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Gallium arsenide (GaAs) exhibits a wide range of practical applications. Notably, it is extensively em-

ployed in optoelectronics, where it serves as a foundation for high-efficiency light-emitting diodes, laser di-

odes, photodetectors, and photovoltaic cells. Additional significant applications include radiation-resistant 

solar arrays, integrated circuits, and Hall-effect sensors, among others. In this study, we report the concen-

tration dependence of the electronic energy structure for Sc-doped GaAs (Ga1 – xScxAs, x = 1/32, 2/32 and 8/32). 

The calculations were performed within the Density Functional Theory (DFT) framework using the Gener-

alized Gradient Approximation (GGA) with the Perdew–Burke–Ernzerhof (PBEsol) parametrization. The 

interaction between ions and valence electrons was described using norm-conserving pseudopotentials. Two 

alternative cases of Sc doping in GaAs (Ga1 – xScxAs, x = 2/32) are investigated, which correspond to either 

cubic (the space group #215) or tetragonal (#115) structures. The energy band dispersion and the density of 

states are analyzed. It was found that the band gap is characterized by a direct transition at low (х ≤ 2/32) 

Sc concentrations, whereas it shifts to an indirect type at high (х = 8/32) Sc doping levels. The energy band 

dispersion was analyzed based on the calculated effective masses of electrons (mc) and holes (mv). The effect 

of scandium doping on the electronic energy structure of GaAs was elucidated based on the partial density 

of states (PDOS) contributions. Issuing from the electronic energy spectrum, we calculate the real and im-

aginary components of the dielectric function. Finally, the fundamental optical properties of the Ga1 – xScxAs 

solid solutions are derived using the Kramers–Kronig relations, in particular the refractive index and the 

extinction and absorption coefficients. 
 

Keywords: GaAs, Electronic energy structure, Density of states, Bandgap, Refractive index, Optical dielec-

tric function. 
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1. INTRODUCTION 
 

Gallium arsenide (GaAs) is a versatile semiconductor 

material widely utilized in numerous highly technologi-

cal fields. In the domain of optoelectronics, it serves as a 

fundamental material for high-performance light-emit-

ting diodes (LEDs) [1, 2], laser diodes [3], photo-detec-

tors, photovoltaic cells [4], etc. Furthermore, its excep-

tional electronic properties make it critical for different 

radio-frequency (RF) applications, specifically in the ra-

dar and satellite-based communications [5]. The applica-

bility of GaAs also encompasses radiation-resistant solar 

arrays [6], high-speed integrated circuits [7], and the sen-

sors based upon Hall effect [8]. 

Gallium arsenide is characterized by a cubic crystal 

structure of a zinc-blende type. It belongs to the space sym-

metry group F-43m, while the appropriate lattice parame-

ter reported in Ref. [9] is equal to a = 5.6537 Å. GaAs re-

veals a direct bandgap, which is characterized by the en-

ergy width close to 1.42 eV at the room temperature [10]. 

The fundamental electronic and optical parameters of 

GaAs-based materials can be modulated for different 

purposes through their doping and so formation of solid 
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solutions. For example, a low-level ( 0.05 at. %) doping 

of GaAs with rare-earth elements (e.g., Yb, Ce or Ho) in-

duces an n-to-p conduction inversion [11]. To be specific, 

Ce-doped GaAs exhibits a p-type conductivity when the 

dopant concentration exceeds ~ 0.043 at. % [11]. As a 

consequence, doping of GaAs with the rare-earth ele-

ments can streamline the development of novel p+/i/n+ 

structures, with the unique features of their electronic 

spectrum. Therefore any investigations of the rare-earth 

doped GaAs solid solutions seem to be of primary im-

portance, at least from the practical viewpoint.  

In this respect it would be natural to study theoreti-

cally the electronic spectra of the solid solutions men-

tioned above, prior to any practical attempts at the syn-

thesis of those materials. In this respect, density func-

tional theory abbreviated as DFT represents a corner-

stone computational framework for analyzing the elec-

tronic structure [12, 13]. Note that, in contrast to the ex-

tensively documented properties of GaAs itself [14], the 

theoretical calculation data concerned with the electronic 

energy spectrum of Sc-doped GaAs remains limited. Alt-

hough Sc-doped GaAs has been already explored by the 
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authors [15], their study has its focus exclusively on a 

single Sc concentration, x = 1/32. This has been done with 

the aid of local density approximation (LDA) for the ex-

change-correlation potential and ultrasoft pseudo-poten-

tials for description of ion-valence interactions [15]. 

