practical not only because of the lower
numerical cost involved but also because of the suitable
periodic boundary conditions. However, structural relax-
ations 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



TABLE VII. Comparison between pseudopotential (PP) and
all-electron (AE) Ge 3d core-level shifts for various Ge-based
molecules calculated at the PBEO level. The pseudopotential
results correspond to structures optimized at the PBE level
(RpBe). The all-electron results (ADF code with TZ2P ba-
sis set) are obtained for the same geometries (Rpgg) and for
structures consistently optimized at the PBEO level (Rpero)-
The respective differences between the AE and PP calcula-
tions are given by A; and Ay. The core-levels are referred to
that of the GeH4 molecule. Energies are in eV.

TABLE VIII. Comparison between Ge 3d core-level shifts ob-
tained selfconsistently at the PBEO level (Uppro) with those
obtained via a perturbational scheme based on PBE wave
functions (¥pgg), for various Ge-based molecules. The dif-
ference 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 YpBEo VUppE Diff.
PP AR AR Ge(CHz)4 —1.375 —1.378 —0.002
Molecule Rrse  Rene Aq Rerio Ao (CH3)3GeH —1.120 —1.121 —0.002
Ge(CHs), —1.375 —1.343 0.032 —1.378 —0.002 (CHs)2GeHa —0.805 —0.806 —0.001
(CHs)sGeH — —1.120 —1.119  0.001 —1.114  0.005 (CHs)GeHs —0.442 —0.442 —0.001
(CH3)2GeHy —0.805 —0.792  0.013 —0.792  0.013 GeH3Br 0.700 0.699 —0.001
(CH3)GeHs  —0.442 —0.462 —0.020 —0.451 —0.009 GeH3Cl 0.863 0.861 —0.002
GeH3Br 0.700  0.690 —0.010  0.657 —0.043 (CHs)GeHF, 1.710 1.702 —0.008
GeHsCl 0.863  0.852 —0.011  0.824 —0.039 (CH3)GeCl3 1.689 1.684 —0.005
(CH3)GeHF,  1.710  1.709 —0.001  1.664 —0.046 GeBry 2.007 2.005 —0.002
(CH3)GeCls 1.689  1.714  0.025  1.668 —0.021 GeCly 2.630 2.624 —0.005
GeBry 2.007 2065 0.058  2.005 —0.002 GeFy 4.505 4.490 —0.015
GeCly 2.630  2.681  0.051  2.625 —0.004
GeF, 4505 4561  0.056  4.465 —0.040

level) and perform core-level shift calculations at the
PBEO level. By comparing the first two columns in Ta-
ble 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 pseu-
dopotential scheme gives quantitatively reliable shifts.*’

The comparison is then extended to all-electron cal-
culations 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 pseu-
dopotential scheme does not deteriorate the overall accu-
racy in a significant manner. In particular, we note that
the comparison between pseudopotential and all-electron
core-level shifts calculated at the PBEO level does not suf-
fer significantly from the fact that the pseudopotentials
are generated at the PBE level of theory, in agreement
with previous findings for ionization potentials.3!

In the last part of this subsection, we use the flexibil-
ity of the pseudopotential code to provide deeper insight
into the underlying reasons for the overall better perfor-
mance of PBEQ with respect to PBE. As seen above, the
differences between PBE and PBEO 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 PBEO
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 PBEO wave functions lead to neg-

ligible differences in the core-level shifts. This suggests
that the better agreement recorded for the PBEO core-
level shifts should be assigned to the improved energy
differences achieved with the PBEO functional, possibly
due to the reduced self-interaction, rather than to an im-
proved description of the wave functions.

C. Ge(001)-¢(4 x 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 recon-
struct through the formation of rows of buckled dimers
and has been characterized in detail by high resolution
XPS.5953 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 ¢(4 x 2) dimer reconstruction. In the primi-
tive surface cell, we use 12 Ge layers and 11 A of vacuum
separating the slabs in the z direction normal to the sur-
face. Dangling bonds on the bottom of the slab are ter-
minated with hydrogen atoms to simulate bulk Ge. The
four bottommost Ge layers are kept fixed in bulk posi-
tions. For the geometry optimization, we use a 4 x 4 x 1
Monkhorst pack mesh, which is taken to be off-center
to avoid the vanishing band gap of Ge at the I' point.
With these settings, the use of the next available denser
grid of k-points results in an total-energy change of less
than 0.1 meV per atom. The structural relaxation gives
a dimer bond of 2.58 A and a dimer tilt angle of 20.1°,
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FIG. 3. (Color online) Top view (top panel) and side view
(bottom panel) of the Ge(001) surface with the ¢(4 x 2) sur-
face 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 grey (color). The shaded
area shows the primitive surface unit cell.

in excellent agreement with previous DFT calculations.®”

The relaxed structure is illustrated in Fig. 3.

