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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 (Gai -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 (Gai-xSc:As, 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 (x < 2/32)
Sc concentrations, whereas it shifts to an indirect type at high (x = 8/32) Sc doping levels. The energy band
dispersion was analyzed based on the calculated effective masses of electrons (m.) 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 Gai-.Sc.As
solid solutions are derived using the Kramers—Kronig relations, in particular the refractive index and the
extinction and absorption coefficients.
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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 A. 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
Gai-xSc:As (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 GasoSc2Ass2. 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 Gai-xScxAs have been found.

Table 1 — Parameters used in our calculations
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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 x 2 x 2 super-cell of the initial compound GaAs was
formed. The next stage was theoretical construction of
solid-state Gai-»ScxAs 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 Gai-»Sc:As were opti-
mized and their parameters were found. Note that the com-
pound GasoSczAss2 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.

Eecut-off, Total energy con- k-point grid Residual forces | Maximum atomic dis- Internal
vergence thresh- e g
eV [18] on atoms, eV/A placements, A stresses, GPa
old, eV/atom
880 510-6 2%x2x2 0.01 5.0-10 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
Gai1-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 Gai-xSc:As with
x=1/32, 2/32 and 8/32) or P-4M2 (for Gai-+ScxAs with
x = 2/32). The space groups of symmetry and the lattice
parameters found for the optimized structures of
Gai1-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 Er=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 I'-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
Egvv =1.026 eV and Egtet = 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 I'-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, A ¢, A V, A3 Eotal, eV p,gem-3 | Supercell
0 F-43m | 216 5.650075 — 180.37 — 7522.76 5.33 Ix1x1
1/32 | P-43m | 215 11.328577 — 1453.87 | —58523.86 5.26 2x2x2
2/32 | P-43m | 215 11.389425 — 1477.42 | — 56865.68 5.19 2x2x2
2/32 | P-4M2 115 8.041805 11.495273 | 1497.58 | —26774.98 5.06 2x2x1
8/32 | P-43m | 215 5.764538 — 191.56 — 5864.26 4.80 Ix1x1
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Fig. 1 — Electronic band energy structures of Gai-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 Gai-xSciAs. 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 (u ~ 1/m”). This
behavior is caused by the inverse relationship between
the effective mass of electron (m¢) or hole (m.) and the
spread E(k) of energy levels [20, 21]:

1 42’ & Ek)

m K i

. (3.1

2

In Eq. (1), & 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 (mMT-R=0.070m.,
with me denoting the free electron mass) and hole
(mMTR=0.940m.) 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 Gai-
»ScxAs 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
Gai - xScxAs is observed for the effective mass of hole m..

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 (e1) and imaginary (e2) parts of the
complex dielectric function e(hv) = &1 + iga:

2= te, (t)dt

& —1= ; : tz_(hw)z ’ 3.2)
2¢° e
g, = ;g” KZ <‘/’K |u~r|’//K >‘25(EK -E, —ha)).(3.3)

0
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Fig. 2 — DOS calculated for Ga:-.Sc:As 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 (¢1) and imaginary (e2) parts of the dielectric permittivity & calculated for Gai - «Sc.As 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. # Egdir eV Egindir eV AE, eV mMTB/me mMTR/ime
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 \/m
parts of the dielectric permittivity are shown in Fig. 3. n=,|—22= (3.4)
The dependence of the real part £1 exhibits peaks in the 2
vicinities of 1.5 and 3.3 eV. The peak located at approxi-
mately 1.5 eV undergoes a blue shift with increasing x (el +e)" -¢
value. The behavior of this peak is analogous to the con- k= % ) (3.5)

centration dependence of the bandgap (see Table 3). The
peak nearby 3.3 eV is quenched with increasing Sc con-
centration in Gai - xScxAs. It is no longer observed at the
concentrations higher than x = 2/32. The imaginary part
g2 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 g1 and &2
parameters, one can determine the dispersion of the re-
fractive index n and the extinction coefficient k:

x=0

x=1/32
x=2/32 (#215)
x=2/32 (#115)
x=8/32

5 10 15 20
Energy, eV

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 a, using the relation

47k
o =—.

A

(3.6)

The spectral dependence of a 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].

x=0
3.04 x=1/32
| x=2/32 (#215)

251 f x=12/32 (#115)

X =832
2.0

e

1.5
1.0-
0.5
0.0 .

T
10 15 20
Energy, eV

w4

Fig. 4 — Refractive index n and extinction coefficient % calculated for Sc-doped GaAs
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Fig. 5 — Absorption coefficient a 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 Gai-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 (Egindir),
whereas the compounds Gai-.La:As with x=1/32 and
2/32 exhibit the direct bandgap transitions (Eg%r). 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
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ELECTRONIC ENERGY STRUCTURE OF SC-DOPED GAAS JJ. NANO- ELECTRON. PHYS. 18, 03029 (2026)
Enexrpouna enepreruuna crpykrypa GaAs sieropanoro Sc
T'.A. Inpuyk!, I.B. Cemxigl, C.I. Kpykoscpruiil2, O.C. Kymuip3, B. Aunpiescprumitt, A.I. Kamy6al