In the present work, we study the electronic energy 

structure of Sc-doped GaAs, i.e. the solid solutions 

Ga1 – xScxAs (x = 1/32, 2/32 and 8/32). The calculations are 

carried out within the DFT framework and employ a gen-

eralized gradient approximation along with a known 

Perdew–Burke–Ernzerhof parametrization for solids 

[16]. The ion-valence interactions are described using 

norm-conserving pseudo-potentials [17]. A characteristic 

feature of the present work is investigation of a struc-

tural change from cubic to tetragonal crystalline struc-

ture, which occurs in a doped compound Ga30Sc2As32. An-

other peculiarity of our study is application of the compu-

tational techniques mentioned above in the particular 

context of Sc-doped GaAs. As a result, we have analyzed 

the optical properties of Sc-doped GaAs from the elec-

tronic energy spectrum calculated. Specifically, the spec-

tral dependences of the absorption coefficient and the re-

fractive index of Ga1 – xScxAs have been found. 

 

 

 

2. METHODS OF CALCULATIONS 
 

As stated above, our DFT-based calculations encom-

passed geometry optimization and further analysis of 

the total energy, the electronic spectra, the density of 

states (DOS), and the optical properties. They were done in 

the generalized gradient approximation and employed the 

Perdew–Burke–Ernzerhof parametrization for solids [16]. 

In order to describe accurately the interactions between 

ions and valence electrons, we integrated the exchange-cor-

relation functional with the norm-conserving pseudo-po-

tentials [17]. The details for the theoretical parameters 

used in our calculations are presented in Table 1. 

We modeled Sc-doped GaAs with the concentrations 

x = 1/32, 2/32 and 8/32 in the following manner. First, a 

2  2  2 super-cell of the initial compound GaAs was 

formed. The next stage was theoretical construction of 

solid-state Ga1 – xScxAs solutions. Ga atoms were gradually 

replaced by Sc in the optimized GaAs structure. To model 

this substitution, the optimized crystalline structure of 

GaAs was changed to triclinic, with the space symmetry P1. 

Finally, the crystalline structures of Ga1 – xScxAs were opti-

mized and their parameters were found. Note that the com-

pound Ga30Sc2As32 with the concentration x = 2/32 was op-

timized for the both cases of tetragonal (the space group 

#115) and cubic (the space group #215) structures. 

Table 1 – Parameters used in our calculations 
 

Ecut-off, 

eV 

Total energy con-

vergence thresh-

old, eV/atom 

k-point grid 

[18] 

Residual forces 

on atoms, eV/Å 

Maximum atomic dis-

placements, Å 

Internal 

stresses, GPa 

880 5·10 – 6 2  2  2 0.01 5.0·10–4 0.02 

 

3. RESULTS AND DISCUSSION 
 

A single location position of the Sc atoms in the parent 

structure of GaAs has been considered for the 

Ga1 – xScxAs solid solutions (x = 1/32, 2/32 and 8/32). It is 

worthwhile that the substitution of Ga with Sc atoms im-

poses a structural change from the spatial symmetry 

group F-43m (for GaAs) to P-43m (for Ga1 – xScxAs with 

x = 1/32, 2/32 and 8/32) or P-4M2 (for Ga1 – xScxAs with 

x = 2/32). The space groups of symmetry and the lattice 

parameters found for the optimized structures of 

Ga1 – xScxAs are also summarized in Table 2. Additionally, 

Table 2 presents the total energy values for the optimized 

configurations obtained by us. Finally, it can be seen from 

Table 2 that the increase in the number of Sc atoms in the 

GaAs super-cell, i.e. the increase in the Sc concentration 

x, leads to decreasing material density. 

