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ABSTRACT: Polycrystalline α-GeO2, space group P3221, has been
prepared by low-temperature chemical synthesis. α-GeO2 electronic
structure has been evaluated comparatively by X-ray photoelectron
spectroscopy (XPS) and ab initio calculations. The oxygen vacancies have
been formed in α-GeO2 by Ar

+ ion bombardment at ion energy 2.4 keV.
The appearance of oxygen-vacancy-induced new states in the band gap has
been detected by XPS and theoretical analysis. It has been shown that
oxygen monovacancy generation provides defect states in the valence
band, in the band gap, and in the conduction band.

1. INTRODUCTION

Germanium dioxide (GeO2 or germania) has been the focus of
many investigations over the recent years because this oxide is a
key constituent in optical fibers, microelectronic and micro-
photonic structures, and luminescence compounds.1−8 In
microelectronics, GeO2 is the important thin-film insulator
material for the applications in the Ge-based device structures
similar to SiO2 in the Si-based MOS technology because the
germanium oxide layer exists even at high-k oxide/Ge
interfaces.3,9−12 Presently, GeO2 is being intensively explored
as a functional dielectric material in memristor devices based on
the resistance switching effect.7,13

It is well-known that electronic parameters of dielectric oxide
materials are strongly dependent on stoichiometry, and oxygen
loss commonly generates new states in the band gap with a
drastic conductivity variation.14−18 As for GeO2, the defect
formation appears in the reduced atmosphere, and this process
is sensitive to the initial phase composition of the oxide.19

Similar oxygen vacancy generation effects can be reasonably
supposed in the vacuum environment, and this possibility
should be considered in the design of device structures. The
influence of oxygen deficiency on GeO2 properties is not clear
in detail. Recently, however, it has been shown by theoretical
methods that the α-quartz-type GeO2 (α-GeO2) vibrational
parameters are very sensitive to the presence of the vacancy in

the oxygen sublattice.20 This polymorph modification is
particularly interesting because α-GeO2, space group P3121 or
P3221, possesses a wide optical transparency range and
piezoelectric and nonlinear optical properties.4,21−23 The α-
GeO2 crystal structure is shown in Figure 1.24,25 During recent
years, the α-GeO2 crystal flux growth technology has been
developed, and now large, free of hydroxyl groups, high-stability
single crystals are available.23,26,27 Thus, the present study is
aimed at the evaluation of α-GeO2 electronic structure. The
electronic parameters are planned to be explored in parallel by
experimental and theoretical methods. This algorithm is helpful
for the selection of optimal approximations in band structure
calculations and for the accurate evaluation of electronic
structure impacted by the oxygen vacancy formation.28−31

2. EXPERIMENTAL SECTION

The α-GeO2 crystals were prepared by low-temperature
chemical synthesis from the crystalline GeO2 powder of optical
grade (Umicore Electro-optic Materials) using aqueous
ammonia (20.27 wt %), nitric acid (69.23 wt %), and distilled
water.4,32 The 0.2 g of powder was placed into a beaker which
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was then filled up with 50 mL of distilled water. The mixture
was heated to 90 °C under magnetic stirring, and then 1.6 mL
of ammonia was added to achieve pH = 10. After that, 5 mL of
nitric acid was added into the precursor solution; hereupon, it
was evaporated down to the 10 mL volume, up to a moment
when the white powder was abundantly precipitated. Under the
conditions, the reaction between crystalline germanium dioxide
and aqueous ammonia produces a precursor solution with
concentration of GeO2 of 0.033 mol/L. The concentration is
favorable to get the monomeric germanate anions in the
aqueous solution.33 After the fast change of pH from 10 to 1 via
nitric acid addition, the GeO2 solubility strongly decreases. The
process causes a heterogeneous nucleation with further crystal
growth by the sorption mechanism which is assisted with
evaporation. The precipitate was separated by centrifugation
and washed, first, with 0.1 mol of HNO3 solution and then with
ethanol repeatedly. The washed product was dried under
ambient conditions; then it was heat-treated for 4 h at T = 200
°C under 0.1 Pa vacuum with the Ar flow of 1.2 L/h. The
microstructure of final α-GeO2 powder product was deter-
mined by scanning electron microscopy (SEM) using a Hitachi
S4800 high-performance machine, and the pattern is shown in
Figure 1S (Supporting Information).
Structural properties of germanium oxide were evaluated

with X-ray diffraction (XRD) analysis. The XRD pattern was
obtained on a Shimadzu XRD-7000 device equipped with a Ni
filter using Cu Kα radiation. The diffractograms were recorded
with step scans from 5 to 100° in the 2θ angle and 10 s for each
0.02° step. The unit cell parameters (UCPs) of the detected
phase were determined by the full-profile refinement in the 2θ
range of 10−100°. The full-profile refinement PowderCell 2.4
program was used for the calculations;34 the peaks were
described by the pseudo-Voigt function.
The XPS measurements were performed on an X-ray

