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In the present work, the identification of two hexagonal phases of germanium oxides (namely GeO, and
GeO) through the vibrational and optical properties is reported using density functional theory
calculations. While structural optimizations show that single-layer GeO, and GeO crystallize in 1T and
buckled phases, phonon band dispersions reveal the dynamical stability of each structure. First-order
off-resonant Raman spectral predictions demonstrate that each free-standing single-layer possesses
characteristic peaks that are representative for the identification of the germanium oxide phase. On the
other hand, electronic band dispersion analysis shows the insulating and large-gap semiconducting
nature of single-layer GeO, and GeO, respectively. Moreover, optical absorption, reflectance, and
transmittance spectra obtained by means of GoWg-BSE calculations reveal the existence of tightly
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bound excitons in each phase, displaying strong optical absorption. Furthermore, the excitonic gaps are
found to be at deep UV and visible portions of the spectrum, for GeO, and GeO crystals, with energies
of 6.24 and 3.10 eV, respectively. In addition, at the prominent excitonic resonances, single-layers
display high reflectivity with a zero transmittance, which is another indication of the strong light—matter
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|. Introduction

Over the last decade, semiconducting ultrathin two-
dimensional (2D) materials have been extensively studied
owing to their promising optical features for nanoscale optoe-
lectronic devices.'® Experimental synthesis, theoretical predic-
tion and characterization of novel ultra-thin crystal structures
of bulk materials still have critical importance.

Germanium dioxide is one of the most studied wide band
gap semiconductors possessing a high transparency range and
a chemically inert structure. Apart from its amorphous (glassy)
structure,” GeO, can be found in one of two crystalline forms
that distinctly vary with the arrangement of oxygen atoms
around the central Ge atom, depending on the environmental
conditions. While at room temperature, the thermodynamically
stable crystal phase of GeO, is a tetragonal rutile phase,'”
higher temperature values lead to the formation of a metastable
o-quartz type trigonal (hexagonal) structure,''* and each
crystal phase exhibits distinctive vibrational properties, as
revealed by the Raman measurements.”*'* The earlier experi-
mental studies demonstrated excitonic absorption of 4.6 eV for
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interaction inside the crystal medium.

r-GeO,,"” which enlarges to 6.6 eV in the case of the a-phase.®
The exciton characteristic in the rutile phase was attributed to
direct-forbidden transitions, and this finding was recently
supported by a theoretical prediction."” Further, the o-phase
is a piezoelectric material’®'® and displays advanced non-linear
optical properties compared to o-Si0,,>**' while the high-
crystalline lattice environment inside the r-GeO, leads to high
thermal conductivity>> and high carrier mobility>® compared to
B-Ga,0;. In addition, the a-phase was reported to be suitable to
integrate into the surface acoustic wave devices as a substrate.**

Low-dimensional analogues of GeO, in the form of
nanowires,”” >’ nanotubes,*® and nanofibers*® were success-
fully demonstrated experimentally. Besides, the growing inter-
est in 2D van der Waals materials following the discovery of
graphene®**! and its derivatives®>® also motivated the emer-
gence of demonstrating atomic-scale structures of non-layered
GeO,. Recently, Lewandowski et al. demonstrated that the
deposition of Ge and O atoms on the Ru(0001) crystal surface
constitutes the atomically thin single-layer GeO, film that
presents a hexagonal lattice with a distorted geometry due to
the rotation of GeO, tetrahedron units against each other.’”
Furthermore, Zhang et al. suggested a valid experimental
methodology to acquire the highly ordered, isolated single-
layer sheets of honeycomb structures of several oxide com-
pounds including GeO,.>® It was reported that the layered
structures were produced by the oxidation of different metal
surfaces in a controlled process manner, and then a single
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weakly bonded sheet was successfully transferred onto a sub-
strate using stamp-assisted mechanical exfoliation. Although
the study presents successful synthesis of ultra-thin oxides,
structural phases of the obtained materials remain an open
question and should be clarified by future investigations.
Motivated by recent studies, here we focus on the identifi-
cation of stable hexagonal structures of GeO, (1T-GeO,) and
buckled GeO (b-GeO) single-layers in terms of structural, elec-
tronic, vibrational, and optical properties by means of density
functional theory (DFT) calculations. Notably, the identification
of different phases of germanium oxide can be realized through
monitoring their optical and vibrational spectra. The rest of the
manuscript is organized as follows: in Section II, we introduce
the employed computational methodology; in Section IIIA, we
present structural, vibrational, and electronic properties; in
Section IIIB, we discuss the optical properties of crystals by
means of optical absorption, reflectivity, and transmission
spectra; finally, in Section IV, we conclude our results.

