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Abstract

Structural, electronic and optical properties of Sc-based aluminum-nitride
alloy have been carried out with first-principles methods using both local
density approximation (LDA) and Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional. This latter provides a more accurate description of the lattice pa-
rameters, enthalpy of formation, electronic and optical properties of our alloy
than standard DFT. We found the transition from wurtzite to rocksalt struc-
tures at 61% of Sc concentration. By increasing the scandium concentration,
the lattice parameters and the band gap decrease. The HSE band gap is in
good agreement with available experimental data. The existence of the strong
hybridization between Sc 3d and N 2p indicates the transport of electrons
from Sc to N atoms. Besides, it is shown that the insertion of the Sc atom
leads to the redshift of the optical absorption edge. The optical absorption of
ScxALi4N is found to decrease with increasing Sc concentrations in the low
energy range. Because of this, Sc,Al,_«N have a great potential for applications
in photovoltaics and photocatalysis.
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1. Introduction

Recent theoretical [1] [2] and experimental [3] [4] researches show that ScN
is a promising material for medium and high temperature thermoelectric ap-
plications. It has suitable thermal and electrical properties for thermoelectric
application, such as high melting point (2900 K) [5]. Due to its high temper-
ature stability, this material is promising for high-temperature piezoelectric
devices. These properties allow the ScN to be incorporated directly into

[II-nitride structures [6] and to growth successfully using a wide range of
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techniques in the context of lighting industry and other emerging applica-
tions, in order to improve device performance. For these reasons, the incor-
poration of scandium into aluminum nitride gives an emerging semiconduc-
tor material, with potential applications in optics and electronics due to its
unique properties.

Notice that wurtzite ScAIN is presented as an alternative to InAIN for optoe-
lectronic applications operating in the 200 - 550 nm range [7] Several experi-
mental [8] and theoretical [9] studies have been postponed to explore the prop-
erties of this alloy.

For this purpose, using LDA and HSE functional method which is less com-
putationally demanding compared to PBEO, we have made a complete theoreti-
cal study of ScAIN alloy in the wurtzite and rocksalt. We focus on structural,
electronic and optical properties cause till now we haven’t found a complete
theoretical study of electronic and especially optical properties of this compound
except reference [10] which has shown a brief study of these properties using
only GGA approximation.

This paper is organized as follows: after an introduction, we describe in Sec-
tion 2, the computational details. In Section 3, we present and discuss the main
results obtained from this study. The conclusions drawn from this study are

summarized in Section 4.

2. Computational Methods

The point of departure of our calculations is density functional theory (DFT) in
the local density approximation (LDA) with the parameterization of Perdew and
Zunger [11]. We used the QUANTUM-ESPRESSO package [12] together with
norm-conserving pseudopotentials and Trouiller-Martins [13] to report the in-
teractions between ionic cores. The simulation procedure is iterated
self-consistency with the cutoff energy of 80 and 60 Ry and a k-points grid of 6 x
6 x 6 and 12 x 12 x 6 in the reciprocal space for the rocksalt and wurtzite struc-
tures, respectively. It is notorious that the LDA leads to an underestimation of
the lattice constants and the band gaps [14] [15]. The cause of this inaccuracy is
due to the systematic error in the treatment of exchange in the exchange-corre-
lation energy (XC). A manner to overcome this shortfall is to use Heyd-Scuseria
Ernzerhof hybrid-functionals where part of the nonlocal Hartree-Fock (HF) type
exchange is mixed with a functional semilocal XC [16] giving the following equ-
ation:

Ent =aEl " (0)+(1-a)EY () +Ey (@) +E, (1)

where a is the mixing coefficient and w is the screening parameter that controls
the decomposition of the Coulomb kernel into short-range(SR) and long-range
(LR) exchange contributions.

To lead a new orientation of the effect of Sc on the AIN system for the various
concentrations, theoretical research remains essential. However, few theoretical

studies, with LDA and GGA, have been investigated for this compound. Notably,
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The local density approximation (LDA) or generalized gradient approximation
(GGA) to density functional theory (DFT) limits the theoretical understanding
of the electronic and optical properties of such materials owing to the fact that
they heavily underestimate the band gaps of semiconductor compounds. Also,
these approximations (LDA, GGA) impart typically large errors in the calculated
formation energies and the position of transition levels. This is particularly in
the case of wide band gap materials, and in materials that are intended to have
no gap in LDA. Various approaches have been suggested to surmount this dis-
cord, such as LDA/GGA + U and hybrid functional. For LDA + U, it enhances
the description of the bands related to the semi-core d states, which provides
only partial correction band gaps in materials such as ScN and InN [17]. As
though the LDA problem linked to the discontinuity of the exchange-correlation
potential as a function of the number of electrons still persists. Although, Hybrid
functional, such as HSE and PBEO [18], comprise a part of Hartree-Fock (HF)
type change in the exchangeable functional correlation (XC), only within a fixed
radius (screening length), offer a major improvement of the LDA-GGA descrip-
tion of the structure and electronic properties of many materials [18] [19] [20]

In this work, we have used the HSE, for it is less computationally demanding
compared to PBEO [21].