The electronic energy band diagrams for Sc-doped 

GaAs calculated along the high-symmetry points of the 

Brillouin zone are displayed in Fig. 1. Since the electronic 

band structure and the optical parameters of the parent 

GaAs compound has already been detailed in the litera-

ture (see Ref. [19]), they are omitted from the present 

work. In all of the plots in Fig. 1, the energy scale is refer-

enced to the Fermi level EF = 0 eV.  

The analysis of our calculated energy spectra reveals 

that, in case of the concentrations x = 0, 1/32 and 2/32, the 

minimum optical bandgap remains localized at the center 

of the Brillouin zone (the Г-point). Consequently, the crys-

tal maintains a direct energy bandgap at these concentra-

tions. Note that both the cubic and tetragonal phases of the 

Sc-doped compound with x = 2/32 exhibit the direct 

bandgap. The primary distinction of these phases lies in the 

bandgap values, which are equal respectively to 

Eg
cub = 1.026 eV and Eg

tet = 0.930 eV. A similar effect of re-

duction in the bandgap for the tetragonal structure of La-

doped GaAs has been reported in Ref. [19]. Finally, our to-

tal-energy calculations have shown that formation of the 

tetragonal structure is energetically less favorable, if com-

pared with the cubic structure (see the data in Table 2). 

The minimum energy gap observed at the scandium 

doping level x = 8/32 = 0.25 becomes of an indirect type. It 

is noteworthy, however, that the energy difference between 

the indirect transition and the corresponding direct transi-

tion at the Г-point is less than 0.023 eV (see Table 3).  

 

Table 2 – Some structural parameters of Sc-doped GaAs: ‘S. G.’ implies ‘space group’ 
 

x S. G. S. G. # a, Å c, Å V, Å3 Etotal, eV , g·cm – 3 Supercell 

0 F-43m 216 5.650075 – 180.37 – 7522.76 5.33 1  1  1 

1/32 P-43m 215 11.328577 – 1453.87 – 58523.86 5.26 2  2  2 

2/32 P-43m 215 11.389425 – 1477.42 – 56865.68 5.19 2  2  2 

2/32 P-4M2 115 8.041805 11.495273 1497.58 – 26774.98 5.06 2  2  1 

8/32 P-43m 215 5.764538 – 191.56 – 5864.26 4.80 1  1  1 
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Fig. 1 – Electronic band energy structures of Ga1 – xScxAs solid solutions (see the legend). Red lines correspond to the positions of 

the Fermi level 
 

These results suggest that doping of cubic GaAs with Sc at 

the concentration x = 0.25 induces a direct-to-indirect 

bandgap transition. Consequently, we suggest that Sc-

doped GaAs can indeed facilitate a development of p+/i/n+ 

structures, whenever one provides a gradient distribution 

of Sc impurity concentration across different layers of the 

structure. 

Considering the values of the minimum bandgap for 

each of the concentrations under test, one can see that 

the bandgap width increases with increasing Sc concen-

tration in Ga1 – xScxAs. In addition, the data shown in 

Fig. 1 confirm a clear anisotropy difference E(k) between 

the valence and conduction bands. The complex valence 

top is flatter, which is naturally explained by the fact 

that holes are less mobile than electrons ( ~ 1/m*). This 

behavior is caused by the inverse relationship between 

the effective mass of electron (mc) or hole (mv) and the 

spread E(k) of energy levels [20, 21]: 
 

 
2

2

2

2

* d

)(d41

k

kE

hm


= . (3.1) 

 

In Eq. (1), h denotes the Planck constant and E(k) 

implies the dependence of the band energy E on the elec-

tron wave vector k. Table 3 presents the effective mass 

values obtained for Sc-doped GaAs from the electronic 

energy band diagrams along different directions in the 

k-space. 

The effective masses of electron (mc
M-Г-R = 0.070me, 

with me denoting the free electron mass) and hole 

(mv
M-Г-R = 0.940me) found by us agree well with the 

known literature data [26]. The dependence of the effec-

tive electron mass mc on the Sc concentration in Ga1–

xScxAs exhibits a sharp increase near the concentration 

point x = 1/32 and then decreases gradually. A qualita-

tively similar dependence on the Sc concentration in 

Ga1 – xScxAs is observed for the effective mass of hole mv. 