ll. Computational methodology

In this study, all calculations were performed based on a DFT
code within the framework of projector augmented-wave (PAW)
datasets®*®*° as implemented in the Vienna ab initio simulation
package (VASP).*"*> The generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) was considered in
order to derive exchange-correlation potential for electronic
interactions.”®> To compensate for the inability of the GGA
functional for the description of accurate dispersion forces,
the DFT-D2 method of Grimme was used.** According to
convergence tests performed for each structure, the plane-
wave cutoff of 500 eV, and the Brillouin zone sampling with a
I'-centered k-grid of 9 x 9 x 1 were found to be sufficient for
structural optimization. In order to get the optimized cell
parameters, we maintained the minimization of the ground-
state energy until the force on each lattice direction is between
+1 kB. The break criterions for atomic relaxation and electronic
self-consistent loop were set to 10™* eV A™* and 10" eV,
respectively. The continuous network of corresponding crystal
structures along the [001] lattice plane was broken by inserting
a vacuum gap of 20 A between the repeated images of single-
layers. Types of chemical bonding in crystals were specified by
determining the final charge on each atom inside the primitive
cell employing Bader analysis.* For cohesive energy calcula-
tions we used the formula given by

Econ = [NgeEge + NoEo — Esr]/Meot (1)

where ng. and ng refer to the number of Ge and O atoms per
unit cell, while Eg. and Eq refer to individual energies of Ge and
O atoms, respectively. Eg;, is the total energy of the corres-
ponding single-layer and n is the total number of atoms per
unit cell.

In order to verify the dynamical stability and investigate the
phononic properties of structures, we built the force constant
matrix using finite displacement methodology as implemented
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in the Phonopy package.® For the phonon band dispersion
calculations, 147-atom and 162-atom supercells were consid-
ered for 1T-GeO, and b-GeO single-layers. To acquire the
Raman activity of zone-centered phonon vibrations, the deriva-
tive of the macroscopic dielectric tensor was taken with respect
to the normal mode within the framework of the finite differ-
ence method.

In order to estimate optical coefficients by including exci-
tonic effects, quasiparticle eigenvalues were obtained by solving
the GoW, approximation,*’~*° which was followed by perform-
ing BSE calculation®”*" using quasiparticle wave functions to
consider electron-hole interactions. The BSE step was solved
with respect to the Tamm-Dancoff approximation. The spin-
orbit coupling term was neglected because it has no significant
effect on both structures’ electronic states close to the Fermi
level, which is enough to cause differentiation in the optical
properties. We used 40 A of vacuum spacing, and 18 x 18 x 1
k-grids in GoW, and BSE steps to obtain accurate quasiparticle
energies (also QP gaps) and excitonic properties. The energy
cutoff for the response function was set to 150 eV. The 5 (3)
highest occupied and the 5 (3) lowest unoccupied excitonic
eigenstates were considered for the 1T-GeO, (b-GeO) single-
layer.

Finally, the acquired real (&) and imaginary (e,) parts of the
dielectric function were used to calculate the refractive index (1)
and extinction coefficient (), with the given formulae

n= % <sl + (812 + 522)'/2)1/2 @)

and furthermore, reflectance R(w) and transmittance 7T(w)
spectra were predicted with the equations of

C(n—1)?+x?
R(w) = CEEeS (4)
Nw) = (1 — R(w)Pe ™ ()

where [ is the layer thickness, and o(w) is the absorption
coefficient, which was calculated with the formula of
1/2

o) = \/5‘*’[(81(60)2 + 82((0)2)1/2_81(“’)] )

Exciton binding energy was given as the energy difference
between the lowest energy exciton transition and the direct
quasiparticle band gap.

