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1. INTRODUCTION

Ultra-wide bandgap semiconductors (bandgap larger than 3.4 eV) are extremely promising for
high-power applications and deep-ultraviolet optoelectronics, thanks to their enhanced thermal
robustness, their ability to tolerate intense electric fields, and their ability to operate at shorter
wavelengths [1], these properties pave the way for new technological advances in these fields.
Significant efforts have been invested in research into new ultra-wide bandgap semiconductor
materials, with the aim of going beyond the performance of current materials and constantly
improving devices. Nevertheless, doping must be used to control the majority carrier type in
order to use materials in optoelectronics applications. However, doping semiconductor materials
is a difficult task [2, 3, 4]. For instance, because dopant incorporation causes their formation
energy to decrease linearly with fluctuations in the Fermi energy, native defects frequently
passivate dopants in semiconductors [2]. Another significant issue for semiconductors is doping
asymmetry [5]. It results from the fact that most semiconductors have high dopant ionization
energies due to either a low valence-band maximum or a high conduction-band minimum
compared to the vacuum level [3].

Germanium dioxide, also known as germanium IV oxide, is a chemical compound with the
chemical formula GeO,, it’s used in optical, electronic and semiconductor applications [6, 7, 8,
9], and with their unique properties of luminescence, catalysis and high surface area, it is used
in physical and chemical applications [10, 11, 12]. Various methods can be used to manufacture
it, including laser ablation [13], chemical reduction [14] and the hydrothermal process [15].
Germanium itself is a chemical element with atomic number 32 and belongs to the same family as
carbon, silicon and tin in the periodic table of elements. Although germanium is not as abundant
as silicon in the earth’s crust, it has interesting semiconducting properties that make it a useful
material for electronics [16, 17][18], the trigonal structure of a-quartz [19] and the amorphous
glass [20, 21], each of these forms has specific properties and applications. In this paper, we
present rutile germanium oxide (r-GeQ,) as a potentially useful material for ambipolar doping in
ultrawide band-gap semiconductors. GeO; have rutile type structure that the most common MX2
structure and the electronic properties of this class of compounds vary widely from insulating to
metallic behavior [22]. Numerous studies have been carried out using a variety of theoretical and
experimental methods [23, 24, 25, 26]. The GeO, are large energy gap (Eg) semiconductors (4.44-
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4.64 eV) [6, 5] with an appreciable degree of iconicity . Although there has been considerable
debate over the years over the properties of the fundamental absorption edge GeO,, the current
experimental picture indicates that these compounds display a direct but optically forbidden
fundamental gap at the center of the Brillouin zone [27]. The structural, electronic, and optical
properties of GeO, have been investigated using a wide range of analytical techniques. These
include use of the shell model and Buckingham potential with GULP computational package
(28], application of the FP-LAPW method based on first principles [18], and application of the
local density approximation (LDA) and generalized gradient approximation (GGA) [29].
Traditional doping methods have been explored with varying success, but the role of specific
dopants like sulfur (S), silicon (Si), and fluorine (F) in modifying the material’s behavior remains
inadequately understood. Sulfur (S), Silicon (Si) and Fluorine (F), were chosen as dopants for
their distinct electronic characteristics and their potential to significantly impact the electronic
structure of GeO,. Sulfur, for instance, can introduce localized states in the band gap, while
silicon and fluorine are expected to influence the electronic conductivity and optical responses
in unique ways.

By doping rutile GeO, with sulfur (S), Silicon (Si) and Fluorine (F), this study aims to understand
how these impurities affect the crystal structure, electronic properties and optical characteristics
of the material. The GGA and mB] approach is used to obtain precise information on Eg, electronic
energy levels and optical transitions. This research will help to shed light on the engineering
possibilities of GeO, properties for various applications in the fields of electronics and optics.

