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The research examines the exceptional physical characteristics of MgzABz (A = N, Bi; B =F, Br, |) perovskite
compounds through density functional theory to assess their feasibility for photovoltaic applications.
Mechanical characterization further supports their stability where out of all the compounds, MgszBils
demonstrates high ductility, while MgsNFs and MgzBiBrsz possess a brittle nature. The calculated elastic
constants and anisotropy factors also substantiate their mechanical stability, while there is an observed
declining trend in Debye temperature with increase in atomic number. From the electronic point of view,
MgzNFz can be considered as a wide-bandgap insulator with the bandgap of 6.789 eV, whereas MgzBiBrz
and MgsBils can be classified as semiconductors suitable for photovoltaic applications bandgaps of 1.626 eV
and 0.867 eV, respectively. The optical characteristics of such materials are excellent and pronounced by
high absorption coefficients, low reflectivity, and good dielectrics, which are very important in the
collection of solar energy. Among them, MgzBiBrs and MgsBils possess high light absorption coefficient,
moderate reflectivity, and good electrical conductivity, indicating that they are quite suitable for applying

the photoelectric conversion materials for solar cells. In addition, thermal analysis shows that MgzNFs is
Received 2nd January 2025

Accepted 14th February 2025 a good heat sink material, MgzBiBrz and MgsBils are favorable for thermal barrier coating materials. Due

to their high absorption coefficients, low reflectance and suitable conductivity, both MgzBiBrs; and
DOI: 10.1039/d4ra09093d MgsBils could be regarded as the most appropriate materials for the creation of the next generation of

rsc.li/rsc-advances photovoltaic converters.

production.” Materials like silicon (Si), GaAs, CdTe, and
Cu(In,Ga)(S,Se), (CIGS) have achieved remarkable advance-
ments in PV applications, with crystalline silicon dominating
commercialization due to its high power conversion efficiency
(PCE), stability, and radiation resistance.>* However, the non-
ideal, indirect bandgap of silicon and high fabrication costs
limit further development.* Since 2009,” halide perovskites have

1 Introduction

Photovoltaic (PV) technology plays a crucial role in reducing
environmental pollution and decreasing reliance on fossil fuels,
positioning it as a key solution for sustainable energy
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emerged as transformative materials in solar energy, charac-
terized by optimal bandgaps, high absorption coefficients,
exceptional charge carrier mobility, and defect tolerance.®”
These features have driven their PCE from 3.8% to 25.5% within
a decade.®? However, challenges such as the toxicity and insta-
bility of lead-based perovskites hinder their scalability.
Addressing these issues has led to intensive research into lead-
free alternatives, though their efficiency and stability often lag
behind traditional perovskites.>*®

Among lead-free candidates, the A;MX; perovskite family,
featuring elements like A = Mg?*, Ba*", Sr**, Ca®, and M =
Sb*7, As*~, P>~ and halides (X = F~, Cl~, Br~, I7), has garnered
attention. These compounds, with a cubic structure in the
Pm3m space group, exhibit direct bandgaps, high stability, and
strong optoelectronic properties, making them ideal for PV
applications.”™* Notably, the Shockley-Queisser theory

© 2025 The Author(s). Published by the Royal Society of Chemistry
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predicts a maximum PCE of 33% for materials with bandgaps
between 1.2 and 1.4 eV, aligning well with the characteristics of
A;MX; perovskites.’™® Inorganic lead halide perovskites
(ILHPs) are particularly suited for optoelectronic and photo-
voltaic uses. However, their relatively large bandgaps pose
challenges to achieving optimal PCE.™?° Recent research
highlights the necessity of tuning the bandgap to optimize
efficiency. Promising approaches include strain engineering
and compositional size tampering, both of which have been
shown to effectively reduce the bandgap and enhance PV
performance.?**® For example, the band structure of lead halide
perovskites can fragment, resulting in a significant reduction of
approximately 1 eV in the bandgap when spin-orbit coupling
(SOC) effects are considered.”