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 x 2 x 1 k-point mesh
ensuring the same density of k-points as in the primi-
tive 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 agree-
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FIG. 4. Calculated Ge 3d core-level shifts at the Ge(001)-
c(4 x 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 6th, 7th, and 8th layers.

TABLE IX. Calculated Ge 3d core-level shifts at the Ge(001)-
¢(4 x 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 6th, 7th, and 8th 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 - — - -
4v —0.01 - — - -
4d  —0.06 - — - -

ment strengthens our theoretical approach and allows us
to address with confidence more complex systems which
have not yet fully been settled by experimental studies.

IV. CORE-LEVEL SHIFTS AT THE Ge/GeO:
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 GeO,,(GeHs)4
molecules, in which O atoms are inserted in n of the Ge-
Ge bonds, with n varying between 0 and 4. For illustra-
tion, 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 A
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 « of



FIG. 5. (Color online) Ball and stick model of the idealized
GeO1(GeHs)s molecule representing the oxidation state n =
1.
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FIG. 6. (Color online) Calculated core-level shifts for the ide-
alized GeO,,(GeHs)s molecules vs oxidation state n. Circles
(red), squares (blue), and triangles (green) correspond to cal-
culations performed with PBE, PBEO, and PBEh(a = 1.0)
functionals, respectively. The levels are referred to that of
the oxidation state n = 0.

nonlocal exchange in the functional. The core-level shifts
are found to be proportional to both oxidation state n
and fraction a. At the PBE level, the core-level separa-
tion between the lowest (n = 0) and highest oxidation
state (n = 4) is 2.0 eV. For @ = 0.25 and o = 1, the
separation increases to 2.25 eV and 3 eV, respectively.

B. Ge/GeO; 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/GeOs interface is at
present essentially unknown. The two model structures
which will be used in the present work are inspired from
the structure at Si/SiO2 interface which has undergone
extensive investigations.!?2%%4 Tt should be understood
that the present structures for the Ge/GeOs interface can
only be validated through extensive comparisons with ex-

@)

(b)

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 grey while those representing the O atoms
are dark grey (red).

perimental data.

The first Ge/GeOs interface model comprises 217
atoms in a superlattice geometry with alternate layers
of Ge and GeOs of approximately equal thickness [Fig.
7(a)]. In the interfacial plane, it has a /8 x v/8 re-
peat unit with a side of 8.1 A. The model was gener-
ated in Ref. 15 through full structural relaxations, which
preserved the topology of its parent Si/SiOs interface
structure.!?20:% In short, the model shows a smooth
transition region between crystalline Ge and amorphous
GeO, with reasonable structural parameters and with-
out any coordination defect, all Ge atoms being fourfold
coordinated and all O atoms twofold coordinated. The
transition region shows the appearance of all intermedi-
ate oxidation states of Ge (Ge™!, Ge*?, and Ge™®). The
density of the GeO3 region is 3.5 g/cm?. 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 GeOy layer. The finite gap in the Ge layer
is mainly due to the quantum confinement effect.'® For
a more detailed description of the structural and elec-
tronic 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.'?

The second interface model also has superlattice geom-
etry but the GeOs is found in a crystalline -cristobalite
phase [Fig. 7(b)]. The connection is achieved as in a
similarly constructed model of the Si/SiOs interface and
occurs without any coordination defect.?”%% In the inter-
facial plane, this model has the same repeat unit as the
interface model with an amorphous oxide. The Ge layer
consist of 9 atomic layers of Ge (11.6 A). Following a sim-



ilar approach as for the first model,'® we allow the oxide
to relax in the direction normal to the interface, leading
to a thickness of 21 A and a density of 3.2 g/cm?. 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 Cg
rotational 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 interfacial 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/GeQOs interface including the ef-
fect of the interface dipole. This corresponds to the shift
AFExps between the oxidation state n = 0 in Ge and
the oxidation state n = 4 in GeQOs. The interface also
implies a dielectric discontinuity between the dielectric
constants of Ge (e=16) and GeOs (e=2.8), which leads
to difficulties in treating electrostatic screening effects in
the core-hole calculations because of their long-range na-
ture. Therefore, two different procedures will be applied
to determinine this shift. In the present section, we apply
a method which is commonly used for the alignment of
band structures at interfaces.®”8 All calculations in this
section are performed with the pseudopotential-plane-
wave scheme, first at the PBE level, and then with the
PBEO functional without further relaxing the atomic co-
ordinates. The application of a more direct method is
deferred to the next section.