2. METHOD CALCUL

Wien2k package was used to process the calculations of materials. It is particularly appreciated
for its ability to use the Full Potential Linearized Plane Wave (FP-LAPW) method, which is based
on Density Functional Theory (DFT) [30, 31, 32]. The DFT method using a generalized gradient
approach (GGA), is an advanced and powerful approach for studying the electronic properties
of GeO, doped with elements such as Sulfur (S), Silicon (Si) and Fluorine (F). In DFT-GGA, the
basic DFT equations are solved using a GGA-type exchange-correlation functional, such as the
Perdew-Burke-Ernzerhof (PBE) functional. This GGA functional improves the description of
electronic properties over conventional DFT approaches by taking into account electron density
gradients. Additionally, we made use of the modified Becke Johnson (mB]) correlation potential
[33], which allows us to optimize the corresponding potential for electronic band structure
calculations. The total energy and charge convergence during self-consistent field (SCF) were
fixed at 0.0001 (Ry) and 0.001 (e). The Brillouin zone is densely sampled with a mesh of 1000
k-points, employing octahedral integration.

To study GeO, doped with S, Si and F using the GGA-mB] method, it is essential to specify the
positions of the dopant atoms (S, Si and F) in the GeO, unit cell, see Figure 1. These doping atoms
generally replace oxygen (O) atoms in the crystal structure, introducing defects into the crystal
lattice and affecting the material’s electron density.

To fully characterize the crystal lattice of GeO, doped with S, Si and E it is also essential to
determine the crystal space group in which the material lies. The rutile-like structure of doped
GeO; generally belongs to the P42/mnm space group (space number 136), which defines the
crystalline symmetries of the material. The valence electrons of Ge (4s% 4p*) and O (2s? 2p*)
atoms are treated explicitly.

The crystal structure of GeO rutile belongs to the orthorhombic crystal system. It has tetragonal
D} symmetry and r-centered symmetry, which means that it has an inversion of center. Atomic
positions in this structure are defined in terms of the c/a ratio and the internal parameter u. In
rutile GeO,, germanium cations (Ge) occupy octahedral sites and are located at positions (0, 0, 0)
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and (0.5, 0.5, 5) in the fractional coordinates. Oxygen anions (O) occupy octahedron sites and are
located at positions + (u, u, 0) and * (1/2+u,1/2-u,1/2), each cation has two anions at d, =+/2ua

2 2 |2
and d, = {2 (% - uj + (ZLJ } a [34]. We used for the calculations of GeO,,
a

2x2x1 supercells of rutile GeO,. A mesh of 10 x10 x10 was used for k point sampling in the
first Brillouin zone for the calculations of GeO, unit cell, and for supercell calculations. The
calculated bulk lattice constants of rutile GeO, are a;=b,=4.45 A and c,=2.92 A, these values
compare favorably with the experimental results (a;=by=4.395 A c=2.86 A) [19], demonstrating
the accuracy of the calculations and the reliability of the data obtained.

The use of the GGA-mB] method improves the description of electronic energy levels, Eg and
optical properties of GeO, material doped with S, Si and F. This advanced approach offers more
accurate results for electronic properties, which is particularly important for understanding the
electronic and optical behavior of doped GeO, material in various technological applications,
such as electronic devices, solar cells and other optoelectronic components. Using this calculation
method, it is possible to optimize the design of doped materials for specific applications.

Figure 1. Structure of GeO1.9375Xo00625 (X=S, Si and F).

3. ELECTRONIC PROPERTIES

The effect of O vacancies on the electronic and optical properties of GeO, is investigated by
generating an O vacancy (VX) in the 2x2x1 supercell, leading to an X vacancy concentration
of 6.25%. The total density of the states (TDOS) and corresponding partial density of the states
(PDOS) for pure and (S, Si and F)-doped GeO, are shown in Figures 2, 3, 4 and 5.

The Figure 2 showing the pure structure of GeO, reveals that the valence band (VB), located
between -10 eV and 0 eV, consists mainly of hybridized O-2p derivative states, with minor
contributions from Ge-4p states. This observation suggests the predominance of covalent bonding
in this energy region. On the other hand, the states near the bottom of the conduction band (CB),
covering the energy range from 0 eV to 6 eV, are mainly made up of O-2p states. In general, the
introduction of an O vacancy as a donor can potentially bring two additional electrons to the
system, which can have a significant impact on its electronic properties.
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Figure 2. TDOS and PDOS of GeO: Pure.

Table 1. Eg value of r-GeO..