We have determined the total and partial electronic 

DOS for Sc-doped GaAs from the energy structures cal-

culated as above (see Fig. 2). The energy levels near –

15 eV are attributed to the d-states of Ga and As atoms, 

while the s-states of Ga predominate around – 10 eV. 

The region between – 7 and – 5 eV can be primarily at-

tributed to the s-states of Ga. The valence-band maxi-

mum is formed by the p-states of As with an admixture 

of the p-states of Ga, whereas the conduction-band min-

imum consists of the s- and p-states of both Ga and As. 

In accordance with the Pauli Exclusion Principle, the 

minimum energy gap arises from the s–p transitions as-

sociated with Ga–As bonding. Upon Sc doping, the s- and 

d-states of Sc contribute more and more to the valence-

band maximum, while the p- and d-states of Sc partici-

pate in formation of the conduction-band minimum (see 

Fig. 2). Finally, we suggest that the direct-to-indirect 

bandgap transition observed at x ≈ 0.25 can be at-

tributed to the influence of the d-states of Sc (see Fig. 1). 

Based on the calculated electronic energy structures 

for Sc-doped GaAs, we have determined the spectral de-

pendences of the real (ε1) and imaginary (ε2) parts of the 

complex dielectric function ε(hv) = ε1 + iε2: 
 

 
−

=−


0
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2

1
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Fig. 2 – DOS calculated for Ga1 – xScxAs with different Sc concentrations. Right panels in the figure correspond to partial distribu-

tions of electronic DOS for Sc 
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Fig. 3 – Real (ε1) and imaginary (ε2) parts of the dielectric permittivity ε calculated for Ga1 – xScxAs with different Sc concentrations 

(see the legends) 
 

Table 3 – Energy-related properties of Sc-doped GaAs. The indices ‘c’ and ‘v’ refer to the conduction and valence bands, respectively 
 

X S. G. # Eg
dir, eV Eg

indir, eV ΔE, eV mc
M-Г-R/me mv

M-Г-R/me 

0 216 0.823 – – 0.070 0.940 

1/32 215 0.893 – – 0.570 2.816 

2/32 215 1.026 – – 0.570 2.816 

2/32 115 0.930 – – 0.138 0.302 

8/32 215 1.372 1.349 0.023 0.145 1.987 
 

The spectral dependences of the real and imaginary 

parts of the dielectric permittivity are shown in Fig. 3. 

The dependence of the real part ε1 exhibits peaks in the 

vicinities of 1.5 and 3.3 eV. The peak located at approxi-

mately 1.5 eV undergoes a blue shift with increasing x 

value. The behavior of this peak is analogous to the con-

centration dependence of the bandgap (see Table 3). The 

peak nearby 3.3 eV is quenched with increasing Sc con-

centration in Ga1 – xScxAs. It is no longer observed at the 

concentrations higher than x = 2/32. The imaginary part 

ε2 of the dielectric permittivity exhibits a somewhat 

more complex spectral behavior. For the pure GaAs com-

pound, three peaks are observed near 2.2, 4.2 and 5.8 eV. 

The main peak located at approximately 4.2 eV for the 

concentration x = 0 undergoes a red shift as the Sc con-

centration increases. 

Based on the spectral dependences of the ε1 and ε2 

parameters, one can determine the dispersion of the re-

fractive index n and the extinction coefficient k: 
 

 
2

)(
1

2/12

2

2

1
 ++

=n , (3.4) 

 

 
2

)(
1

2/12

2

2

1
 −+

=k . (3.5) 

 

These results are presented in Fig. 4. Here the spec-

tral dependences of the refractive index and the extinc-

tion coefficient are similar respectively to those of the 

real and imaginary parts of the dielectric permittivity. 