The method we apply here consists in 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 Vet
across the interface, which then allows us to connect the
two bulk calculations. More specifically:

ABxps = BEF9? — BE® 4+ AViet = ABE, 4 AVier,  (5)

where Eg;eog and EbGC are obtained from bulk calcula-
tions in GeOy and Ge, respectively:

B BtV - Ea O
B = B, + VS - B 0

In particular, we note that in our pseudopotential scheme
the calculations of both El? €02 and EE‘C involve a same
constant value, which is eliminated when taking the dif-
ference, AE}, = ESCO2 — Ege. The offset AViet of the
reference potential across the interface,
G GeO

A‘/rCf = ‘/refc - 1refe 2’ (8)
is determined from the interface model calculation. We
note that the calculations involving a positively charged
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FIG. 8. (Color online) Initial-state Ge 3d core-level shifts

across the Ge/GeO: interface as obtained within the PBE
functional, for the model interface (a) with an amorphous ox-
ide and (b) with a crystalline oxide, respectively. The var-
ious oxidation states are labeled: Ge® (disks, red), Ge™*
(squares, green), Ge™ (upwards-pointing triangles, blue),
Ge™ (downwards-pointing triangles, magenta), and Ge™
(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™*
oxidation state in the central region of the oxide (13 A < z <

19 A).

core hole are in this way only performed for bulk models,
where the total energy can be properly corrected.??%°
To deal with the long-range electrostatic effects in the
bulk calculations, we applied a simple Madelung-like
correction,’® %9 as this correction has been demonstrated
to be particularly accurate for well localized charges.®!
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 ap-
plied to the bulk calculations is a clear advantage of the
present potential-alignment method.

As reference potential V¢, we take the average electro-
static 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 Vet
correspond to initial-state core-level shifts as obtained
within a first-order perturbation scheme.?” In this per-
spective, the term AFE}, corresponds to the difference be-
tween 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 AVt across the interface mod-
els. For both interfaces, we find that a 3 x 3 x 1 k-point
mesh yields fully converged initial-state shifts.®? The cal-
culated 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 crys-
talline oxide yields approximately the same value (1.5
eV). The initial-state shifts associated to intermediate
oxidation states appear to be regularly spaced between
the two limiting cases.

To accurately determine ES¢ 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.5? The scaling is fully consistent with the be-
havior of a point charge, thus allowing for straightforward
extrapolation.

Determining ESEO? depends to some extent on the
bulk model adopted for the oxide. We here consider
two bulk GeOs structures which consistently reflect the
respective structural arrangements in the two interface
models. The first oxide structure corresponds to a
model of amorphous GeOs generated previously via first-
principles molecular dynamics.!®%3 The structure con-
tains 126 atoms at the experimental density (3.64 g/cm?)
in a periodically repeated cubic unit cell and is com-
posed of cornersharing Ge(O4 /)4 tetrahedra. The sec-
ond oxide structure that we consider corresponds to the
crystalline S-cristobalite phase. We ensure that our bulk
model preserves the same structural arrangement found
in the respective interface model. In this way, we con-
struct 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 I'-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 in-
teractions, we use Makov-Payne corrections.’° For the
amorphous model, this leads to an increase of the cal-
culated binding energy by 0.58 eV. For the crystalline
models of 48 and 384 atoms, the Makov-Payne correc-
tions 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
Ey, between the binding energies in bulk Ge and bulk
GeQs is physically meaningful and represents the differ-
ence in core-hole relaxation energy between the two inter-
face components. The calculated values together with the
initial-state shifts are given in Table X. The total core-
level shift A FExpg 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 cal-
culate the core-level separation AFExpg with the hybrid
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TABLE X. Core-level separation AFExps between Ge® and
Get? oxidation states across the Ge/GeOs interface, as ob-
tained through the potential alignment method. We use two
interface models which are distinguished by the nature of the
oxide. The total core-level shift A Exps is the sum of the dif-
ference in initial-state shift (AV') and in core-hole relaxation
energy (AFE}) between the two interface components [cf. Eq.
(5)]. The calculations are performed with PBE and PBEO
functionals. Energies are in eV.