Method Eg (eV)
1.80 [18]
DFT-LDA 2.40 [37]
3.12 [38]
1.25 (39
DFT-GGA 191 {35}
DFT-GGA + mbj (present work) 4.09
DFT-GGA + mbj 4.10 [35]
DFT-PAW + HSE06 4.64 [40]
DFT-LDA + GOW0 4.44 [6]
Experiment (UV-absorption) 4.68 [36]

For GeO,, an unoccupied impurity state of the X vacancy appears in the bandgap, which does not
destroy the semiconducting behavior but decreases the Eg. The calculated Eg value was 4.09 eV
for GeO; pure, in agreement with ref [35], nevertheless, disagrees with the experimental ones of
4.68 eV [36].

In the doped structure, for GeO.0375S0.0625 (Figure 3) and GeO.0375510.0625 (Figure 4), the bottom of
the valence band (VB) consists of O-2p and S-2p impurity states for GeO1.937550.0625, and impurity
states O-2p and Si-2p for GeO,.375510.0625, Which are partially filled and can give rise to transitions
between extrinsic states (S and Si) to allowed states below the Fermi level. The conduction level
(CB) is dominated by impurity states Si-2p and Ge-4s in GeO1.9375510.0625.

In the GeO,.0375F0062s doped structure (Figure 5), analysis shows that the bottom of the VB is
mainly made up of O-2p impurity states, while the CB is mainly made up of F-2p and Ge-4s
impurity states. These states can induce transitions between extrinsic fluorine (F) impurity
energy levels and allowed states above the Fermi level. The presence of impurity levels alters the
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electronic structure, shifting the Fermi level towards the CB, which is characteristic of n-type
semiconductors. This suggests that electrical conductivity and bandgap width (Eg) are closely
linked to the concentration of F in the material. The Burstein-Moss effect [41, 42] explains the
widening of the Eg in the valence layer under the effect of F doping: by shifting the Fermi level
into the conduction band (BC), impurity carriers fill this band, increasing the energy required
for a photon to cause an electronic transition between the VB and an unoccupied state in the CB.
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Figure 3. PDOS and TDOS of GeO1.9375S0.0625. Figure 4. PDOS and TDOS of GeO1.9375Si0.0625°

DOS(eY per it cell)

4 -2 [] 2 4

Figure 5. PDOS and TDOS of GeOu.9375Fo.0625.

Dopants added to GeO, reduce the energy gap, making it easier for electrons to move from
the VB to the CB. As a result, the energy gap is reduced from 4.09 eV for pure GeO: to 3.65 eV
fOI' GCO]_937580,0625, 3.23 eV fOI' GCO]_9375F0_0625 and 1.98 eV fOI' GCO]_93758i0,0625. ThlS enhances the
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electrical conductivity of GeO, by modifying the Fermi levels, thus influencing the material’s
ability to conduct charges positively.

4. OPTICAL PROPERTIES

Electronic and structural properties are intimately related to optical qualities. Dielectric constant,
conductivity, refractive index, loss function, and absorption spectrum are examples of optical
properties that are connected to one another.

The dielectric function has the following possible notation:

e(0)=¢(0)+ig(0) (D)
The complex dielectric function €(w) is a crucial tool for calculating the optical properties of
materials. To obtain the imaginary part of this function, €, (w), we used FP-LAPW calculations
[43, 44]. This method allows us to apply the appropriate formula to extract the necessary data
from our simulations. Thanks to this approach, we can better understand the behavior of light
as it interacts with the material under study, which is essential for designing and optimizing
optoelectronic devices.

82(60) ZE

2
dre

. \2 3
wzszZ<z|M|J> [i(1=f)S(E, —E,—w)d’k  (2)
Where f; is the Fermi distribution for the ith state, E; is the energy of the electron in the state, m
is the mass, M is the dipole matrix element, e is the electron charge, and i and j are the starting
and final states, respectively. Using the Kramers-Kronig relation, we can immediately extract the

& (w) from the & (w) as follows [45]:
o= 2[00
T 0

a)rz _ CO2
Once both the & (w) and the & (w) are calculated, all other optical characteristics, including
absorption a(w), reflectivity R(w), the refractive index n(w), the complex conductivity function
o(w) and the energy-loss spectrum L(w) are described by expressions (4, 5, 6 and 7) [43, 46].
1

a(@)=20| i (0)+&(0)-5(0) (4)

(3)

w(0)=—=[ el (o) ei(0)+a(0)] (5)

a(co):al(w)+ia2(w)=—i4ﬁ[g(w)—1] (6)
T

_ -1 _ 82(60)
L(w)_lmig(w)]_gf(a))+522(a)) ()

Figures 6-11 display the optical characteristics of both pure and GeO, doped materials. The &(w)
obtained by utilizing zz directions (001) and xx directions (100) represents the system’s linear
reaction to an external electromagnetic field.