3. Result and Discussion
3.1. Lattice Parameters and Stability

The computed cell parameters using LDA and HSE functional for both AIN and
ScN structures are presented in Table 1 together with the available theoretical
and experimental results. As shown in Table 1, the calculated lattice parameters
are in reasonable agreement with experimental and theoretical values, within 3%
and 1% for LDA and HSE, respectively.

AIN is known to stabilize in wurtzite structure while ScN is the rocksalt one.
Our computational results of Sc,Al,_,\N (0 < x < 1) lattice constants using both

functional (LDA and HSE) are shown in Figure 1. It can be seen that the variation

Table 1. LDA and HSE calculated lattice parameters for binaries AIN and ScN in both rocksalt and wurtzite structures compared

with available experimental and theoretical results.

a(A) c/a
LDA HSE Oth. Cal. Exp. LDA HSE Oth. Cal. Exp.
4.05 [22],
RS 4.01 4.04 . 02[ 23] 4.05 [24] - . . y
AIN -02[23]
WZ 3.08 3.10 3.10 [25] 3.11 [26] 1.63 1.61 1.62 [25] 1.60 [26]
RS 4.40 4.45 445([22] 450 [27] - - - -
SeN 3.54 [22], 1.57 [22],
WZ 3.54 3.55 - 1.58 1.64
3.50 [28] 1.60 [28]
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Figure 1. Lattice parameters as a function of scan-
dium composition.

of the lattice parameters of the ternary alloy in both rocksalt and wurtzite struc-
tures, as a function of the scandium composition are not important, the same
behavior is seen for the c/a lattice parameter which may be attributed to the dif-
ference in atomic radii of Sc and Al atoms and to the small difference between
the lattice parameters of the binary compounds.

To understand the behavior of stability of this alloy, the study of thermody-
namic properties is essential, in particular as regards enthalpies of formation.
AIN and ScN are stable in the wurtzite and rocksalt phases, respectively. The
mixing enthalpy (Hmi) of ScxAli_«N alloy with different phases can be expressed

as:

H i (Sc, Al N) = E(ScN, Rocksalt) - (1-x ) E(AIN, wurtzite) (2)

where E is the total energy per unit cell of the bulk compound x and (1 — x) are
the ScN and AIN mole fraction, respectively.

Hoglund et al [29], using first-principles calculations, have calculated the lat-
tice parameters and mixing enthalpies of cubic, wurtzite and hexagonal
SciAl_«N and they found the transition from cubic to wurtzite structures at x =
0.45, which deviates from the experimental results (x = 0.60) [29].

The obtained results with HSE functional of the mixing enthalpy (Hmi) of
SciAl N alloy with, rocksalt (RS) and wurtzite (WZ) phases are presented in
Figure 2. The ternary alloy changes from hexagonal to cubic when the ScN mole
fraction exceeds 0.61 fractions. This value is consistent with the observed expe-
rimental result (x = 0.6) [29]. As a result of this, the calculated result fall in the
vicinity of the stable region from the experimental and makes the HSE function-

al more consistent with the experimental data.
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Figure 2. Mixing enthalpies in wurtzite and rocksalt phases.

3.2. Electronic Properties

The calculated band gaps of the binaries constituents in WZ and RS structures are
tabulated and compared with the experimental values in Table 2. We display in
Figure 3 the obtained energy gaps of SciAl;N, using LDA, HSE and compared
them with experimental and other theoretical results. A decrease in band gap with
increasing Sc content is observed experimentally [8]. Our results obtained with
LDA are in good agreement with other LDA-theoretical results, although notably
smaller than those obtained experimentally. For example, the LDA band gaps of
RS and WZ-AIN are 4.32 eV and 4.23 eV which in agreement with Jiao [30] and
Berkok [23] respectively. The same for RS and WZ-ScN are 0.10 eV and 2.9 eV
which in accordance with other LDA-theoretical results [8] [23] [35], but underes-
timated by about 1 eV compared to the experimental values.

To surmount this problem, we have used the standard HSE hybrid functional
(a = 25). The band gap values determined by the hybrid functional are signifi-
cantly improved and the discrepancy with experiment results is about 2%. Whe-
reas, those calculated by the standard DFT are about 10% smaller than the expe-
rimental values. Our results demonstrate well, that HSE emerges as an appropri-
ate method for the study of electronic properties of semiconducting alloys.

