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Abstract 

     Wide-bandgap materials have shown promising potential for optoelectronic devices, due to their 

high transparency, excellent thermal and chemical resistance, and favorable electron mobility. In this 

study, density functional theory (DFT) calculations using ab initio modeling were employed to 

examine the structural and optoelectronic characteristics of germanium dioxide (GeO₂) in its rutile 
phase substituted with scandium (ScxGe1-xO₂, where x = 0, 0.0416, 0.0625, 0.0832, and 0.125). The 
calculated formation energies are negative, indicating that these materials remain thermodynamically 

stable. It is observed that only the addition of the Sc dopant induces changes in the structural 

behavior of r-GeO₂, such as an increase in the lattice parameters. 
     The band gap of pure r-GeO2 is  4.112 eV at   (Γ – Γ), by using the Trans-Blaha-modified Becke-

Johnson (TB-mBJ) approach. This value decreases to 3.778 eV as the Sc content increases, and due 

to the 3d orbitals of Sc, the Fermi level shifts toward the valence band, introducing holes, which 

leads to p-type conduction. The partial density of states (PDOS) clearly shows that the Sc-3d states 

are induced by the replacement of Ge with Sc, resulting in a reduction of the bandgap. The optical 

spectra, including the real and imaginary parts, light absorption, optical reflectivity, conductivity, 

refractive index, extinction coefficient, and energy loss spectrum, were studied. Furthermore, these 

https://www.sciencedirect.com/science/article/pii/S2405844024121901
https://link.springer.com/article/10.1007/s11082-015-0287-y
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optical properties are improved after doping with scandium compared to those of pure r-GeO₂. On the 
other hand, due to the high optical conductivity and absorption in the UV region, this demonstrates 

that Sc-doped r-GeO₂ is an interesting candidate for advanced optoelectronic devices and UV 
detection.  

Keywords: Density functional theory;  FP-LAPW;  Sc doped r-GeO2 ;  optical properties  
 

Introduction 

 

     Wide-bandgap (WBG) semiconductors are defined by a bandgap (Eg) greater than that of 

conventional semiconductors, specifically higher than 3.4 eV [1]. These materials are used in various 

fields, including light-emitting diodes, short-wavelength lasers [2], and power devices [3]. 

Germanium(IV) dioxide is an inorganic compound with the chemical formula GeO2 [4, 5].In its 

three-dimensional form, it exists in crystalline, liquid, and amorphous states. The most stable 

structures at room temperature are the trigonal or hexagonal quartz phases (P3₁21, D4³), analogous to 
α- quartz of SiO2 [6], the tetragonal rutile-type structure (P4₂/mnm, D1⁴h), and the amorphous 
structure [7– 9]. 

     The rutile structure of GeO₂ has a tetragonal bravais lattice, with a = 4.4066 Å and c = 2.8619 Å 

[10]. This phase is thermodynamically stable at temperatures reaching 1300 °C [11], has high 

chemical resistance [12], and high density [13]. It also shows chemical and structural similarities 

with other oxides, such as SnO₂ and TiO₂, which also crystallize in the rutile phase [14–16]. At room 

temperature, GeO₂ adopts a tetragonal structure, the densest and most thermodynamically stable 
phase, before transforming into a less dense hexagonal phase at 1306 K [17]. GeO₂ is a wide-bandgap 

semiconductor (Eg = 4.68 eV) [4, 18], corresponding to the UVC region (200 nm–290 nm) [19]. it 

has significant electron 300 cm²/V·s and carrier mobility 30 cm²/V·[20]. Experiments show a direct 

band gap   [21]. This material exhibits remarkable thermal, optical, and electrical properties, 

including high thermal stability [22], excellent light transmission in the 280–5000 nm range [23], 

high dielectric constant and refractive index [24], and also a reduced supply voltage [25, 26].Due to 

these properties, GeO₂ is a promising candidate for various optical, electronic, and semiconductor 
applications, such as solar cells, Li-ion batteries [27, 28], and optical fibers [11], as well as for 

physical and chemical applications, notably the fabrication of high-photorefractive planar 

waveguides [29, 30]. 

     Transition metal doping is an efficient method for changing the material's physical properties [31]. 