Finally, we have evaluated the spectral dependence of 

the absorption coefficient α, using the relation 
 

 





k4
= . (3.6) 

 

The spectral dependence of α is given by Fig. 5. Note 

that the absolute values of the absorption coefficient calcu-

lated by us conform well to the data reported in Ref. [22]. 
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Fig. 4 – Refractive index n and extinction coefficient k calculated for Sc-doped GaAs 
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Fig. 5 – Absorption coefficient α calculated for Sc-doped GaAs 

 

4. CONCLUSION 
 

The electronic energy structure of Sc-doped GaAs has 

been calculated for the Sc concentrations x = 1/32, 2/32 

and 8/32 in the framework of the DFT. We have shown 

that the material density decreases with increasing Sc 

concentration in Ga1 – xScxAs. The analysis of the elec-

tronic energy structure of these solid solutions reveals 

that the compound with the Sc concentration x = 8/32 is 

characterized by the indirect optical transitions (Eg
indir), 

whereas the compounds Ga1 – xLaxAs with x = 1/32 and 

2/32 exhibit the direct bandgap transitions (Eg
dir). The 

concentration dependence of the bandgap width shows a 

decreasing behavior with increasing Sc concentration. 

Both the cubic and tetragonal phases of Sc-doped GaAs 

obtained at x = 2/32 are characterized by the direct 

bandgap. The primary quantitative distinction of these 

phases is their bandgap values. Based on the total energy 

calculations, the tetragonal structure is found to be ener-

getically less favorable than the cubic structure.  

We have also analyzed the energy band dispersion 

and have calculated the effective masses of electrons and 

holes for Sc-doped GaAs. Following from the electronic 

energy spectra, we have ascertained the total and par-

tial DOS of these solid solutions. The d-states of Sc are 

found to influence formation of the minimum of the con-

duction band and the maximum of the valence band. Fi-

nally, the spectral dependences of the primary optical 

functions have been calculated for Ga1 – xLaxAs. These 

are the real and imaginary parts of the complex dielec-

tric permittivity ε, the refractive index n, the extinction 

coefficient k, and the absorption coefficient α. 
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Арсенід галію (GaAs) демонструє широкий спектр практичних застосувань. Зокрема, він широко 

використовується в оптоелектроніці, де служить основою для високоефективних світлодіодів, лазерних 

діодів, фотодетекторів та фотоелектричних елементів. Інші важливі застосування включають радіа-

ційно-стійкі сонячні батареї, інтегральні схеми, датчики Холла та інше. У цьому дослідженні повідом-

ляється про концентраційну залежність електронної енергетичної структури для GaAs, легованого Sc 

(Ga1 – xScxAs, x = 1/32, 2/32 та 8/32). Розрахунки були виконані в рамках теорії функціоналу густини 

(DFT) з використанням узагальненого градієнтного наближення (GGA) з параметризацією Пердью–

Берка–Ернцергофа (PBEsol). Взаємодію між іонами та валентними електронами було описано за допо-

могою псевдопотенціалів, що зберігають норму. Досліджено два альтернативні випадки легування Sc 

в GaAs (Ga1 – xScxAs, x = 2/32), які відповідають або кубічній (просторова група #215), або тетрагональній 

(#115) структурам. Проаналізовано дисперсію енергетичних зон та густину станів. Було виявлено, що 

ширина забороненої зони характеризується прямим переходом при низьких (х ≤ 2/32) концентраціях 

Sc, тоді як змінюється на непрямий тип переходу при високих (х = 8/32) рівнях легування Sc. Дисперсію 

енергетичних зон було проаналізовано на основі розрахованих ефективних мас електронів (mc) та дірок 

(mv). Вплив легування скандієм на електронну енергетичну структуру GaAs було з'ясовано на основі 

внесків парціальної густини станів (PDOS). Виходячи з електронного енергетичного спектру, ми розра-

хували дійсну та уявну складові діелектричної функції. Нарешті, фундаментальні оптичні властивості 

твердих розчинів Ga1 – xScxAs отримано за допомогою співвідношень Крамерса-Кроніга, зокрема показ-

ник заломлення та коефіцієнти екстинкції та поглинання. На основі електронного енергетичного спе-

ктру розраховано дійсну та уявну компоненти діелектричної функції. Нарешті, на підставі співвідно-

шень Крамерса–Кроніга одержано фундаментальні оптичні функції твердих розчинів Ga1 – xScxAs, зок-

рема показник заломлення і коефіцієнти екстинкції та поглинання. 
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заломлення, Оптична діелектрична функція. 