Recently, Deng et al. [8] demonstrated that the optical absorption of hexagon-
al SciAl;«N indicates a band gap of 6.15 - 9.32 x eV for 0 < x < 1 and a linearly
increasing density of defect states within the gap. The average bond angle de-
creases linearly with x, suggesting a trend towards the metastable hexagonal-ScN
structure. Zhang et al [38] noted that the Wurtzite-structure ScAIN alloy is a

wide band-gap semiconductor, which can be stabilised at low Sc contents.
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Table 2. LDA and HSE calculated band gaps for binaries AIN and ScN in both rocksalt
and wurtzite structures compared with available experimental and theoretical results.
(DG and IG denoted direct or indirect gap, respectively).

Eg (eV)
LDA HSE Oth. Cal. Exp.
4.47 [30],
RS(IG) 4.32 4.40 [30] 4.40 [32]
AIN 5.82 [31]
WZ(DG) 4.23 5.45 4.62 [23] 6.28 [33]
-0.15 [23],
RS(IG) 0.10 1.30 1.30 [36]
—0.19 [34]
ScN
2.91 [23],
WZ(G) 2.90 3.20 [23] 3.50 [37]
2.90 [35]
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Figure 3. Energy band gap versus Scandium content.

In order to get a better understanding of the electronic structure of the inves-
tigated compounds, we display in Figure 4 the total densities of states (TDOS) of
ScxALLN for both structures.

Note that the valence band states of intrinsic AIN are composed of two main
parts: the upper part which is primarily derived from N s orbitals and the lower
part which is mainly due to the N p orbitals for both RS and WZ structures.
Once the Sc composition increases, we note that the peak in the lowest valence

band increases. Also, the conduction band gradually shifts towards low energies.
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Figure 4. LDA and HSE calculated of total densities of states (TDOS) of ScAIN in wurtzite and rocksalt phases.

Using HSE functional, we note a blue shift of the conduction band minima in
the case of WZ-ScN and an appearance of a valence band located at about —12
eV. Likewise, we note a widening of the gap.

To further study the electronic properties, the partial densities of states of
SciAl N alloy are shown in Figure 5. We note that, the top of the valence band
and the bottom of the conduction band are mainly composed by the N-2p states
and Sc-3d states, respectively. The strong hybridization between Sc-d and N-p
indicates the transfer of electrons from Sc atoms to N atoms and their participa-
tion in the ionic bonding between Sc and N atoms. The incorporation of Sc atom

largely affects the electronic states of neighboring N atoms.

3.3. Optical Properties

In the following, the optical properties of Sc-ordered AIN systems will be syste-
matically discussed on the basis of dielectric function, absorption coefficient and
refractive index. All the results are presented with the polarization vectors per-

pendicular to the c-axis.
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Figure 5. The HSE partial densities of states (PDOS) of ScAIN in wurtzite and rocksalt phases.

The complex dielectric constant ¢ is defined by & =g, +ig, . The imaginary
part of the dielectric function is completed within the electric dipole approxima-
tion equation. The real part can be assessed from the imaginary part by using the

Kramer-Kronig relations and given in our recent paper [39] as follows:

gz(a)):g—t[miwjzXZVYC{J‘BZ(ZZCITK)A&MCV(K)|Zx5[EC(K)—EV(K)—ha)}}
)

()1 28 20K Ja-Mey (K)| . 7

1(@)=1 gomzZv,c.[Bz(Zﬂ)B[EC(K)—EV(K)} [Ec(K)_EV(K)]Z—hZCOZ
@)

Figure 6 illustrates the HSE calculated of the imaginary part &,(w) for AIN,
ScN and Sc Al N. For AIN, there are three major peaks located at 4.30 eV, 7.50
eV and 8.50 eV and two main peaks located at 9.11 eV and 12 eV for the wurt-

zite and roksalt structures, respectively. These results are in agreement with the
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Figure 6. The HSE imaginary part & (w) of the dielectric function for Sc-doped AIN.

available experimental results [40]. The first peak (4.3 eV for WZ and 9.11 eV
for RS structures) should be mainly due to the interband transitions, between
N-2p orbitals in the highest valence band and Al-3p in the lowest conduction
band. The second peak is mainly due to the interband transitions from N-2s and
Al-2p orbital as seen in the DOS given in Figure 5.

By increasing Sc concentration, the peaks move to lower energies. This might
be strongly dependent on the ionic polarization of the ScAIN crystal due to the
large electronegativity of N. For pure ScN, the major peak is at about 2.00 and
4.5 eV, for RS and WZ structures correspondingly, which is mainly derived from
the optical transition between the Sc-d states and N-p states.

Our results of ScN rocksalt are in agreement with experimental values [41].