However, wide-bandgap (WBG) semiconductors are characterized by high donor ionization energies, 

which makes symmetric doping particularly difficult [32]. In contrast, GeO₂ is capable of n and p-

type doping due to the dopant ionization energies, which are lower than those typically observed in 

WBG semiconductors [20]. r-GeO₂ thus emerges as a promising candidate to address the shortage of 
p-type transparent conductive oxides (TCOs) [33]. By comparison, widely studied oxides such as 

TiO₂ and SnO₂ exhibit significant limitations for p-type doping [34]. The discovery of new 

transparent conductive oxides has sparked growing interest, particularly in yttrium (Y) and scandium 

(Sc),  [35]. Boujnah et al. [36] revealed that 3d transition metals doped r-SnO₂ form p-type 

transparent conductive oxides that are excellent for solar cells. TiO2 doped with yttrium (Y) proved 

effective in improving photocatalytic activity and extending the absorption range towards visible 

light [37]. However, the impact of certain specific dopants, particularly transition metals, on material 
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properties remains poorly understood. In this context, scandium (Sc) was chosen as a dopant because 

it can promote p-type doping, modulate electronic properties, and preserve the stability of GeO₂ due 
to its unique electronic characteristics and influence on the material’s electronic structure. 
Additionally, the ionic size of Sc³⁺, which is compatible with the rutile structure of GeO₂, enables 
effective doping while maintaining the integrity of the crystal lattice. According to Qodziana et al. 

[38], GeO₂ undergoes several phase transitions under high pressure: rutile → CaCl₂ at 19 GPa → a-

PbO₂ at 36 GPa → pyrite (Pa-3) at 65.5 GPa. Chae et al. [26] showed that when aluminum replaces 

Ge at the site, it can act as a potential acceptor with relatively high ionization energies ranging from 

0.45 to 0.54 eV. Samanta et al. [39] further demonstrated that lattice parameters strongly influence 

the bandgap width of r-GeO₂ calculated by DFT. To study the physical properties of GeO₂, several 
theoretical methods were employed, including FP-LAPW [28], GGA with finite electric field 

application [40], the GIPAW approach using the CASTEP code [41], the local density approximation 

with plane waves, and the two-center strong-coupling method [42]. Recently, it was observed that 

replacing GeO₂ with yttrium oxide-doped GeO₂ (Y-GeO₂) significantly improved the water resistance 
of the Y-GeO₂/Ge cell [43]. This improvement was mainly attributed to the modification of the GeO₂ 
structure by the incorporation of the Y³⁺ cation [44]. However, to our knowledge, most theoretical 
work on r-GeO₂ is limited to the density functional theory (DFT) approach, which is known to 
underestimate the bandgap width. Furthermore, to date, no systematic study has been published on 

scandium-doped GeO₂ (a transition metal), particularly regarding its structural, electronic, and optical 
properties. 

     The main objective of this study is to examine the influence of p-type doping with this 3d 

transition metal on the physical properties of pure and Sc doped r-GeO₂ at various concentrations (x 
= 4.16%, 6.25%, and 12.5%). In the organization of this article, we describe the computational 

method used within the theoretical framework ( second section), then we give  in the third part the 

main results related to geometry, as well as the optoelectronics properties. The final section provides 

the general conclusions drawn from the main results.  
 

Computational methodology 

 

     The WIEN2k code [45] is used to calculate the properties of germanium oxide in both its pure 

rutile phase and when doped with scandium (ScₓGe₁₋ₓO₂, where x = 0, 4.16%, 6.25%, 8.32%, and 
12.5%) which include structural  and optoelectronic properties. By using the FP-LAPWmethod [46], 

based on density functional theory (DFT) [47, 48]. The exchange-correlation potential was treated 

using the generalized gradient approximation (GGA) [49] with the Perdew-Burke-Ernzerhof (PBE) 

parameterization. These functionals improve the description of structural properties compared to 

standard DFT approaches and provide corrections for better accounting of electronic interactions. 

The Tran-Blaha-modified Becke-Johnson (TB-mBJ) was applied to calculate the optoelcetronic 

properties of this compounds  [50], allowing for a more accurate estimation of the bandgap. The 

radius values were set at 1.86 a.u, 1.89 a.u, and 1.68 a.u for Ge, Sc, and O atoms, respectively. These 

values are essential for defining the size of the muffin-tin spheres and were chosen to prevent any 

overlap. The cutoff parameter was set to ensure convergence, with Kmax × RMT = 7, allowing control 

over calculation accuracy while limiting computation time. Inside the spheres, the maximum value of 

the spherical harmonics was set to lmax = 8 to ensure an accurate description of the electronic wave 
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functions in the valence region. In addition, the Fourier expansion  parameter, referred to as “Gmax,” 
which corresponds to the maximum reciprocal vector of the lattice involved in the detailed 

description of the charge density, is set at Gmax = 12.0 a.u.⁻¹., ensuring satisfactory convergence of the 

electronic calculations. The energy cutoff, which determines the division between the core and 

valence electronic states, is set at a value of -9 Ry .   