4.1. Dielectric function

The and real ¢, (w) imaginary &, (w) parts of the dielectric function calculated from (100) and
(001) are shown in Figures 6 and 7, respectively. The values of the real parts &, (0) are 0 eV for pure
and doped GeO.. After 0 eV, the & spectra increase with increasing energy. The values of &(w)
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at 12 eV becomes negative for pure and GeO, doped, which confirm the metallic characteristics
of the compound [47]. The &, (w) has been calculated as a function of photon energy in Figure
7 and represents electron transitions between occupied VB states and unoccupied CB states. In
this case, the behavior of the graph is described only by vertical transitions at the appropriate k
value. The & (w) is calculated from the electronic structure via the joint density of states and the
momentum matrix elements between the occupied and unoccupied wave functions within the
framework of the selection rules and is given by equation 2. Analysis of the &, (w) reveals the
presence of various energy peaks, each with a particular significance in the context of our study.
In structure (100), the most intense peak is observed, and it can be attributed to the interband
transitions between the O-2p bands and the valence layer of our dopant. With the addition of
the dopant, this peak shifts towards higher energies, reaching its maximum at an energy of 12
eV for a doping percentage of 6.25%. This shift towards higher energies suggests a broadening of
the band gap for all doped structures. In structure (001), the most intense peak is associated with
the F dopant and is described by the interband transitions between the O-2p and F-2p bands.
This observation is consistent with the Burstein-Moss effect [41, 42], a phenomenon observed in
heavily doped semiconductors.

. 9
7 = GeO, pure GeO, pure
— GeO Si 84
6 €01 0375510 0625 . (001) Ge0y 937550p,0625
100 — GeO S ] — ) )
5 (100) 1,937570,0625 6] Ge01 937550,0625
——GeO F,
4] 1,9375°0,0625 5] Ge0y 9375F0,0625

Real part sq(o)
Real part ¢4 (@)
[¥]

ta

0 2 4 6 8 10 12
0 2 4 6 8 10 12
Energy (eV) Energy (¢V)
(a) (b)

Figure 6. Real part versus energy of GeO1.9375Xo0.0625 (X= S, Si and F) : a) position xx (100), b) position zz (001).

This effect is caused by the filling of the conduction level with impurity carriers from the dopant
atoms, pushing the Fermi level into the conduction level, it’s a critical phenomenon in heavily
doped semiconductors, results from the occupation of low-energy states in the conduction
band by excess carriers (electrons). In such cases, these states are no longer available for optical
transitions, forcing the absorption edge to shift to higher energies. This shift manifests as an
apparent widening of the material’s band gap.

In the case of for GeO1.9375F 00625, the Burstein-Moss effect plays a significant role in altering its
electronic and optical properties. By introducing dopants, the carrier concentration increases
significantly, leading to the filling of the conduction band states. This, in turn, raises the
minimum energy required for electronic transitions from the valence band to the conduction
band, effectively increasing the optical band gap observed in experimental measurements.
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Figure 7. Imaginary part versus energy of GeO1.9375Xo,0625 (X= S, Si and F): a) position xx (100), b) position zz (001).

This redistribution of charge carriers increases the energy required for a photon to generate
an electronic transition between the VB and an unoccupied state in the CB, thus explaining
the rise in energies observed in the dielectric function peaks. In structure (100), data analysis
reveals the presence of peaks in all doped structures, in the energy range from 4 to 13 eV.
These peaks can be interpreted as electronic transitions in the band between the O-2p donor
states and the unoccupied states located at the bottom of the conduction level, above the Fermi
level. This observation suggests that electronic transitions to the conduction level are initiated
from relatively low excitation energies. This feature also suggests an improvement in electrical
conductivity compared with the pure structure. Indeed, electronic transitions from low energy
levels can facilitate the movement of electric charges through the material, which is particularly
advantageous for materials intended to be used as transparent conductors. Thus, these results
suggest that doped structures present favorable characteristics for use in applications requiring
both electrical conductivity and optical transparency.