Interface Functional AV AFEy AFExps
amorphous PBE 1.60 0.94 2.54
[-cristobalite PBE 1.50 1.13 2.63
amorphous PBEO 1.54 1.22 2.76
[B-cristobalite PBEO 1.52 1.23 2.75

PBEO functional. The atomic structures obtained with
the PBE functional are preserved without allowing for
further relaxation, as this does not lead to any deterio-
ration of the accuracy (cf. Sec. IITB4). The calculation
of the initial-state shifts in the interface models is per-
formed with a k-point sampling restricted to the sole
T" point, to further alleviate the numerical cost. On the
basis of PBE calculations with the same settings, this en-
tails deviations of 0.1 eV with respect to full convergence
for AV. Assuming that the k-point sampling errors do
not depend on the functional, we use the PBE deviations
to correct to PBEOQ values of AV. Table X shows that
the initial-state shifts obtained in the PBEQ differ by less
than 0.1 eV from those obtained in the PBE.

For the determination of the core-hole relaxation term
AEy, the k-point sampling in the Ge bulk calculation
is performed with the Baldereschi point,* while the I'-
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 AFE}. As shown in Table
X, the calculated values of AFE}, in the PBEO 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 AFxpg of
2.75 eV at the PBEO 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/GeOs interface models.
All calculations in this section are performed with the
pseudopotential-plane-wave scheme, both at the PBE
and PBEOQ 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
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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 crys-
talline oxide. Same notation as in Fig. 8. The three open
circles correspond to calculations performed with the PBEO
functional.

TABLE XI. Core-level separation AFExps between Ge® and
Get* oxidation states across the Ge/GeOs interface, as ob-
tained through direct calculation followed by classical elec-
trostatics 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 (dge) and GeOz (dgceo, ) sides of
the interfaces are also provided. Calculations are performed
with PBE and PBEO functionals. Energies are in eV.

Interface Functional Corrections AFExps

d0ge 0Geo, Direct Corrected
amorphous PBE 0.03 0.33 2.05 2.41
[B-cristobalite PBE 0.01 0.36 2.00 2.37
amorphous PBEO 0.03 0.33 2.23 2.59

[B-cristobalite PBEO 0.01 0.36 2.30 2.66

calculated values.

Core-level shifts are directly calculated for our two in-
terface models. For both interfaces, we use a 3 x 3 x 1
k-point mesh. The calculated shifts are given in Fig.
9. In the PBE, the average separation AFxps between
the core-levels of Ge® and Get* 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 increas-
ing distance from the substrate.

Using the same atomic structures obtained in the PBE,
we also perform core-level shift calculations at the PBEO
level for representative atoms chosen in the Ge and GeOs
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regions of the superlattice models (cf. Fig. 9). In these
calculations, the Brillouin zone is sampled at the sole
T" 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 PBEO result. As can
be seen in Table XI, the values of A Expg obtained in the
direct PBEO 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 ob-
tained 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 neu-
trality in the simulation cell. Furthermore, the physi-
cal environment determined by the superlattice model
significantly differs from the actual 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 lit-
erature to deal with such effects in homogeneous dielec-
tric media,0:6%:66 gimilar 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 clas-
sical 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 FEpor of a core hole found in the mid-
dle of one of the superlattice layers with the respective
energy Fjis, of an isolated core hole in a bulk medium
having the same dielectric constant as the layer. The de-
sired correction is then given by § = Eiso — Eper. In our
case, we need one such a correction for the Ge layer, dge,
and one for the GeOs layer, dgeo,-

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

()=

pr) = —=—=
V2ro?

where o is the spread of the function and is taken to be

equal to 1 bohr unless mentioned otherwise. The electro-
static energy of interest can be expressed as

e~ (r—r0)/(20%) (9)

U= % /d3r/p(r/)V(r/) (10)
where V' is the electrostatic potential. This energy cor-
responds to the self-energy of the Gaussian charge distri-
bution in the specified dielectric environment.

The determination of the electrostatics correction con-
sists in determining the difference between the self-energy
in a homogeneous dielectric medium and that in a peri-
odic model representing the interface. In a homogeneous
dielectric medium with a dielectric constant e, the elec-
trostatic self-energy U of the Gaussian charge distribu-
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FIG. 10. (a) Local dielectric constant across the periodically
repeated 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 ¢ = 1 bohr
as its center varies across the periodically repeated simulation
cell. The electrostatic energies Fis, 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 dgeo, and dge are evaluated in
the central positions Rgeo, and Rge of the respective layers.