     The iteration is continued until the total energy reaches stability at 10-4  Ry and 10-3 e for charge, 

and the integration over the first Brillouin zone was performed using a Monkhorst–Pack grid with 

dimensions of 8 × 8 × 12 for pure r-GeO₂ and 7 × 7 × 7 for the doped systems [51]. The energy band 
structures were calculated along the principal directions Γ–X–M–Γ–Z–R–A–Z of the first Brillouin 

zone using the GGA-PBE and TB-mBJ approximations.  The valence electron configurations of the 

atoms are as follows: Ge: [Ar] 3d¹⁰ 4s² 4p², Sc: [Ar] 3d¹ 4s², and O: [He] 2s² 2p⁴. The optical 
properties were evaluated by applying a scissor correction with an amplitude of 1.0 eV. 

 

Structural optimization 

 

     Rutile Germanium oxide (r-GeO₂) has a tetragonal crystal structure with the space group P4₂/mnm 
(No. 136) [52] and exhibits D₄h¹⁴ local symmetry (Fig. 1-a). The conventional structure consists two 

types of atoms: germanium (Ge) and oxygen (O), with germanium cations occupying the Wyckoff 

sites 2a (0, 0, 0) and (1/2, 1/2, 1/2) while the oxygen anions are placed in position  4f sites: (u, u, 0), 

(1− u, 1− u, 0), (½+ u, ½ − u, ½),  (½ − u, ½ +u, ½ ), and u = 0.306.  
     The optimized lattice constants for r-GeO₂ in the rutile phase are: a = b = 4.398 Å and c = 2.863 
Å. This data is consistent with experimental results [10] and other theoretical calculations [28,53,54], 

which attests that the calculations are precise enough and the data obtained are reliable. 
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Fig.1. Crystal unit cell of ScxGe1-xO2: (a) Un doped r-GeO2, (b) Sc₀,₀₄₁₆Ge₀,₉₅₈₄O₂,(c)  Sc₀,₀₆₂₅Ge₀,₉₃₇₅O₂,(d)  
Sc₀,₀₈₃₃Ge₀,₉₁₇O₂, and (e) Sc₀,₁₂₅Ge₀,₈₇₅O₂ 
 

     The effect of Scandium doping on structural and optoelectronic properties of r-GeO₂ was 
investigated by using two periodic supercells of sizes 2×2×2 and 2×2×3, in which scandium atoms 

replaced germanium atoms. These supercells contain 48 atoms (16 Ge and 32 O) and 72 atoms (24 

Ge and 48 O), respectively. 

     We considered four doping levels, corresponding to the following concentrations: 4.16%, 6.25%, 

8.32%, and 12.5%, associated with the chemical configurations Sc₀,₀₄₁₆Ge₀,₉₅₈₄O₂, Sc₀,₀₆₂₅Ge₀,₉₃₇₅O₂, 
Sc₀,₀₈₃₃Ge₀,₉₁₇O₂, and Sc₀,₁₂₅Ge₀,₈₇₅O₂ (Fig. 1 b–e).  

     Doping at 4.16% and 8.32% was achieved by replacing one and two Ge atoms, respectively, with 

Sc atoms in the 2×2×3 supercell. In comparison, 6.25% and 12.5% doping levels were obtained by 

replacing one and two Ge atoms with Sc atoms in the 2×2×2 supercell. The criteria for selecting 

scandium as a dopant are presented in the first section. 

     The structural parameters of ScₓGe₁₋ₓO₂ compounds were obtained by minimizing the total 
energy, which was calculated by using the GGA-PBE approximation, in accordance with the 

Murnaghan equation : [55] 
 𝐸(ܸ) = 𝐸0 + [ ஻0௏஻′(஻′−1)] . ′ܤ] (1 − ௏0௏ ) + (௏0௏ )஻′ − 1]                (1) 

 

     E0, V0, B0, and B0′ are respectively the energy, volume, compressibility modulus, and its 
derivative.  

     The structural optimization results of  r- GeO₂  are summarized in Table 1, and compared 
alongside available theoretical  and  experimental data . We observe a good agreement with the 

experimental data. Furthermore, it appears that the GGA approximation has a tendency to 
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underestimate the lattice constants slightly. In addition, we note that so far, no theoretical study has 

been performed to compare doped structural properties.   

Table 1: The computed structural  parametres  of Sc-doped r-GeO2 

Compounds a0(Å) c (Å) u V0 (Å)3 B(GPa) Bˈ ETot (eV) EForm(eV/atom) 

 

r-GeO2 pur 

4.398*, 

4.395a 

4.45b,4.477c 

4.389d 

2.863* 

2.86a,2.92b 

2.907c,2.874d 

0.305* 

0.306c 

0.307d 

55.379* 

58.28c 

 

229.452* 5.351* -122430.686 - 4.884* 

 

Sc:GeO2(x=4.16%)   4.405* 2.872* 0.343* 55.729* 224.903* 5.247* -1432846.266 - 4.911* 

Sc:GeO2(x=6.25%)   4.411* 2.873* 0.347* 55.871* 221.599* 5.136* -943123.849 - 4.935* 

Sc:GeO2(x=8.32%)   4.416* 2.883* 0.342* 56.163* 216.685* 5.116* -1396525.065 - 4.948* 

Sc:GeO2(x=12.5%)   4.423* 2.891* 0.347* 56.502* 211.256* 5.098* -906802.361 - 4.983* 

 

*Present calculations, aRef [10], bRef [53], cRef [54],  dRef [28]. 