photoelectron spectrometer (SPECS Surface Nano Analysis
GmbH) equipped with an X-ray source XR-50 M with a double
Al/Ag anode, an ellipsoidal crystal X-ray monochromator
FOCUS-500, a PHOIBOS-150-MCD-9 hemispherical electron
energy analyzer, and an ion source IQE-11.35,36 The spectra
were obtained using monochromatic Al Kα radiation at the
fixed analyzer pass energy of 20 eV under the ultrahigh vacuum
conditions. For charge compensation, a low voltage electron
flood gun FG-20 was used, and the precise charge correction
was performed by setting the Ge 2p3/2 peak at the binding
energy (BE) of 1220.4 eV. The high concentration of oxygen
vacancies in the GeO2 crystal lattice was generated by Ar+ ion

bombardment at the ion energy of 2.4 keV and a current
density of approximately 10 μA/cm2.37,38

3. COMPUTATIONAL METHODS

The higher-level electronic-structure calculations were per-
formed using the density functional theory (DFT) with an
exact exchange contribution calculated by the Hartree−Fock
method, i.e., B3LYP hybrid functionals.39 The B3LYP
exchange-correlation functional well reproduces the band gaps
of transition metal oxides and is most suitable for our purposes.
The calculations were made using the following electronic
configuration of the constituent elements: Ge [Ar 3d10] 4s2 4p2

and O [He] 2s2 2p4, where the core configurations are shown in
the parentheses. The potentials of nuclei and core electrons
were expressed via preliminarily generated atomic pseudopo-
tentials retaining the norm.40 The Bloch functions of electrons
in the crystal were represented by plane-wave expansions with
the cutoff energy of 60 Ry. The cutoff energy was selected to
ensure the convergence of the total cell energy to 0.006 eV/
atom. The density of calculation grid in the reciprocal space was
2 × 2 × 2. The atomic arrangement was optimized with the
force convergence threshold of 0.04 eV/Å performed within
standard DFT. We used a supercell of 72 atoms for the solitary
oxygen vacancy simulation and 36 atoms for the simulating of a
sufficiently nonstoichiometric germanium oxide. The oxygen
vacancy and polyvacancy were generated by the removal of the
O atom close to the center of the supercell, followed by
remaining atoms relaxation. The theoretical XPS spectra were
calculated summing up the partial density of states with the
coefficients corresponding to photoionization cross sections.41

The calculations were performed with the Quantum-
ESPRESSO package.42

4. RESULTS AND DISCUSSION

As a result of aqua synthesis, the homotypic monodimensional
microcrystals with the diameter up to 1 μm are formed as
shown in Figure 1S (Supporting Information). XRD analysis of
the sample was carried out using the PDF-2 database.43

Experimental and theoretical diffraction patterns are presented
in Figure 2S (Supporting Information). All the diffraction peaks
were successfully indexed, and their positions are in good
agreement with those of trigonal α-GeO2, space group P3221. It
is evident that the pure α-GeO2 phase is present in the powder
sample. The difference curve is shown in the lower part of
Figure 2S (Supporting Information). The unit cell parameters
defined from the measured sample (a = 4.986(3), c = 5.652(4)
Å) are in excellent relation to the parameters previously
reported for pure α-GeO2 oxide as a = 4.98502 and c = 5.6480
Å.44

A. Core Level Photoelectron Spectra. The Ge 2p3/2
spectra recorded before and after ion bombardment of α-GeO2
are shown in Figure 2. The peaks are a little asymmetrical, and
that complicates their adequate curve fitting into individual
components. A small Ge 2p3/2 peak broadening appeared at
long bombardment times. The plasmon oscillation excitation
energy was determined on the basis of the Ge 2p3/2 energy loss
spectra analysis (Figure 2). The spectrum of the initial surface
contains a wide loss peak at 15.5 eV above the Ge 2p3/2 peak,
whereas the spectra recorded after 2, 20, and 40 min of the
surface bombardment exhibit the loss peaks positioned 15.4,
15.7, and 15.6 eV apart, respectively. The values are in
reasonable relation to the excitation energy of 16.38 eV found