Recent studies have demonstrated significant advancements
in lead-free perovskite solar cells. For instance, He et al. ach-
ieved a PCE of 6.53% using novel MAPbBr;/CsPbBr; dual
absorbers,”® while Baruah et al. developed an inorganic La,-
NiMnOg/Cs;Bi,ls graded absorber architecture with a remark-
able PCE of 26.02%.* Rahman et al. designed a CdTe/FeSi;-
based device model, attaining a PCE of 27.35%.% In addition to
these innovations, tin-halide perovskites have emerged as
promising alternatives, offering higher theoretical efficiencies
and enhanced carrier mobility.** Materials like NaZnBr; and its
variants, such as NaZn, ;Cu, 3Br3, have shown improvements in
both stability and efficiency.** Furthermore, Ca;NCl; has
demonstrated a PCE exceeding 24.73% as an absorber, offering
advantages like visible-spectrum absorption, high chemical
stability, and environmental friendliness.** Although efficiency
data for CaRbCl; remains unreported, both materials show
potential for durable, efficient, and scalable solar cell applica-
tions, supported by their tunable bandgaps and compatibility
with low-temperature manufacturing processes.*® Recent
studies have also emphasized Mg;SbX, (X = I, Br, Cl, F) for its
structural stability and direct bandgap, further establishing its
potential as a promising material for photovoltaic
applications.**

First-principles calculations have been extensively utilized to
investigate the physical properties of perovskite materials.***®
These properties can be tailored by substituting elements,*”
introducing dopants,®® or applying hydrostatic pressure.***'
Linh et al* demonstrated that replacing alkali metals with
larger ionic radii (e.g., Li, Na, K) in (Biy sM, 5)TiO; increased the
electronic bandgap. Similarly, Gillani et al*® showed that
doping alkaline earth elements (Mg, Ca, Ba) into SrZrOj; shifted
the bandgap from indirect to direct. Hydrostatic pressure is
particularly effective in tuning the structural and electronic
attributes of A;BX; and ABX; perovskites, enabling precise
adjustments to their properties for technological applications.
This clean and non-invasive approach modifies the crystal
structure and electronic characteristics without altering the
chemical composition.**** Additionally, the optoelectronic
properties of perovskites under varying pressure have been
explored,*** highlighting their suitability for p-n junctions,
quantum wells, heterostructures, and photovoltaic or opto-
electronic devices.*””° For instance, Babu et al.®* observed
a reduction in the bandgap of CsSnCl; under compressive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pressure, which led to a phase transition from semiconducting
to metallic behavior.

Using density functional theory (DFT), this study investigates
the physical and optoelectronic properties of novel A;MX;
perovskite compounds, specifically Mg;AB; (A = N, Bi; B = F,
Cl), for photovoltaic applications. These materials are charac-
terized by their cubic crystal structures, direct bandgaps, and
exceptional stability, making them highly promising for next-
generation solar cell technologies. The objective of this work
is to evaluate their structural, electronic, and optical properties
to understand their potential for efficient solar energy conver-
sion. By leveraging first-principles calculations, this study aims
to provide insights into the design and optimization of envi-
ronmentally friendly, lead-free perovskite materials, contrib-
uting to sustainable and scalable photovoltaic solutions.

2 Computational technique

In this work first-principles electronic structure calculations
were performed using Quantum ESPRESSO software package to
gain insights into the structure of Mg;AB; (A = N, Bi; B =F, Br,
I) materials. The calculated structure was based on plane-wave
pseudopotential method with ultrasoft pseudopotentials were
chosen to ensure both the efficiency and the accuracy of the
method.*>* Exchange-correlation interactions were described
within the GGA-PBE approximation, while structural, mechan-
ical, thermal, and vibrational characteristics were investigated
in detail. There was a quantitative optimization of the k-point
sampling, k-point mesh of Monkhorst-Pack 10 x 10 x 8 and
plane-wave energy respectively 60 Ry to find the best results of
all the compounds. For more reliable estimation of energy band
and electronic and optical property calculations, the HSE06
hybrid functional was used.> Phonon dispersion was investi-
gated using density functional perturbation theory - imple-
mented in the PHONOPY> suite for detailed analysis of
dynamical stability. The ineffective vibration was studied by
employing a supercell (2 x 2 x 2) for the atomic movements of
0.01 A along the lattice directions. The mechanical stability was
estimated by calculating the elastic constants using the energy-
strain approach available in the thermo_pw package, imple-
mented within Quantum ESPRESSO.***” These advanced
computational methodologies allowed for the detailed study of
the structural, mechanical and physical properties of the
Mg;AB; (A = N, Bi; B = F, Br, I) compounds to understand if
they have the potential for use in state-of-the-art technological
applications.