 

     We observed an increase in the a and c lattice constants for scandium-doped r-GeO₂ compared to 
the experimental values of undoped GeO₂ with 1.05%, 1.61%, 2.12%, and 2.82%, corresponding to 
dopant concentrations of 4.16%, 6.25%, 8.32%, and 12.5%, respectively. (see Fig. 2.a). This is 

related to the differences in ionic radii between the dopant and the germanium atom; the ionic radius 

of Ge⁴⁺ is R (Ge⁴⁺) = 0.53 Å [56], while that of Sc³⁺ is R (Sc³⁺) = 0.745 Å [57]. The substitution of Ge 

with Sc, therefore, causes a lattice expansion proportional to the concentration of Sc³⁺ introduced. 
     To investigate the relative stability of scandium-doped r-GeO₂ systems, we computed their 
formation energies utilizing the following relations [58] 

𝐸Coh(GeO2 pure)߂  = 𝐸tot(GeO2) − [2Etot(Ge) + 4Etot(O) ]/6                                                                    (2) ߂𝐸Coh(Ge0.9584 Sc0.0416O2) = Etot(Ge0.9584 Sc0.0416O2) − [23 Etot(Ge) +   Etot(Sc) + 48 Etot(O)]/72      (3) ߂𝐸Coh(Ge0.9375 Sc0.0625O2) = Etot(Ge0.9375 Sc0.0625O2) − [15 Etot(Ge) + Etot(Sc) + 32 Etot(O)]/48        (4) ߂𝐸Coh(Ge0.9167Sc0.0833O2) = Etot(Ge0.917Sc0.0833O2) − [22 Etot(Ge) + 2Etot(Sc) + 48 Etot(O)]/72        (5) ߂𝐸Coh(Ge0.875Sc0.125O2) = Etot(Ge0.875Sc0.125O2) − [14 Etot(Ge) + 2Etot(Sc) + 32 Etot(O)]/48             (6) 

 

     Etot (GeO₂), Etot (Ge₀.₉₅₈₄Sc₀.₀₄₁₆O₂), Etot (Ge₀.₉₃₇₅Sc₀.₀₆₂₅O₂), Etot (Ge₀.₉₁₇Sc₀.₀₈₃₃O₂), and Etot 

(Ge₀.₈₇₅Sc₀.₁₂₅O₂) refer to the total energy of Ge1-xScₓO₂ compounds with x = 0%, 4.16%, 6.25%, 
8.33%, and 12.5%, respectively. At the same time, Etot (Ge), Etot (Sc), and Etot (O) correspond to 

the total energies of the pure constituent elements (Ge, Sc, and O). 

     The formation energy values, Ef, calculated for all the compounds studied, are listed in Table 2. 

For r-GeO₂ doped with 4.16%, 6.25%, 8.33%, and 12.5% Sc, the formation energies are -4.911 eV, -

4.935 eV, -4.948 eV, and -4.983 eV, respectively (Fig. 2.b). The negative values confirm the 

thermodynamic stability of these structures and suggest their feasibility for experimental synthesis. 
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Fig. 2. Lattice parameter and  formation energy (ΔHform) variation due to Sc doping in ScxGe1-xO2. 

 

     In addition, a decrease in the formation energy is observed when the atom of germanium is 

substituted by an atom of Sc, suggesting that stability of the compounds depends on their anion size. 

and the thermodynamic stability is generally correlated with the formation energy:   However, it is 

important to note that the experimental synthesis conditions can also influence the value of the 

formation energy. 

  

Electronic characteristics 

Band structure 

 

     The band structures of pure (r-GeO₂) and Sc-doped (r-GeO₂) with x = 4.16%, 6.25%, 8.32%, and 
12.5%, calculated using mBJ-GGA  are shown in Figures 3 (a-e), where the Fermi level (EF) was set 

as the energy reference at 0 eV and is represented by a dotted line. 
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Fig. 3. GGA and TB-mBJ  calculated band structure of : (a) pure r-GeO2, (b) Sc₀,₀₄₁₆Ge₀,₉₅₈₄O₂,(c)  
Sc₀,₀₆₂₅Ge₀,₉₃₇₅O₂,(d)  Sc₀,₀₈₃₃Ge₀,₉₁₇O₂, and (e) Sc₀,₁₂₅Ge₀,₈₇₅O₂ 

.    