The real parts of the dielectric function &(w) are shown in Figure 7. For the
binary WZ-AIN, £0) given by the low energy limit of &(w) is about 4.6 eV, which
is in accordance with experimental and other theoretical results (4.61, 4.70 eV
[42] [43]). As far as we know, for the RS-AIN and WZ-ScN there are no experi-
mental data available related to the static macroscopic dielectric constants, and
this can serve as a prediction for future investigations.

As displayed in Figure 7, the ScAIN material presents a similar trend mainly
for higher energy, for both WZ and RS structures, which behave like a metallic
property above 7.01 eV for WZ-AIN and 3 eV for RS-ScN.
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Figure 7. The HSE real part & (w) of the dielectric function for Sc-doped AIN.

The dielectric functions are sufficient to derive other physical properties like
the absorption coefficient and refractive index.

For this purpose, we present in Figure 8, the optical absorption coefficient of
Sc doped AIN alloy. As can be seen, the absorption coefficient decreases with the
increase of Sc concentration, in good agreement with the previous calculation.
This decrease is mainly ascribed to the reduction of Al p states. It is also clear
that the absorption edge of Sc:AliN alloys shifts evidently to lower photon
energies with the increasing Sc doping concentration, compared to that of pure
AIN. Our obtained results are in agreement with those of Zhu et al [10]. More-
over, the absorption coefficient of Sc-doped AIN systems decreases with Sc con-
tent, as shown in Figure 8, which is mainly, ascribed to the effect of Sc 3d states.

The absorption region is quite wide and it is still located in the UV region.
The line shape is almost the same for the doped and undoped AIN systems in the
high-energy range. Therefore, this material could be employed in optoelectronic
devices of short wavelengths, such as UV detector and light-emitting diodes
(LEDs). These properties indicate that the concentrations of Sc dopant affect
mainly the optical properties specifically in the high energy range.

The refractive index n(a)) is a very important physical parameter related to
microscopic atomic interactions. The knowledge of this index is necessary for ac-

curate modeling and design of devices. Thus, the refraction index, absorption

DOI: 10.4236/jamp.2024.122038

578 Journal of Applied Mathematics and Physics


https://doi.org/10.4236/jamp.2024.122038

A. Said et al.

RS Wz
60 T T 0 T T

Absorption (cm™')

E (eV) E (eV)

Figure 8. The HSE absorption edge of ScAIN alloys.

coefficient and other optical constants can be obtained [44] [45]. The refraction

index is given in Equation (5).

N

n(a)):%[ & (o) +¢, (o) +51(a))} (5)

Figure 9 shows the refractivity index n(@) of ScAIN systems in the energy
range of 0 - 30 eV. For AIN, the static refractive index 1(0) is found to be 3.10
and 2.62 for RS and WZ structures, respectively. It is also noted that the values
of n(w) increase with the increasing photon energy in the transparency region
hit record highs in the ultraviolet at about 7.72 eV and 4.8 eV in RS and WZ
phases of AIN, respectively.

Our results are in accordance with other’s calculated and experimental results
[40]. As can be seen by increasing Sc content, the low photon energy range (<10
eV) is characterized by appreciable refractivity, whereas, in the 12 - 27 eV pho-
ton-energy range, the refractivity undergoes a change from the strongest located
at to the second weakest. At the photon-energy range of 25 - 30 eV, the refrac-
tivity shows an opposite trend.

The imaginary part, absorption edge and refractive index of the rocksalt phase
are quite different from those of the wurtzite phase. These results endorsed that
either RS or WZ-ScAIN can be a material of choice for optoelectronics and solar

cell applications.
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Figure 9. The HSE refractivity index 1 (w) of SCAIN systems.

4. Conclusions

We have presented the fundamental properties of both RS and WZ structures of
Sc:AlxN (0 < x < 1) using density-functional calculations within LDA and HSE
functional. This study reveals that HSE performs well in reproducing the experi-
mental crystal structures, band gap values and mixing enthalpies of Sc,Al_ N
compounds. Also our calculations show that, the phase transition from WZ to RS
is occurred at x = 0.61, in perfect agreement with experimental result. The varia-
tion of the lattice constants is almost linear, this latter increases with the increase
of the Sc concentration. The band gap decreases with the increase of Sc concentra-
tion in the RS phase. In particular, as the Sc concentration increases, the edge of
the CB is shifted rightward due to the effects of the 3d shell of scandium.

The absorption edge of Sc.Al,\N alloys shifts to lower energy range with in-
creasing Sc doping when compared to the pure AIN. The relations of the optical
properties to the interband transitions were also discussed. The calculation de-
tails presented here are useful to initiate further experimental investigations and

providing a prediction for these materials.
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