20 50
——GeO, pure =——Ge0; pure
Ge04 ,937551p,0625 ——GeOyq 937551) 9625
40
- 15 (100) ——Ge0y,937550,0625 —_ —— Ge0q 937550,0625
— —
'E ——Ge04,9375F0,0625 E (001) ——GeO 9375F 0,0625
-’ -
2 10- 2
= =
2 2
= B
2 s 2
= =
- -
l] T T i T T T T T 0 N T T T T T T T T T
200 300 400 500 G600 700 800 900 200 300 400 500 600 700 800 900
Wavelenght (nm) Wavelenght (nm)
(a) (b)
Figure 8. Absorption versus wavelength of GeO1.9375X0.0625 (X= S, Si and F): a) position xx (100), b)
position zz (001).
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4.2. Absorption

Furthermore, Figure 8 shows that most of the absorption occurs in the ultraviolet region, while
a smaller fraction is observed in the visible region. These results suggest that material F exhibits
improved photocatalytic efficiency for visible light compared to pure GeO, (100). This observation
is important in the context of photocatalytic application, as visible light constitutes a significant
part of the available solar spectrum, and a material capable of efficiently absorbing this part of
the spectrum may be more effective in converting light energy. Thus, these results suggest that
GeOr375F00e2s can offer significant advantages for photocatalytic applications involving the use
of visible light.

4.3. Refractive index

Figure 9 shows the refractive index n(w), the static refractive index has values of 1.45 and 1.55
from position (100) and (001), respectively, for pure GeO.. It then begins to increase with doping,
reaching its maximum at 11.43 eV for the (100) direction and at 0.92 eV for the (001) direction
with F doping. At this maximum, the refraction phenomenon disappears, as the n(w) becomes
almost equal to “1”; and the material behaves like a free space.

We note that the phenomenon of dispersion is very significant in the visible spectrum region.
Due to this significant refractive index variation in the visible spectrum, the compound cannot
be used in the fibre optics industry.

2,5

GeO, pure ——GeO; pure
. 3,0 .
GeOy 9375510,0625 ——Ge0y 937550 0625
Ge01,937550,0625 1 (001) ——Ge0y 937550,0625
2,5 T
= GeOy 9375%0,0625 z 7 —Ge0y,0375F0,0625
b sl
o &
E 'E 2,01
2 £
E ‘g 1,5
= &
o) L5
&
P~ 1,04
0,5 T T T T T T T T T T T T
0 2 4 6 8 10 12
Energy (eV) Energy (eV)
(a) (b)

Figure 9. Refractive index versus energy of GeOn.9375Xo0.0625 (X=S, Si and F):
a) position xx (100), b) position zz (001)

4.4. Optical conductivity

The optical conductivity corresponds to the electron conduction induced when a material is
exposed to a photon of a specific frequency. Figure 10 illustrates the optical conductivity, o(w), for
GeO1.9375X00625 (X= S, Si and F) as a function of energy. Here, E, represents the initial absorption
energy, the E, calculations in Table 2 depict the first two peaks and the maximum sigma value for
GCOz pure and GEO1,9375X0,0625 (X: S, Si and F)
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Figure 10. Conductivity versus energy of GeOn.9375Xo0.0625 (X='S, Si and F): a) position xx (100), b) position zz (001).

In Figure 10, it is obvious that the compounds pure and doped GeO, exhibit high optical
conductivity in ultraviolet range (3.8-13 eV). This observation suggests that pure and doped
GeO, behaves as a semiconductor, and the optical conductivity phenomenon does not occur
at a photon energy of 0 eV. The optical conductivity of the composite reflects the response to
electromagnetic signals [48]. When exposed to an electric field, a sample demonstrates electrical
conductivity, connecting the current density at its natural frequency. This conductivity is crucial
for materials used in solar cells.