3 Results and discussion

3.1 Structural and thermodynamic stability

The revealed halide perovskite presents the Mg;AB; (A =N, Bi; B
=T, Br, I) compounds with the Pm3m cubic structure.>® The unit
cell comprises seven atoms: While Mg and A atoms form a face
centered cubic cell, the B atoms are situated at the octahedral
holes, shown in Fig. 1. The atomic coordinates of these ions are
Mg (0.5, 0, 0.5), A (0.5, 0.5, 0.5), B (0, 0, 0.5), which are corre-
sponding to the 3c, 1b, and 3d Wyckoff sites. The variable-cell
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Fig. 1 Unit cell of MgzABs (A = N, Bi; B = F, Br, I) compounds.

relaxation (vc-relax) algorithm in Quantum ESPRESSO with
projector-augmented wave (PAW) pseudopotentials and the
Perdew-Burke-Ernzerhof (PBE) functional showed that the
replacement of smaller atoms (N, F) with larger ones (Bi, Br, I)
produced uniform lattice expansion through steric effects. The
calculated lattice parameters, and the relevant structural
information such as lattice constant (a), unit cell volume (V),
and formation energy (Ey) are provided in Table 1.

The negative formation energies highlighted that these
compounds are thermodynamically stable and energetically
favorable for synthesis. The enthalpy of formation (Ef) was
computed using the relation:*

_ Eioral — (XESI\(:II%d + VENia + 2ES )

E;
X+y+z

1)

Here, x, y and z are the numbers of Mg, A (N/Bi) and B (F/Br/I) at
end in the unit cell respectively. The stability of these
compounds is further evidenced by negative E¢ values, which
implies that these compounds are indeed viable for experi-
mental synthesis.

Our simulation confirms the phase stability by connecting
cohesive energy analysis with thermodynamic stability. Mate-
rials science defines cohesive energy as the amount of energy
needed to separate substances into atomic or molecular
components.®>* This has been determined using the following

eqn (1):

M
Mg;AB; (XESOI%C] + yEi)lid + ZEs]?)lid) - Etolal
Ecoh - (2)
X+y+z
In this case, EZI)%AB" is the cohesive energy of the Mg;AB; pha-

ses, and xEssia, VEmolid, and zEey 4 are the sum of the energies of
the individual isolated atoms, namely Mg, N/Bi, and F/Br/I,
respectively. In this calculation, we isolated one atom from
a cubic unit cell with edge length 16 A, k sampled the gamma
point, and relaxed. Table 1 listed the values of cohesive energies
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to assess thermodynamic stability. These results are strongly
indicated that the predicted compounds XIn,C, should be
thermodynamically stable and possibly synthesizable.

We applied the eqn (3)-(6) to calculate the reaction energy to
address the limited experimental data on the chemical stability
of the Mg;AB; (A = N, Bi; B = F, Br, I) compounds and the
synthesized Mg;NF; compound. As reference phases we use
Mg;N,,% MgF,,** Mg;Bi,,* MgBr,,** and Mgl,,*” and assume
plausible chemical reactions similar to those carried out in
preparing the original compound Mg;NF;.*® Based on that, we
calculate the formation enthalpies of Mg;N,, MgF,, Mg;Bi,,
MgBr, and Mgl,, —0.114, —0.922, —0.11, —0.175, and —0.932,
respectively. In Table 1, we summarize the final reaction ener-
gies of the compounds. We then calculate the stability of
Mg;NF; to compare the computed result to the synthesized and
stable Mg;NF;. All these values show the thermodynamic
stability of these compounds and there is no competing phase
more stable than this.

Ereae = <2AH§“g3ABS> - (A HYBNVB: | 38 H;\/Ig(F/Br/Ih) )

Mg;N; + 3MgF, = 2Mg;NF3 (4)
Mg3Bi2 + 3MgBr2 = 2Mg3B1Br3 (5)

The computed, crystallographic data are summarized in
Table 1 and compared with the previous experimental values. A
good correlation with the experimental values shows that our
calculations are provided with quite a reliable estimation. The
replacement of two elements with larger atomic radii in
Mg;NF;: Bi for N and Br or I for F, led to an increase in the
values of the lattice constants and the unit cell volume.
Geometrical optimization has been carried out with Quantum
ESPRESSO. Furthermore, the negative formation energy, nega-
tive reaction energy, and positive cohesive energy values, as
tabulated in Table 1, strongly indicate the thermodynamic
stability of Mg;AB;.