TABLE XII. Corrections dge and dgeo, from classical elec-
trostatics for various spreads o of the Gaussian charge distri-
bution. The corrections § = FEjiso — Eper are evaluated at the
center of the respective layers in a simulation cell which cor-
responds to that used in the density functional calculations.

o (bohr) dce (eV) 0Ge0, (€V)
0.5 0.129 —0.106
1.0 0.130 —0.103
1.5 0.131 —0.097

tion can be obtained analytically and corresponds to:

1
- 20eT

In our classical electrostatics description, the superlat-
tice model consists of alternating layers with dielectric
constants of 16 for Ge and of 2.8 for GeOs, as illustrated
in Fig. 10(a). The local dielectric constant e(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 back-
ground of opposite charge to avoid the divergence of the

Eiso (6) (1 1)
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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/GeOq interface models with crystalline oxides showing dif-
ferent lateral dimensions L, (Ly = L;). The periodicity and
the layer thicknesses in the vertical direction are kept fixed
and correspond to the model introduced in Sec. IVB. The
core-level shift is taken between atoms at the centers of the
Ge and GeOs layers. Core-level shifts including dgeco, and
dge corrections from classical electrostatics (cf. Fig. 77) are
also shown (disks, red). The horizontal line corresponds to
the converged result inferred from the calculations.

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.5” The potential is
then used in Eq. (10) to obtain U, which in this case cor-
responds to the electrostatic self-energy Epe, (). We note
that the self-energies defined by U in Eq. (10) depend on
the spread ¢ and diverge for ¢ — 0. On the opposite, the
corrections 0 = Eigo — Eper do not depend on o insofar
the distances to the interfaces are signficantly larger than
o. This is numerically confirmed in Table XII.

Figure 10(b) shows the evolution of the electrostatic
self-energy U(zp) as the center zy of the Gaussian charge
distribution varies across the simulation cell. The correc-
tions dgeo, and dge 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(€ceo,) and Eiso(€ge). We
note that the correction is much larger in the GeO4y than
in the Ge layer, where the high dielectric constant effec-
tively 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 periodic boundary conditions but also elim-
inates the residual physical 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 ob-
tained through the potential alignment method applied
in Sec. IV C.



TABLE XIII. Comparison between calculated core-level shift
A FExps 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. IVD). The calculations refer to PBE and
PBEO functionals. Energies are in eV.

Interface Functional = Potential Direct
alignment  with corrections
amorphous PBE 2.54 2.41
[B-cristobalite PBE 2.63 2.37
amorphous PBEO 2.76 2.59
[B-cristobalite PBEO 2.75 2.66

To check the validity of the adopted corrections, we
investigate how they perform for increasing lateral di-
mension L, (L, = L;) of the periodic simulation cell.
Focusing on the atomistic interface structure with crys-
talline oxide, we consider periodic models with square
repeat units containing 4, 8, 16, and 32 interfacial Ge
atoms, which correspond to lateral dimensions L, of 8.2,
11.6, 16.4, and 23.2 A, respectively. The size of the su-
percell 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 GeOs layers
and derive the corresponding shift AExps between Ge®
and Get? 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 calcu-
late within classical electrostatics, the corrections dgeo,
and dge 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 conver-
gence. In particular, at L, = 11.6 A, corresponding to
the side used for the Ge/GeOs interface models in Sec.
IV B, the deviation from the converged result is lower
than 0.03 e€V. The larger deviations at L, = 8.2 A in-
dicate 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.%®

From the present analysis, we infer that the model in-
terfaces with a lateral side of L, = 11.6 A give sufficiently
accurate results provided the corrections of classical elec-
trostatics are included. These corrections apply indiffer-
ently to core-level shifts calculated in the PBE and in the
PBEO. The corrected values of the A Expgs 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 PBEO.