Figure 1. Crystal structure of α-GeO2. The unit cell is outlined. Lone
germanium and oxygen atoms are omitted for clarity.
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for the plasmon oscillations in α-GeO2 by quantum-chemical
calculations.45 The O 1s core level spectra are shown in Figure
3 as a function of ion etching time. A drastic shift of the O 1s

spectra to the higher binding energy side is observed with an
increase in the bombardment times (see details in Table 1).
This effect is due to a change of ionicity of the Ge−O bond in
germanium oxide. The band gap in α-GeO2 was estimated
using the energy loss spectrum (Figure 3S, Supporting
Information) as was proposed earlier.46,47 According to the
previous optical measurements, the band gap in α-GeO2 is 5.72
eV.4 In the present XPS experiment, the band gap for perfect α-
GeO2 was estimated to be 5.4 eV, which is similar to the value
found earlier in ref 4, whereas, after ion etching, the band gap
values lay in the range of 4.4−4.6 eV. All XPS data are
summarized in Table 1.
The α-GeO2 valence band spectra recorded before and after

ion bombardment during 2 min are shown in Figure 4. The

spectrum can be divided into three regions.48,50,54−56 The most
intense peak at ∼31.4 eV below the Fermi level is mainly due to
the photoemission from the Ge 3d level. According to the
partial densities of states calculated from the first principles, the
features over the range of 29−19 eV are due to the
photoemission from the O 2s level, while the features in the
region below 19 eV can be attributed to the photoemission
from the hybridized levels Ge 4s−Ge 4p−O 2p. The difference
spectrum obtained by subtracting spectrum 1 multiplied by a
factor ∼0.9 from spectrum 2 is also demonstrated in Figure 4.
The difference spectrum indicates broadening of the Ge 3d
peak as a result of ion bombardment. Besides, the generation of
additional peaks in the region of mixed states in 2 min of
etching with Ar+ ions is clearly seen in the difference spectrum.
The ion bombardment leads to the appearance of an additional
wide peak at 2.1 eV corresponding to the electron photo-
emission from defects in the α-GeO2 structure. A further
increase of the ion etching time does not lead to noticeable
changes in the valence band spectra. Comparatively, the ion
bombardment induces a substantial change in the BE values of
the representative element core levels O 1s, Ge 3d, and C 1s, as
reported in Table 1.
Since the Ge 3d and Ge 2p3/2 levels have drastically different

energies, this configuration may be used for the characterization
of the germanium ion environment at different depths. The
BE(Ge 2p3/2) binding energy is very high, and this photo-
emission signal is related to the top surface. Contrary to that,
the Ge 3d binding energy is low, and the behavior of the peak
characterizes the deeper oxide layers. Besides, it is valuable to
use BE difference parameters ΔGe3d = BE(O 1s) − BE(Ge 3d)
and ΔGe2p = BE (O 1s) − BE(Ge 2p3/2) for the comparison
instead of element binding energies because the BE difference
parameters are insensitive to the energy scale calibration
method and surface charging effects. Previously, the algorithm
was successfully tested for different chemical oxide classes, and
the results can be found elsewhere.15,57−63 The suite of
electronic parameters earlier observed by XPS of GeO2 and
those found in the present study at different ion etching times
are shown in Table 1. The earlier results found in the literature
are related dominantly to the oxide films formed at Ge
substrates. The film crystallinity was not analyzed by structural
methods; however, the films were prepared at low temper-
atures, and the GeO2 oxides can be reasonably considered as
being in the amorphous state. Tetragonal GeO2 has not been
evaluated by XPS up to now, and only a unique short report of
α-GeO2 electronic parameters was found in ref 49. In GeO2
films and glass, parameters ΔGe3d and ΔGe2p are in the ranges
of 498.4−498.9 and −(688.7−688.4) eV, respectively. The
parameters ΔGe3d = 499.3 and ΔGe2p = −689.7 eV defined in
the present study for crystalline α-GeO2 before ion bombard-
ment are noticeably different from those reported in the
literature for GeO2 films. At longer ion bombardment times,
parameter ΔGe2p increases up to −688.75 eV. The value is in
good relation to the range that is a characteristic of amorphous
GeO2 films, and this indicates the complete amorphization of
the α-GeO2 particle top surface by ion bombardment. Contrary
to that, the variation of ΔGe3d with an increase of ion
bombardment time is negligible, and this may signify the
persistence of the atomic order, at least partially, in the deeper
layers. So, it can be concluded that, most likely, the top surface
layer crystallinity is destroyed by ion bombardment, and deeper
layers keep the atomic order despite the oxygen vacancy
formation.

Figure 2. Ge 2p3/2 core-level spectra recorded from the initial and ion
bombarded α-GeO2 surface.

Figure 3. O 1s core-level spectra obtained before and after ion
bombardment of α-GeO2 during 2, 20, and 40 min, respectively.
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B. Electronic Band Structures. The calculated partial
density of states (PDOS) for both perfect and defect α-GeO2
supercells is shown in Figure 5. The PDOS indicates that, in
perfect and defect α-GeO2, the lower subzone −(19.8−17.5)
eV of the valence band is formed mainly from the O 2s states,
while the upper subzone −(9.3−0.0) eV is formed from the O
2p states. The electronic states of germanium form mostly the
conduction band (>5.3 eV), but they also contribute (≈10%)
to the states in the valence band. The single-particle band gap
of α-GeO2 obtained in our periodic calculations is 5.3 eV,
which is close to the experimental value for the optical gap of
5.72 eV.4 A defect-free crystal demonstrates a narrow gap in the
valence band at −(3.4−3.8) eV, which separates bonding
orbitals O 2p−Ge 4s,4p from nonbonding orbitals O 2pπ,
similarly to that of α-SiO2.