Phonon dispersion analysis was used to assess dynamic
stability by the finite displacement method® using the PHO-
NOPY program.” Structural relaxation was doneona 2 x 2 x 2
supercell with an atomic displacement of 0.01 A were used
perform the relevant calculations. In Fig. 2, the phonon
dispersion curves (PDCs) along high symmetrical points (I'-X-
M-T-R-X) excluded the negative values of the phonon
frequencies for all calculated compounds, thus proving the
dynamical stability. With seven atoms per unit cell, the

Table 1 Summarizes the lattice parameters (a), unit cell volume (V), and formation energy () for MgzABs (A = N, Bi; B = F, Br, I) compounds

Compounds a(A) v (A% E; LB Ereac Ref.

Mg;NF, 4.269this work 77.81this work —1.6589 3.221 —0.437 59
4.212°® 74.75%P

Mg;BiBr; 5.767 191.83 —2.4468 2.109 —1.258

Mg;Bil, 6.069 223.59 —~1.9767 1.875 —1.047
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Fig. 2 Phonon dispersion curve with phonon density of state of (a) MgsNFs (b) MgsBiBrs (c) MgsBils compounds.

compounds exhibit 21 vibrational modes: 3 acoustic and 18
optical. Acoustic modes with zero frequencies for I'-point are
linear (w = vk) in the small Q-vector limit. Optical modes can be
described as out-of-phase motion of the atomic planes, as
opposed to the cooperatively in-phase motion of the planes in
acoustic modes. There was not a phonon band gap between the
acoustic and lower optical modes as expected from the stability
of the vibration. These results give the theoretic foundation for
the synthesis of Mg;AB; (A = N, Bi; B = F, Br, I) compounds
owing to their structural, and thermodynamically favorable
characteristics.

3.2 Mechanical properties

The elastic behavior of a crystal depends expressly on the elastic
coefficients that characterize the response of the crystal to
applied forces. Knowledge of these properties is necessary when
it comes to comprehending mechanical characteristics of the
compound. In this research, the mechanical aspect and the
elastically related properties of the different compounds were
examined using C;;, Cj,, and C,4 constants. Perovskite
compound's mechanical stability was verified based on the
criteria: C;; — Cq2 > 0, C11 +2C;, > 0 and Cyy > 0. One of the basic
properties that determine the character of the material is its
strength.” Table 2 characterizes the individual elastic coeffi-
cients of the investigated compounds.

Thus, for Mg;AB; (A = N, Bi; B = F, B, I) mechanical prop-
erties such as bulk modulus (B), shear modulus (G), Young's
modulus (Y), Pugh's ratio (B/G), and Poisson's ratio (v) were
predicted. The bulk modulus may be taken to demonstrate the
resistance to change in volume at the application of pressure,
and the shear modulus describes the connection between shear

© 2025 The Author(s). Published by the Royal Society of Chemistry

stress and strain. Yong's modulus calculated from stress-to-
strain ratio during uniaxial deformation gives the measure of
elasticity of the material.”»”® The corresponding formulas are
given as follows eqn (7)—(11):

2Cy
A= M 7
3C - Cp 9
B_ Ci +2Cp (8)
3
G — 3Cu+ Ch — Cip 9)
5
9BG
Y = 10
3B+ G (10)

Table 2 Elastic stiffness constant (GPa) and elastic moduli (GPa) for
MgzABs3 (A = N, Bi; B = F, Br, ) compounds

Compounds Mg;NF; Mg;BiBr; Mg;Bil;
Ci1 252.51 76.36 65.09
Cio 63.36 18.58 21.42
Cus 92.10 22.49 15.81
A 0.265 0.213 0.181
B 126.41 37.84 35.98
G 93.08 24.86 18.00
Y 224.22 61.19 46.28
B/G 1.358 1.522 1.999
v 0.204 0.230 0.285
B/Cyy4 1.372 1.682 2.274
Hmacro 16.830 5.016 1.824
Hinicro 18.374 4.477 2.581

RSC Adv., 2025, 15, 5766-5780 | 5769
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yo B Y (11)
2(3B+G)

The material isotropy was established by using the anisotropy
factor (A). They stated that the value of A = 1.0 is traditionally
used to denote isotropy, and any other numerical value, which
departs from this value, indicates anisotropy.” Table 2 lists the
realistic elastic constants and related parameters. The obtained
anisotropy factor (4) values for Mg;NF;, Mg;BiBr;, and Mg;Bil;
are equal to 0.265, 0.213, and 0.181, respectively, proving their
anisotropy.