Table 2. E, calculations, the first two peaks and the maximum sigma value for GeO: pure and GeO1.9375Xo0.0625
(X=S, Siand F).

Parameter-Direction Eo(eV) Ei(eV) Ex(eV) 1/ ?O- hr:f:m )]
XX 4.22 9.98 12.55 7121
GeO:
77 5.15 9.35 10.09 11299
XX 3.77 9.76 10.38 5972
GeO1.937550.0625
77 4.92 9.39 10.37 10166
XX 2.71 9.82 12.43 5435
GeO1.9375510.0625
77 2.92 6.20 9.74 9049
XX 5.11 12.5 10352
GeO1.9375F0.0625
77 0.37 1.05 9.82 6764

4.5. Energy loss function

One excellent tool for examining the various characteristics of materials is the energy loss
function L(w) or Eloss. Apart from photon absorption, there are numerous different techniques
to excite electrons in a material. For instance, a fast-moving electron might excite other electrons
and lose energy represented by the Eloss when it travels through a material. Electrons in the solid
are excited by energy, which is represented by the Eloss.

The Eloss spectrum is influenced by plasmonic excitations, intra- and inter-band transmissions,
and other potential excitations. Thus, by examining the Eloss, which is connected to the dielectric
function as seen below, all excitations can be found by equation 7.
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Figure 11. loss function versus energy of GeO19375Xo0.0625 (X= S, Si and F): a) position xx (100), b) position zz (001).

Eloss spectrum peaks can be attributed to interband transitions from the VB to the CB or to
plasmons, which are collective oscillations of free electrons whose energy is dependent on the
valence electron density. The intra- and inter-band excitations are associated with the peaks in
the Eloss curves, the primary peak, shown in Figure 11, represents the energy of the plasmons of
volume, which are polarized by electric fields in parallel (xx) and perpendicular (zz) directions.
It is evident from both situations that the plasmonic frequency of GeO, compounds increases
with thickness. Additionally, in the case of zz, GeO1375Fo.0625 carbides have a greater plasmonic
frequency than pure GeO,, in contrast to the xx case.

The anisotropy observed in the optical properties along the zz (001) and xx (100) axes has
interesting implications for optoelectronic applications. This feature reveals a polarization-
dependent optical response, which can be exploited in polarization-sensitive photodetectors.
Such devices could offer enhanced performance in optical communication and imaging
applications where detection of polarized light is essential. By aligning the material along the
most reactive axis, such as zz (001), it would be possible to optimize detection. In solar cells,
directional absorption plays a key role in energy conversion efficiency. Anisotropy would enable
the material to be optimally oriented to maximize the absorption of incident light, taking into
account its angle. This could also pave the way for the design of tandem solar cells where different
layers exploit the anisotropic axes to cover a broader spectrum.

In this way, the anisotropy of optical properties is a strategic lever for designing high-performance
optoelectronic devices. A better understanding and exploitation of this property could lead to
significant advances in detection and energy conversion technologies.

5. CONCLUSION

In conclusion, calculations performed with Wien2k software, using the FP-LAPW method based
on density functional theory (DFT) and the GGA-mBJ approach, have enabled in-depth study of
the electronic and optical properties of GeO, doped with sulfur (S), silicon (Si) and fluorine (F).
The use of the GGA-PBE exchange-correlation function, coupled with optimized calculations
via the mBJ potential, has improved the description of electronic energy levels and optical
properties, offering more accurate and relevant results for advanced technological applications.
Analyses of the density of electronic states revealed marked differences in the behavior of doped
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GeO,, highlighting the impact of doping concentrations on the material’s electronic properties.
The effect of oxygen vacancies was also taken into account, showing significant changes in the
electronic structure. Calculated optical properties, such as dielectric constant, refractive index
and absorption spectrum, showed marked anisotropy, particularly in the zz and xx axes, which
could have important implications for the design of UV-sensitive optoelectronic devices. Based
on the calculated optical and electrical properties, we conclude that all the compounds studied
are good candidates for applications in UV-sensitive photonic detectors, due to their ability to
operate efficiently unaffected by sunlight in the visible and infrared spectrum. This phenomenon
may open up prospects for photodetection devices in bright environments where sunlight could
disrupt conventional detectors.
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