     The bandgap width for pure r-GeO₂ by GGA-PBE+TB-mBJ is 4.112 eV. This value is slightly 

higher than the previous result obtained by FP-LAPW (1.80 eV [55]) and lower than some estimates 

calculated using LDA (2.4 eV [59], 3.12 eV [60]) as well as experimental measures [61]. This 

discrepancy with experimental data is attributable to the intrinsic limitations of DFT. The energy gap 

values Eg (eV) for all the studied ScxGe1-xO2 materials (x = 0, 4.16%, 6.25%,8.32%, and 12.5%) are 

shown in Table 2. 
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Table 2: Bands gaps of  ScxGe1-xO2 (x = 0, 0.0625, 0.0832 and 0.125) with GGA and TB- mbj 
 

 

 

Present work  

Other calculations 

 

Experiments GGA-PBE GGA+TB mBJ 

 

Pure (r-GeO2) 

 

1.922* 

 

4.112* 

1.80a, 2.40b, 3.12c ,1.25e ,1.91f 

,4.09g ,4.10f ,4.64h ,4.44i 

   4.68d 

Ge0.958Sc0.0416O2 1.904* 4.011* - - 

Ge0.937Sc0.0625O2 1.867* 3.935* - - 

Ge0.917Sc0.0833O2 1.835* 3.856* - - 

Ge0.875 Sc0.125O2 1.792* 3.778* - - 

 

*Present calculations, aRef [28] DFT GGA, bRef [58] DFT-LDA, cRef [59] DFT-LDA, dRef [60] Experiment (UV-

absorption),eRef [54] DFT- GGA, fRef [61] DFT- GGA+ mbj, gRef [53] DFT-GGA + mbj, hRef [18] DFT-PAW + 

HSE06, iRef [4] DFT-LDA + G0W0.  

 

     The values energy gap of ScₓGe₁₋ₓO₂ compounds are 4.011 eV, 3.935 eV, 3.856 eV, and 3.778 eV, 
corresponding to x = 4.16%, 6.25%, 8.32%, and 12.5%, respectively, as shown in Figures 3 (b-e) 

noted that Scandium doping results in a narrowing of the bandgap as the concentration of doping 

increases, by -97.54%, -95.69%, -93.77%, and -91.87%  for x = 0.0416, 0.0625, 0.0832, and 0.125, 

respectively. 

     This narrowing of the band gap can be attributed to the 3d electrons of the Sc dopant that ease the 

transfer of electrons from the valence to the conduction bands. As the Fermi level moves to the 

valence band, this phenomenon is primarily attributable to the characteristics of p-type doping. 

We also notice an additional energy barrier arising from the excitation of electrons from their valence 

to the minimum conduction band states. 

     The Burstein–Moss effect [62] can explain this observation, which occurs when Sc³⁺ ions 
substitute for Ge⁴⁺ ions in the GeO₂ crystal lattice. The adjustment of the Fermi level also contributes 
to improved electrical conductivity in GeO₂ by facilitating the mobility of charge carriers, which are 

predominantly p-type.The impurity energy levels  (IELs)  can act as trapping or recombination 

centres, as they facilitate electron transitions. So the doping with Sc brings out changes in the 

electronics and conductivity properties of GeO₂; it opens up possibilities for the use of these doped 
materials in various electronic and optoelectronic applications. 
 

Density of states 

 

     The TDOS and PDOS of pure and Sc-doped r-GeO₂,  at x = 4.16%, x = 6.25%, x = 8,32%, and x 

= 12.5% concentrations were calculated by the GGA+mBJ  method,  calculated by the mbj-GGA 

method between -10 and 10 eV, and are given in Figures 4( a – e). The figure 4a illustrate that the 

valence band (-10 eV -0 eV) of pure GeO₂ is mainly formed by O-2p states, and a slight contributions 

of Ge-4s and 4p orbitals,  In contrast, the conduction band (CB)   results from weak hybridization of 

Ge- 4s and 4p orbitals with 2 p -O . .the absorption edge in the ultraviolet is difined by the electrons 

moving from O-2p states to Ge-4s states. 
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Fig. 4. TB-mBJ  calculated TDOS and PDOS of  ScxGe1-xO2 : (a) x = 0, (b) x = 4.16%,(c) x = 6.25%,(d)  x = 

8.32%, (e) x = 12.5% and (f) compared TDOS of syetems doped. 
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     Figures 4( b – e) presents the TDOS and PDOS of ScₓGe₁₋ₓO₂ (x = 4.16%, 6.25%, and 12.5%). 
The TDOS reveals a behaviour typical of semiconductors in each of these compounds, where the Sc-