[1l. Results

A. Structural, vibrational and electronic properties of
monolayers

1T and buckled structures of Ge-based single-layer oxides
(namely 1T-GeO, and b-GeO) are presented in Fig. 1a and 1T-
GeO,, and b-GeO consist of three and two atoms in their
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Fig. 1 The optimized structures of single-layer 1T-GeO, and b-GeO. (a) Top and side views (left panel for 1T-GeO, and right panel for b-GeO),
(b) phonon band structures in the same order, and (c) the corresponding Raman activity of zone-centered phonon vibrations. Atomic vibrations of atoms

for the four Raman active modes.

hexagonal primitive cells, respectively. The octahedral arrange-
ment of O atoms around the central Ge atom leads to the
formation of a 1T crystal structure belonging to the P3m2 space
group and to the point group of Dzq. On the other hand, the
crystal lattice of b-GeO consists of vertically separated Ge and
O atomic planes. The calculated structural parameters are
listed in Table 1. In-plane cell parameters are found to be
2.91 and 3.02 A for 1T-GeO, and b-GeO, respectively, with the
corresponding Ge-O bond lengths of 1.95 and 2.01 A. The

This journal is © the Owner Societies 2021

vertical width of each single-layer, defined as the distance
between the outer atomic planes, is found to be 1.97 A for 1T-
GeO,, while it is found to be 1.0 A for b-GeO. Energetic
favorability of each phase is investigated through the cohesive
energy of each structure and single-layer 1T-GeO, is shown to
be energetically favorable over b-GeO (with cohesive energies of
5.10 and 4.53 eV per atom, respectively). In contrast, the
cohesive energy of 1T-GeO, is relatively smaller than those
estimated for 1T structures of transition metal oxides, such as
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Table 1 Ground-state structural and electronic properties are given for dynamically stable 1T-GeO, and b-GeO single-layer crystals. In-plane lattice
constants of the primitive unit cell, a = b; the atomic distance between neighboring Ge and O atoms, dge-o; the spacing between the outermost atomic
planes, t; cohesive energy per atom, Econ; charge depleted to an O atom, Ap; work function, @ (for Ge/O surfaces in b-GeO); indirect and direct
electronic band gaps calculated by GGA functionals, GGA and ESSA, with high symmetry points that represent the positions of the valence band

maximum (VBM) and conduction band minimum (CBM) edges

a=h(A) dge-o (A) t(A) Econ (eV) Ap, e~ o (ev) o (eV) ESS™ (eV)
1T-GeO, 2.91 1.95 1.97 5.10 1.1 8.69 3.56/KI" - I' 4.04T > T
b-GeO 3.02 2.01 1.0 4.53 1.1 5.62/7.11 2.09/K > M 2.55/M — M

HfO, and ZrO,.>> Bader analysis shows that each O atom in
single-layer polymorphs tends to receive 1.1 e from Ge atoms,
which indicates the highly ionic character of the crystals. The
unbalanced charge distribution on the outer planes of b-GeO
reveals the induced dipole oriented along the out-of-plane
direction. Consequently, the built-in potential difference leads
to anisotropy within the out-of-plane work function, which is
determined to be 5.62 and 7.11 eV for Ge and O surfaces,
respectively, indicating the higher chemical stability of the
O-surface. The work function for the 1T phase is calculated to
be 8.69 eV, which is higher than that of b-GeO. These values are
relatively higher than those reported for the thin films of
transition metal oxides, ranging from 3.5 eV (ZrO,) to 7.0 eV
(V,05),>*** and the traditional monolayers of transition metal
dichalcogenides, reported to be 6.11 and 5.89 eV for MoS, and
WS,, respectively.>® Materials that possess high work function
values are desirable to be integrated into electronic and optical
devices as charge extraction and injection layers that provide
improvements in the device ability.>®™>®