14
V. DISCUSSION AND CONCLUSION

Table XIIT summarizes the main result of this work
which corresponds to the theoretical determination of the
Ge 3d core-level shift AExpg between Ge® and Get?* ox-
idation states at the Ge/GeOs interface. This shift is
calculated through two different methods and for two
different interface models. We find a rms deviation of
0.18 eV between the two different methods. Since the
two applied methods target the same physical quantity
A FExps, this residual deviation solely reflects the numer-
ical 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 inter-
facial 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/SiOs interface mod-
els. Hence, the close agreement for AFxpg further con-
firms that the interface dipole does not differ significantly
among models satisfying such conditions, as previously
found in investigations on band offsets.8:69

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

Experimental determinations of AFExpgs are found to
depend on the growth procedure used for the Ge/GeO2
interface. Interfaces with oxides grown by thermal ox-
idation in Os atmosphere generally give AExps = 3.3
eV,>® but much larger values (3.7-3.8 eV) are found in
experiments in which the oxidation is achieved with Og
and atomic O.%19 Qur PBEO value of 2.7 eV is signifi-
cantly lower than all available experimental determina-
tions. The discrepancy is much larger than both the nu-
merical error with which we determine AFxpg and the
expected accuracy associated to the PBEO level of theory.
This leads to the conclusion that the Ge/GeQOs interface
structure differs from those represented by the adopted
model structures. In other terms, the interface struc-
ture that appears to give a satisfactory description of
the Si/SiO; interface!?:3® does not provide an acceptable
description of the a priori analogous Ge/GeOs interface.

This conclusion, which follows from the comparison
between theoretical and experimental AFExpg, reinforces
an analogous conclusion reached on the basis of a com-
parison between calculated and measured valence band
offsets.'® Indeed, a previous theoretical investigation de-
termined a valence band offset of 3.4 eV for one of the
model interface structures studied in the present work.'®
This value is significantly lower than found in experimen-
tal studies which yield values ranging between 4.0 and 4.5
eV .5:9,10
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FIG. 12. (Color online) Ge 3d core-level shift AFxps and
valence band offset (VBO) as determined theoretically (open
symbols) and experimentally (closed symobols) for a given
Ge/GeO2 interface model or sample. The circle corresponds
to the model interface with an amorphous oxide (A Expg from
the present work and VBO from Refs. 15). The straight line is
consistent with our calculated values but allows for an unde-
termined contribution to the interface dipole, e.g. 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 photoemis-
sion, while those corresponding to the magenta downwards-
pointing (Ref. 9) and green upwards-pointing triangles (Ref.
10) are derived through Kraut’s method.

In Fig. 12, calculated and measured values are com-
pared in a VBO-AFExps plot. Only experimental data
corresponding to AFExps and VBO determined for the
same sample are considered. The experimental VBOs
are either determined through valence-band photoemis-
sion 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. How-
ever, 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 avail-
able experimental results are consistent with the intrinsic
relation between AFExps and VBO found in the calcu-
lation. In particular, the data corresponding to VBOs
measured through valence-band photoemission show ex-
cellent 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 dif-
ference between the theoretical and the various exper-
imental interface structures only lies in their interface
dipole.

The actual interface structure at Ge/GeOy inter-
faces remains an open question. There have been sev-
eral investigations indicating that substoichiometric ger-
manium oxide is intrinsically different than its silicon
counterpart.!”22:70°72 In particular, Binder et al. per-
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formed first-principles molecular dynamics on substoi-
chiometric GeO, finding a structure with a high concen-
tration of negatively charged threefold coordinated Ge
atoms and positively charged threefold coordinated O
atoms.?? Bonding motifs of this kind carrying opposite
charge are known as valence alternation pairs.”™ It has
been shown that when these pairs are properly oriented
with respect to the interface a sizeable contribution to the
interface dipole can be obtained.'® This offers a possible
interpretation scheme which could reconcile the theoret-
ical and experimental values for AFExps and the VBO.
However, also other mechanisms might affect the inter-
face 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 experi-
mental data should oppose the natural dipole created by
the electronegativity difference in the Ge-O bond.!8

In summary, this work focuses on the Ge 3d core-level
shift at Ge/GeOy interfaces. It is first demonstrated that
such core-level shifts are reliably described within semilo-
cal and hybrid density functional schemes through com-
parison with experiment for a set of Ge-based molecules.
Then, the numerical problem consisting in determining
such shifts for interface models subject to periodic bound-
ary 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 experi-
mental 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 theoret-
ical relation between core-level shift and valence band
offset is consistent with experimental data. The devia-
tion 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 struc-
ture at the Si/SiOs interface, we reach the conclusion
that the atomic structure at Ge/GeOs interfaces must
be inherently different. Identifying the bonding pattern
at this interface appears as a prioritary issue in view of
envisaging valid strategies for defect passivation.
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