3d orbitals are responsible for an intense peak located between 6.35 eV and 10 eV, indicating a 

significant contribution from localized states in this region of the conduction band. Furthermore, 

marked hybridization between the p states of oxygen and the d states of Sc is observed in the valence 

band.  This hybridization is crucial in the formation of the valence and conduction states, thereby 

influencing the bandgap width and the conductivity of the compounds.  The bandgap values are 

consistent with the calculated band structures, showing a decrease in the bandgap as the Sc 

concentration increases. This reduction is due to the contribution of O-2p states in the VB and Sc-3d 

states in the CB, compared to pure GeO2 .  It is observed that the TDOS values for pure GeO₂ and Sc-

doped GeO₂ are respectively 87.12 eV and 53.831 eV, due to the number of outer valence electrons 
in Ge, Sc, and O atoms. 

      The Sc-doping creates extra carriers in the VBM, close to Fermi energy of GeO₂. This is because 
the Sc atom has fewer outer valence electrons than the Ge atom, resulting in p-type doping. As shown 

in Figure 4.f, the fact that the scandium concentration increases near the Fermi level helps reduce the 

number of occupied states, as demonstrated by Slassi et al. [63]. The significant contribution of O-2p 

states at the top of the valence band (VBM) in oxide-based semiconductors leads to a decrease in p-

type conductivity.   
 

Results of optical properties 

 

To evaluate the impact of  intermediate bands (IB) on optical properties, we analyzed the dielectric 

function of pure r-GeO₂ and Sc-doped compounds  (x = 4.16%, 6.25%, 8.32%, and 12.5%), as this 

parameter   allows for all optical properties to be determined and can be expressed [64]: 

ε(ω) = ε1(ω) + iε2(ω)                                             (7) 

 ε1(ω) and ε2(ω)  are given by the Kramers-Kronig relations [65, 66]: 

(߱)1ߝ  = 1 + 2గ ܲ ∫ ఌ2(ఠ′)ఠ′ௗఠ′ఠ′2−ఠ2∞0                                 (8) 

(߱)2ߝ  = 83గఠ2 ∑ ∫| ௡ܲ௡̇(݇)|2 ௗௌೖ∇ఠ೙೙̇(௞)௡௡̇                   (9) 

 

     Figures 5. a and b illustrates the variation of the components ε₁(ω) and ε₂(ω) as a photon energy 
from 0 eV up to 5 eV for all compounds studied.An optical anisotropy is observed in the infrared 

spectral range for all of the compounds. The ε₁ component of Ge0.917Sc0.0832O₂ and Ge0.875Sc0.125O₂ is 
decreased and cancelled around 0.42 eV and 0.25 eV, respectively (Fig. 5.a). The static dielectric 

constant ε₁(0) is dominated by  a real part ε₁(ω) and  refractive index at the measurement  frequency, 

higher than the frequencies of lattice vibrations in these crystals [67]. 

     The static dielectric permittivity values at low energy are 2.16 for pure r-GeO₂, while those of 
GeO₂ doped with  Sc are 5.99, 6.92, 20.21, and 36.16 for x = 4.16%, 6.25%, 8.32%, and 12.5%, 

respectively( Table 3). This suggests that the introduction of scandium into doped compounds 
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increases the static dielectric constant. And a narrowing of the forbidden energy band. This 

observation is explained according to Penn’s model [68] : (0)1ߝ ≃ 1 + (ఠ೛ா೒ )2
                                          (10) 

 

 ωp and Eg are the plasma frequency and energy band gap respectively. 

 

  

Fig. 5. Dielectric function of pure and Sc-doped r-GeO2 : (a) real part ε1 and (b) imaginary part ε2 

 

     For pure r-GeO₂, the observed ε₂(ω) values stayed at zero. This means that no absorption has been 
noted because the photo energy was insufficient to induce electronic excitations. The imaginary 

spectra of dielectric function show an intense peak at low energies, with maximum values at 0.23 eV, 

0.31 eV, 0.12 eV, and 0.15 eV for Ge0.9584Sc0.0416O2, Ge0.9875Sc0.0625O2, Ge0.918Sc0.0882O2 and  

Ge0.875Sc0.125O2, respectively. A comparative analysis of pure and doped r-GeO₂ spectra demonstrates 
that Sc doping results in an increase of absorption in the IR region (Fig. 5.b).  The calculated of 1ߝ(߱) 

and 2ߝ(߱) should be used to determine other optical properties, such as absorption coefficient α(ω), 
reflectivity R(ω), optical conductivity σ(ω), refractive index n(ω), extinction coefficient k(ω), and 
energy loss L(ω) [69] according to equations (11) through (16). 