1 Hauionanwvruil yrisepcumem «/Ivsiscvrka nonimexuixa», 79013 Jlvsis, Yrpaina
2 HJIK «Enexmpon-Kapam», 79031 Jlveis, Yikpaina
3 Jlveiecoruil HayloHabHUl yHisepcumem imerl leana @parnka, 79017 JIveis, Yrpaina
¢ Kowanincokuli mexnono2iukull ywigepcumem, 75453 Kowanin, [onvuwa

Apcenin ramio (GaAs) 1eMOHCTPYe IIUPOKHUHI CIIEKTP IIPAKTUYHHMX 34CTOCYBAaHb. 30KpEMa, BiH IIMPOKO
BUKOPHCTOBYETHCSI B OIITOEJIEKTPOHILIL, Jie CJIY*KUTH OCHOBOIO [JIsi BUCOKOE(EKTUBHUX CBITJIONIONIB, JIA3EPHIX
miomiB, OTOETEKTOPIB Ta POTOCJIEKTPUYHUX €JIEMEHTIB. [HIM BasKIMBI 3aCTOCYBAHHS BKJIOUYAIOTH paia-
IIIAHO-CTIAKI COHAYHI OaTapel, IHTerpasbHI CXeMH, JATUMKHU XO0JIJIa Ta 1HIIe. Y I[bOMY JOC/IIIKEeHH] IIOBIIOM-
JISIETBCSI IIPO KOHIIEHTPAIINHY 3aJIeKHICTD eJIEKTPOHHOI eHepreTuyHol crpykrypu 1ist GaAs, jseroanoro Sc
(Ga1-+Sc.As, x = 1/32, 2/32 Ta 8/32). Pozpaxynku Oysin BUKOHAHI B paMKax Teopii PYHKIIIOHAIY T'yCTUHH
(DFT) 3 BuropucranusaM ysarajbHeHOro rpajmientHoro HabamkenHs (GGA) 3 mapamerpuaaiieo [lepabio—
Bepra—Epnureproda (PBEsol). Baaemosito misk ioHamMu Ta BAJIEHTHUME eJIEKTPOHAMHE 0YJI0 OIIUCAHO 32 JOII0-
MOTOI0 TICEBOIOTEHITIAIIB, 110 30epirainTs HopMy. JlocimixeHo 1Ba aIbTepHATUBHI BUMAIKY JIETYBAHHS SC
B GaAs (Gai-xSc.As, x = 2/32), axi BignosigaoTs abo Ky0GiuHii (mpoctoposa rpyma #215), a6o TeTparoHaIbHIi
(#115) crpyrrypam. [IpoanamisoBaHo mucrepciio eHepreTHYHUX 30H Ta TYCTUHY cTaHIB. Byio BusBieHO, 1110
muprHa 3a00pOHEHOI 30HHU XapaKTepU3yeThCsI MPSIMUM II€PEX0J0M IPH HU3BKUX (x < 2/32) KOHIIEHTpAIiix
Sc, Tol AK 3MIHIOETBCA HA HEIPSAMUM TUTI ITIePeX0y IIPU BUCOKUX (x = 8/32) piBHaAX jeryBanus Sc. JJucmepcio
E€HEePreTUYHUX 30H 0yJIO IIPOAHAI30BAHO Ha OCHOBI PO3PaX0BaHMX e(DEKTUBHUX MAC €JIEKTPOHIB (M) Ta JIPOK
(my). Bous srleryBaHHs CKaHIIEM HA €JIEKTPOHHY eHepreTudHy crpykrrypy GaAs OyJsio 3'scoBaHO Ha OCHOBL
BHECKIB napiriaiabHoi rycruun cradis (PDOS). Buxogauu 3 eJIeKTpOHHOTO €HepreTUYHOTO CIIEKTPY, MU PO3pa-
XyBaJIX JIMCHY Ta YABHY CKJIAIOBI miesleKTpryuHol QyHKIi. Hapernri, dhyHmaMmeHTaIbHI OITUYHI BJIACTHBOCTL
TBepaux po3unHiB Gai-ScxAs orpuMano 3a goromoroio criseigHomens Kpamepca-Kpowira, sokpema mokas-
HUK 3aJIOMJIEHHS Ta KOeIITIeHTH eKCTUHKIT] Ta IMoryimHaHHA. Ha 0CHOBI eJIeKTPOHHOTO €HePTreTHYHOTO CIIe-
KTPY PO3pax0oBaHO MIMCHY Ta ysIBHY KOMIIOHEHTH JlesleKTpudaHol (ynrmil. Hapemrri, Ha migcraBl coiBBigHO-
menb Kpamepca—Kpownira onep:kano dpynnamenTanbai ontuasi QyHKIHN] TBepaux posdunHiB Gai - «ScxAs, 30K-
peMa MOKa3HUK 3aJIOMJICHHS 1 KOe(IIieHTH eKCTHHKIII Ta OTJIMHAHHS.

Kiouosi ciiosa: GaAs, Enexrponna enepreTudna crpykrypa, ['yeruna craumis, 3a6oponena 3oua, [TokasHuk
sastomsteHHst, ONTHYHA JleJIeKTPUYHA QPYHKITISA.
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