The phonon band dispersions are calculated in order to
confirm the dynamical stability of each free-standing single-
layer. In addition, the corresponding Raman spectra are calcu-
lated in order to point out the distinctive vibrational features of
each structure. According to phonon band dispersions pre-
sented in Fig. 1b, the lattice vibrations do not lead to any
imaginary frequencies within the BZ revealing the dynamical
stability of the structures. Note that the out-of-plane (ZA)
acoustic phonon branch of the b-GeO structure displays small
negative frequencies around the I' point. To remove these
numerical artifacts we used quadratic curve fitting. Further-
more, the thermal stability of each single layer is investigated
by performing molecular dynamics simulations by increasing
the temperature from 0 to 300 K for 2 ps, with a time step of
2 fs. These calculations are carried out by considering a 6 x 6 X
1 supercell for each crystal. As a result, we obtain the crystal
lattices of single-layers having negligible deformation at room
temperature (300 K) (see Fig. S1, ESIt). It is shown that 1T-GeO,
possesses six optical phonon branches that belong to two
doubly-degenerate in-plane (E, and E;), and two non-
degenerate out-of-plane (A, and A;,) phonon modes. On the
other hand, single-layer b-GeO exhibits a doubly-degenerate in-
plane and a non-degenerate out-of-plane mode, namely E and A
modes. We also perform the zone-centered first-order off-
resonant Raman spectrum calculations for each single-layer
structure. The atomic vibrations contributing to the Raman
active modes are given in Fig. 1c. As shown in the left panel of
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Fig. 1c, the A;, mode represents the out-of-phase vibration of O
atoms in the out-of-plane direction, while the E; mode arises
from the in-plane opposite vibration of O atoms. The wave-
numbers of the two modes at the I' point are found to be
568.2 and 466.0 cm ', respectively. As shown in the Raman
spectrum of 1T-GeO,, the Raman activity of A, significantly
dominates that of E;. On the other hand, the two Raman active
modes of single-layer b-GeO, E and A modes, are attributed to
the out-of-phase vibrations of Ge-O pairs along the in-plane
and out-of-plane directions, respectively. The two modes are
found at frequencies of 322.1 and 559.1 cm™ ', respectively.
Similar to the case of 1T-GeO,, the Raman activity of the A
mode is dominant to that of the E mode. However, the activity
ratio of out-of-plane mode to the in-plane one is a distinctive
feature for distinguishing the two phases. Note that the activity
ratio of A to E in b-GeO is much smaller than that of A;, to E; in
1T-GeO,. The occurrence of stronger Raman scattering from
out-of-plane vibrations compared to in-plane vibrations is the
result of the existence of a dipole inside the b-GeO phase. On
the contrary, in its derivatives of germanane and silicene where
the charge distribution is isotropic on separated atomic planes
owing to identical atomic composition, the in-plane phonon
modes are reported to display stronger Raman activity.>”

The electronic band dispersions of 1T-GeO, and b-GeO are
presented in Fig. 2(a) and (b). The results for both the bare GGA
and the GoW, are shown in the same figure. Note that in this
paragraph the results of bare GGA are discussed. It is shown
that both single-layer structures exhibit indirect band gap
behavior, while the lowest direct band gap energies are also
shown. The direct band gap of 1T-GeO, at the I' point is
calculated to be 4.04 eV, while the favorable indirect band
gap energy, whose band edges reside at KI'/I" (VBM/CBM), is
calculated to be 3.56 €V. On the other hand, the electronic band
gap energies are found to be lower for single-layer b-GeO. The
direct band gap of b-GeO is at the M point with the energy of
2.55 eV, while the lowest indirect band gap is calculated from
the K point to M point resulting in a band gap energy of 2.09 eV.