 α(߱) =  4గ λ k(ω)                                                              (11) R(߱) =  (n−1)2+K2  (n+1)2+K2                                                           (12) σ(ω) = σ1(ω) + ݅σ2(ω) =  −݅ ω 4గ (ω)ߝ] − 1]                (13) ݊(ω) =  1√2 (ω)12ߝ)] + 12( (ω)22ߝ (ω)ܭ (14)                 12[ (߱)1ߝ + =  1√2 (ω)12ߝ)] + 12( (ω)22ߝ −  (15)                12[ (߱)1ߝ 

(߱)ܮ  = ݉ܫ ( − ௜ఌ(ఠ)) = ఌ2(ఠ) ఌ12(ఠ)+ఌ22(ఠ)                                  (16) 
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     Figure 6.a. shows the absorption spectrum of ScₓGe₁₋ₓO₂ compounds (x = 0, 4.16%, 6.25%, 
8.32%, and 12.5%).The undoped r-GeO₂ exhibits a strong absorption in the ultraviolet region 

corresponding to the energy gap between  O-2p and Ge-4p electron energy levels. 

     The appearance of these transitions suggests the influence of oxygen vacancies on the optical 

properties of GeO₂, which leads to an extended absorption from visible to ultraviolet spectra. 
 The absorption peaks for the doped compounds Ge0.9584Sc0.0416O2, Ge0.9875Sc0.0625O2, 

Ge0.918Sc0.0882O2 and  Ge0.875Sc0.125O2 are concentrated in the UV region, suggesting high absorption 

in this range. These observations show that there are significant electronic transitions induced by Sc³⁺ 
ions, and localized electronic orbitals associated with Ge-Sc interactions. 

     The ScxGe1-xO₂ compounds (x = 0, 4.16%, 6.25%, 8.32%, and 12.5%) exhibit new absorption 
peaks in the visible region (400–800 nm), with an absorption coefficient α located approximately at 
1.86 eV.This absorption is attributable to structural defects or oxygen vacancies exacerbated by 

doping. In addition, an increase in Sc concentration induces a shift of the absorption threshold toward 

longer wavelengths, leading to a gradual reduction in the bandgap width. These results underscore 

the significant influence of the Sc dopant on the optical properties of rutile GeO₂, and show that the 
strength of the induced transitions as well as the shift in the absorption threshold are proportional to 

the dopant concentration. As a result, these doped materials offer significant flexibility for the 

development of advanced components in optoelectronic technologies. 
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Fig. 6. Comparison of :  (a) absorption α(ω), (b) reflectivity R(ω), (c) conductivity σ(ω) and (d) refractive 
index  of pure and Sc-doped r-GeO2  systems. 

 

  
 

Fig. 7. Extinction index k(ω) (a) and loss function L(ω) (b)  of pure and Sc-doped r-GeO2  systems. 
 

     Figure 6.b also shows the reflectivity spectra R(ω) as a function of energy for pure r-GeO₂, 
Ge0.9584Sc0.0416O2, Ge0.9875Sc0.0625O2, Ge0.918Sc0.0882O2 and  Ge0.875Sc0.125O2. The most intense 

reflectivity peaks are observed in the infrared region, with respective maximum values of 

approximately 20.06%, 24.74%, 43.87%, and 57.96%. Consequently, these materials exhibit very 

low reflectivity in the visible and ultraviolet ranges. 

     The R(0) values are 3.62%, 16.57%, 18.96%, 39.86%, and 51.72%, corresponding to 

concentrations x = 0, 0.0416, 0.0625, 0.0832, and 0.125 (Table 3).It is observed that their reflectivity 

increases with increasing Sc concentration, which means that doping with Sc³⁺ effectively increases 
the reflectivity of pure r-GeO₂. 
     The optical conductivity σ(ω of doped and undoped systems is shown in Figure 6.c. We observed 
that for doped r-GeO₂, the optical conductivity σ(ω) reaches its maximum values in the infrared 
region, around 144.86 (ohm·cm)⁻¹, 242.71 (ohm·cm)⁻¹, 484.61 (ohm·cm)⁻¹ and 882.91 (ohm·cm)⁻¹, 
which correspond to concentrations of x = 4.16%, 6.25%, 8.32%, and 12.5%, respectively. This can 

be explained by the electronic transitions from the CBM to the VBM via the intermediate states 

introduced by the Sc³⁺ impurity; thus, the latter acts as a modifier of the electronic structure and 
conductivity of r-GeO₂ rutile. The optical conductivity then decreases gradually up to the visible light 
spectrum. It is clear that both pure and doped GeO₂ compounds in the ultraviolet range present very 
high optical conductivity, which indicates their usefulness in many modern optoelectronic devices. 