64

The introduction of the oxygen vacancy defect in the α-GeO2
supercell generates several new features. The presence of the
neutral oxygen vacancy in α-GeO2 leads to the defect levels at
−3.28, 0.4, and 5.9 eV. The defect level in the band gap (0.4
eV) is filled with two electrons, which corresponds to a bonding
state of the Ge−Ge defect in GeO2. The level at 5.9 eV near the
conduction band bottom corresponds to the nonbonding state
of the Ge−Ge bond. The defect levels at −3.28 and 0.4 eV are

formed from the states Ge 4s, Ge 4p, and O 2p closest to the
vacancy, while the level at 5.9 eV in the continuum spectrum is
formed only from germanium states. The small dispersion of
defective peaks at −3.28 and 0.4 eV indicates a strong
localization in the real space. The valence band photoemission
spectra recorded for initial and bombarded samples are shown
in Figure 6. For initial α-GeO2, the mixed states are observed in
the range of 3−13 eV with the peaks resolved at ∼5, 8, and 12.3
eV. As it is evident from the curve set (1), the relation between
the calculated and measured spectra is very good. The set
spectra (2) of a short time bombarded sample are noticeably
different due to the new state generation at ∼2 and 5−8 eV, as
revealed by the set of difference spectra (2-1). This results in
the noticeable band gap lowering. A good agreement between
experimental XPS spectra and the spectra calculated from the
first principles (Figure 6) verifies the correctness of the
theoretical model and elucidates the nature of the defect peak
at 2.1 eV. According to the calculated data, the peak at 2.1 eV is
considerably due to oxygen polyvacancies. Oxygen mono-
vacancies in α-GeOx of any stoichiometry do not correspond to

Table 1. Ge 3d, O 1s, Ge 2p3/2, and C 1s Binding Energies (eV) Observed for Germanium Oxide, as Well as the Differences (O
1s − Ge 3d) and (O 1s − Ge 2p3/2) between Corresponding Levels

Ge 3d O 1s Ge 2p3/2 C 1s O 1s − Ge 3d O 1s − Ge 2p3/2 oxide state ref

33.7 - - - - - film, radical oxidation 3
33.2 - - - - - film, thermal oxidation 11
BE(Ge0) + 3.3 - - - - - film, vacuum oxidation 48
33.7 532.3 - - 498.6 - α-GeO2 49
33.4 532.3 1220.7 - 498.9 −688.4 film, vacuum oxidation 50
33.3 532.2 1220.9 285.3 498.9 −688.7 film, native oxide 51
- 531.7 1220.2 284.6 - −688.5 GeO2 glass 52
33.4 531.8 - - 498.4 - film, oxidation in the air 53
31.41 (0 min) 530.74 1220.4 283.25 499.3 −689.7 α-GeO2 present study
31.78 (2 min) 530.94 1220.4 283.78 499.2 −689.5
32.35 (20 min) 531.54 1220.4 284.46 499.2 −688.78
32.37 (40 min) 531.65 1220.4 284.36 499.28 −688.75

Figure 4. Photoemission spectra of the valence band of α-GeO2 before
(1) and after (2) ion bombardment during 2 min. The difference
spectrum (2-1) is shown at the bottom. Figure 5. PDOS for the Ge and O atoms nearest to the oxygen

vacancy (upper curve) compared with the corresponding spectra for
atoms in a defect-free supercell (reversed curve). The top of the
valence band is set to zero energy.
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this level. The XPS spectrum of nonstoichiometric germanium
oxide was simulated using a 36-atom supercell of α-GeO2, from
which four atoms of oxygen bonded with a single germanium
atom were removed to create a GeO1.67 crystal. The calculated
defect level position was at 2.7 eV, and it was sufficiently less
intensive than the experimental peak at 2.1 eV.

5. CONCLUSIONS
The comparative exploration of the electronic parameters of
noncentrosymmetric α-GeO2 has been implemented in the
present study. The electronic parameters of perfect and oxygen-
deficient α-GeO2 were measured by XPS. The electronic
structure of α-GeO2 with neutral oxygen vacancies and
polyvacancies was calculated using the DFT with hybrid
functionals, which correctly describes excited states. The
calculated band gap of α-GeO2 is 5.3 eV, which well agrees
with the earlier experimental results. The oxygen monovacancy
provides defect states in the valence band, in the band gap, and
in the conduction band. The comparative analysis performed in
this study yields the relation between oxygen vacancy formation
and electronic structure variation in α-GeO2.
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