In addition to bare GGA calculations, we also consider
many-body effects by implementing the GoW, approximation
to obtain the quasiparticle (QP) band gap of each structure (see
Table 2). Our results reveal that the 1T phase displays an ultra-
wide indirect band gap indicating its insulating or namely
ultra-wide gap semiconducting behavior (gap of 7.20 eV). More-
over, we also investigate the atomic orbital contributions to the
VBM and CBM edges and the results are shown in the bottom
panel of Fig. 2. It is found that the VBM edge of 1T-GeO,,

This journal is © the Owner Societies 2021
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Fig. 2 Calculated GGA (green solid) and quasiparticle (GGA + GoW), red dashed curves) electronic band structures (top panel), and the illustrations of
atomic orbitals contributing to the VBM and CBM edges (bottom panel) for (a) 1T-GeO, and (b) b-GeO single-layers. VBM and CBM edges are marked

with white and yellow dots, respectively.

Table 2 For 1T-GeO; and b-GeO crystals: indirect (Eingi) and direct (Eg;,)
quasiparticle band gaps calculated by means of GoWg approximation,

EgGa%WO; excitonic gap, Egsp; exciton binding energy, Eping

EG (ev)

Eindir Eqir Egap (€V) Epina (eV)
1T-GeO, 7.20 7.79 6.24 1.55
b-GeO 4.08 4.61 3.10 1.51

residing between K-I', is dominated by the p, orbitals of O
atoms, whereas the CBM edge at the I' point consists of the
s orbitals of Ge and the s orbitals of O atoms. Note that our
results for GoW, agree well with the results reported in the
literature (7.07 and 7.55 eV for the indirect and direct band
gaps, respectively).® In the case of single-layer b-GeO, the VBM
edge is found to be dominated by the s and p,_, orbitals of Ge
and O atoms, respectively. In contrast, the CBM edge arises
from the contributions of p, orbitals of O atoms, together with
the hybridized electron cloud constituted by the p, orbitals of
Ge atoms. In addition, the electronic band gap energies are
found to be 4.08 and 4.61 eV, for the indirect and direct
behavior, respectively.

This journal is © the Owner Societies 2021

B. Optical properties

As a result of the confinement of electrons in the out-of-plane
direction, excited charge carriers in 2D materials may display
unique behavior differing from their 3D counterparts. The
weaker screening effects in atomically thin crystals lead to an
increment in the electrostatic interaction between the electron-
hole pairs giving rise to excitons with higher binding energies.
The exciton binding energy (Eping) is @ measure of the inter-
action between e-h pairs, important to have information about
the type of excitons. Furthermore, it linearly depends on the
electronic band gap of the structure.®

Optical transitions, reflectance, and transmittance spectra,
including electron-hole interactions in single layers, are dis-
cussed through calculation of the frequency-dependent
complex dielectric function obtained by solving the BSE equa-
tion on top of the G,W, approximation. We consider both in-
plane and out-of-plane light polarizations to understand the
effect of dipole orientation on the optical response of
structures.

The existence of several optical transition levels below the
electronic band gap is the fingerprint of the formation of
bound excitons inside the single-layers. In 1T-GeO,, the