      The calculated of refractive index n (ω)  is depicted in Figure 6.d. At zero frequency, the static 

value n (0) obtained for pure r-GeO2, without an exciton peak,  is 1.46. The refractive index then 

increases with scandium doping, reaching 2.38, 2.56, 4.45, and 6.04 for  Ge0.9584Sc0.0416O2, 

Ge0.9875Sc0.0625O2, Ge0.918Sc0.0882O2 and  Ge0.875Sc0.125O2  compounds (Table 3). 

     According to this figure, for doped systems, we observe a decrease in the refractive spectra in 

range of 1.55 to 3.1 eV, followed by an increase up to the visible part of the spectrum. For ScxGe1-

xO2 (x = 12.5%), n(ω) decreases to 0.84 (˂1), indicating that the group velocity of the incident 
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radiation can exceed the speed of light [70]. A refractive index variation as small as this for r-GeO₂ 
means that it is a promising candidate for applications needing a low chromatic dispersion.   

     Figure 7.a shows the variation of extinction coefficient k(ω) for all compounds studied. A similar 
trend is observed between the absorption and extinction coefficients due to the intrinsic relation 

between them (Figure 6.a and  6.d). For energies up to 0.71 eV, 2ߝ starts to increase and attains a 

maximum of 0.93 for Ge0.9584Sc0.0416O2, 1.17 eV for Ge0.9875Sc0.0625O2, 2.18 eV for Ge0.918Sc0.0882O2, 

and 3.55 eV for Ge0.875Sc0.125O2. Thereafter, it decreases rapidly. Furthermore, these materials exhibit 

negligible extinction coefficients at low energies. The evolution of the spectrum (𝐸) is entirely 

consistent with that obtained for the 2ߝ (𝐸) spectrum. The static values of k(0) at zero frequency are 

regrouped in Table 3.  

 
Table 3: The evaluated of optical constants for ScxGe1-xO2 (x = 0, 0.0625, 0.0832 and 0.125) 

 

 Compounds ԑ1(0) R(0) % n(0) k(0) 

r-GeO2 pur 2.16  3,62  0 0 

Sc:GeO2(x=4.16%)   5.99  16.57  2,38  0.15 

Sc:GeO2(x=6.25%)   6.92  18,96   2.56  0.14 

Sc:GeO2(x=8.32%)   20.21  39,86  4,45   0.65 

Sc:GeO2(x=12.5%)   36.16 51,72  6,04   0.88 
 

     Figure 7.b shows the L(ω) curves of calculated compounds between 0 and 12 eV. In the IR region, 
the main peaks of the ScₓGe₁₋ₓO₂ compounds (x = 0, 4.16%, 6.25%, 8.32%, and 12.5%) appear at 
0.53 eV, 0.63 eV, and 0.66 eV, respectively. This indicates that doping GeO₂ with Sc causes a shift 
of the main peaks toward higher energies (ultraviolet shift) and that the intensity of these peaks 

increases with increasing Sc content. 

     L(ω) has a minimum in the visible region, whereas above ~3 eV, all spectra show a gradual 
increase, corresponding to volume plasmon excitations or interband transitions typical of GeO₂. 
These observations confirm that the study of energy loss spectra is a powerful tool for analysis of the 

effect of doping on the plasmonic and electronic characteristics of solids. 
 

Conclusion 

 

     In conclusion, we have investigated the structural, electronic, and optical properties of r-GeO2 by 

incorporating Scandium at contents ranging from 4.16% to 12.5%, using first-principles calculations. 

Ab-initio methods, within the framework of density functional theory and the modified Becke–
Johnson potential, were employed in this study. Structural analysis reveals that the lattice parameter 

increases as Sc replaces Ge, and the compressibility modulus decreases with increasing Sc content. 

Our compounds are thermodynamically stable, as evidenced by their negative formation energies. 

Due to their stability, these systems are likely to exist in nature. 

     Electronic band structure calculations indicate that these systems exhibit a direct bandgap (Γ-Γ), 
with the introduction of Sc into the r-GeO₂ matrix effectively reducing the bandgap. The Fermi level 
shifts toward the bottom of the valence band, suggesting the properties of a p-type material. 

According to the density of states (DOS) analysis, the 3d orbitals of Sc show occupied states near the 



16 
 

Fermi level, which play a crucial role in enhancing the optoelectronic characteristics of these 

materials. 

     The optical characteristics exhibited marked anisotropy due to their absorption and maximum 

optical conductivity, which are estimated to occur at high energies. This finding highlights the 

potential of Scandium  as a promising dopant for enhancing the UV-sensitive optoelectronic response 

of GeO₂-based devices. Future work should focus on the experimental verification of the predicted 

modification of the bandgap and optical absorption, in order to validate the theoretical conclusions 

and guide the development of advanced optoelectronic devices for UV detection. 
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