Phys. Chem. Chem. Phys., 2021, 23, 21307-21315 | 21311
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excitonic states appear in the deep UV region of the electro-
magnetic spectrum giving rise to the formation of tightly bound
excitons (see Fig. 3a). The peak at 6.24 eV corresponds to the
optical gap of the structure and it arises from the out-of-plane
dipole orientation. The in-plane absorption peak with the
highest oscillator strength appears at 6.37 eV and indicates
the presence of strong excitonic absorption in the crystal. In
contrast to in-plane absorption, much weaker out-of-plane
absorption is expected because of the enhanced quantum
effects in the 2D limit, which lead to the decrease of the
strength of dipole oscillations along the direction perpendi-
cular to the sheet normal. Strong excitonic effects, resulting
from strong dielectric confinement, are a direct consequence of
considerably high Ey;hq estimated to be 1.55 eV, according to
the first exciton level. Notably, its value is greater than those
reported for MoS, and WS,,>®®> while lower than that of
h-BN.®*®* Excitons with high binding energies cause an
increase in the probability of the radiative recombination
process and their bound states are durable against dissociation
caused by thermal excitation. Therefore, strongly-bound exci-
tons are desirable in order to achieve high optical quality®® and
to produce high-performance exciton-based devices operating
at room temperature.®®®® Moreover, the 1T phase exhibits two
in-plane excitons that are visible near the indirect fundamental
gaps at 6.99 and 7.13 eV.
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Below the band edge of single-layer b-GeO, four major peaks,
which stem from the in-plane excitons, are found to exist, as
shown in Fig. 3b. In addition, it is found that there is no
contribution from the out-of-plane excitons to the optical
spectrum. Owing to the enhanced confinement effects, all the
excitonic transitions occur from the in-plane contributions
below the band edge. The excitonic absorption edge of the
crystal lies at the violet region of the visible light spectrum due
to the formed transition state at 3.10 eV with a large oscillator
strength. It is almost three times higher in strength than the
most prominent peak of the 1T-GeO,. Besides, it possesses a
slightly lower Ep;ing that is estimated to be 1.51 eV. The posi-
tions of smaller excitonic responses in the near UV region are
found to be at energies of 3.42, 3.66, and 3.72 eV. The strong
excitonic features provide evidence for the high photo-
responsivity of each single-layer.

The most prominent excitonic peaks of each phase are easily
distinguishable within the considered spectral range of the
reflectance spectrum, showing a higher reflectivity than the
average (see Fig. 3c and d). In the case of 1T-GeO,, the reflection
peak, arising from the corresponding exciton, exhibits narrow
linewidth with a rate of approximately ~30%. On the other
hand, in the case of b-GeO, reflection from excitonic transition
exhibits much greater and broader spectral response with a rate
of ~50%, demonstrating the strong light-matter interaction.
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Fig. 3 For 1T-GeO, and b-GeO single-layers, (a and b) the calculated in-plane and out-of-plane components of the imaginary parts of the dielectric
functions, (c and d) reflectance, and transmittance spectra, as a function of photon energy. Vertical red lines stand for oscillator strengths of optical
transitions, while black dashed and grey solid lines mark the positions of indirect and direct band gaps of the crystals, respectively.
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The calculated transmittance spectrum reveals that the trans-
mission rate in the 1T-structure resides very close to 100% up to
energies of 5 eV. On the contrary, the transmission in b-GeO
starts to drop slightly at the beginning of the visible region of
the spectrum. In each structure, the light propagation through
the crystal environment is totally prevented due to the absorp-
tion originating from the dominant exciton state. In short,
when the crystal medium interacts with an incident light close
to exciton resonance, we only expect the observation of absorp-
tion and reflection phenomena. Consequently, it is possible to
detect both phases by optical characterizations, thanks to their
crystal mediums that are responsive to photon frequencies in
different spectral ranges.

V. Conclusions

In summary, by means of first-principles calculations, we
showed that two hexagonal phases of Ge-based oxide single-
layers, namely 1T-GeO, and b-GeO, exhibit distinctive features
in terms of their vibrational and optical spectra. Vibrational
modes in dynamically stable crystal lattices of 1T-GeO, and
b-GeO lead to Raman wavenumbers in different spectral
ranges, as revealed by the first-order Raman calculations.
Notably, the Raman activity ratio of out-of-plane/in-plane pho-
non modes can be used to identify the phase of the Ge-O
structure. The employed GoW, and G,W, + BSE calculations for
the understanding of electronic and optical properties demon-
strated that 1T-GeO, and b-GeO are ultra and wide band gap
semiconductors with indirect band gaps, and allow strong
excitonic absorption residing at the deep UV and the violet
portions of the energy spectrum, respectively. Calculated high
exciton binding energies with respect to the lowest transition
levels indicate the tightly bound character of excitons in
crystals. Furthermore, the reflectance and transmittance spec-
tra are also suitable to monitor the strong light-matter inter-
action in single-layers due to the high reflection and low
transmission values at the vicinity of prominent excitonic
absorption. Apparently, the vibrational and optical character-
istics of ultra-thin germanium oxide phases can be utilized for
their identification.
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