A bulk modulus (B) is a measure of material hardness;
a higher value of B of Mg;NF; consistently defines a stronger
and harder material than Mg;BiBr; and Mg;Bil;. Also, the
values of Young's Modulus (Y) and, shear modulus (G) provide
information about hardness of materials. In our calculation, we
found that both Y and G values are significantly high for
Mg;NF;, which also indicates its greater hardness compared to
the other two compounds.

For determination of ductility/brittleness, absolute Poisson's
ratio (v) is used and for it value more than 0.26 suggests ductile
material. Among the compounds, Mg;NF; and Mg;BiBr; exhibit
brittle nature, whereas Mg;Bil; shows ductile behavior (Table
2).”* The B/G ratio is also used in the classification of mallea-
bility or brittleness. A ratio higher than 1.75 is indicative of
ductility as opposed to brittleness for a lesser value of that ratio.
According to the B/G ratios, Mg;NF; and Mg;BiBr; materials are
brittle in nature while Mg;Bil; is ductile in nature.”””

The machinability index, obtained as B/C,,, is a major factor
in mechanical performance.” Low shear resistance and
a smaller C44 rating usually equate to enhanced machinability.
For example, Mg;Bil; has better machinability properties as
compared to the other compounds.

To evaluate hardness, parameters Hyao and Hghen Were
computed using the following formulas:”**

- (=2Y
HMl‘dO - 6(1 ¥ I/) (12)
and
oy 1
Hepen =2 (E) G -3 (13)

Chen's characterization of superhard materials reveals that the
hardness of such material is always greater than 40 GPa.
However, as shown in Table 2, the Hcpep, calculated for Mg;NF;,
Mg;BiBr; and Mg;Bil; reveal that those materials cannot be
referred to as superhard. In both formulas, the hardness values
indicate that Mg;NF; is harder than the other two, while
Mg;Bil; exhibits the lowest hardness.

The Debye temperature (@p) in the lattice vibration theory
corresponds to Fermi's temperature in the metal electronic
theory.®" This essential parameter is closely associated with
many thermal and physical properties of materials including
elastic coefficients, specific heat and melting point. It is there-
fore important to understand @y to evaluate how suitable
material is for electronic applications.

5770 | RSC Adv, 2025, 15, 5766-5780
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One widely used method to calculate the Debye temperature
involves elastic constant data, with @y, determined by averaging
the sound velocity, v, as expressed by the eqn (14):*

h 3n
Op = — ||=— |Nap/M |V,
D kB |:<4TC> Ap/ :| m
Here kg is Boltzmann constant, # is Planck constant, p is
material density while N, is Avogadro number, n is number of

atoms per molecule and M is molecular weight. The average
sound velocity v, is computed using eqn (15):

1/1  2\1"°
Vm:HWﬁ)]

In this equation, v, and v, are the transverse and longitudinal
sound velocities, respectively, which can be derived from Nav-
ier's eqn (16) and (17):*

(14)

(15)

v =[(3B +4G)/3p]"? (16)

and

v = [Glp]"” (17)
where B is the bulk modulus and G is shear modulus.

With these relations, the Debye temperature, sound veloci-
ties (v, v, Vi), and density (p) were computed for Mg;AB; and
the data is presented in Table 3. From the above result, the
longitudinal velocity is invariably higher than other velocities
because it is associated to particle displacements along the
direction of wave travel for longitudinal waves. For our calcu-
lated compounds Mg;NF;, Mg;BiBr;, and Mg;Bil3, it is ascer-
tained that with an increase in atomic mass the calculated
values of Debye temperature are getting down in the range of
804.67 K to 200.09 K. These changes in @y, are as a result of
differences in the elastic stiffness and bonding strength of the
materials used. Debye temperature is very much related to
hardness of the material which in turn supports the earlier
hardness calculations.®** The Debye temperature measures the
vibrational behavior of lattices in materials. The materials with
lower Debye temperatures present softer lattice structures that
contribute to enhanced stress tolerance which enables better
accommodation of thermal expansion and contraction strains.
Materials with lower Debye temperature tend to exhibit reduced
thermal conductivity. Heat transport becomes an issue when
materials exhibit lower Debye temperature values despite
having better mechanical strain accommodation.®® Mg;NF;
showing high Debye temperature characterize high hardness
while Mg;Bil; showing low Debye temperature characterizes

Table 3 Calculated density of unit cell (p), average (v,,), transverse (vy),
longitudinal (v) sound velocities and Debye temperature (®p) of
MgsABs (A = N, Bi; B =F, Br, ) compounds

Compounds p(kgm™) v, (ms™") v(ms") »ms" 6Op(K)
Mg;NF; 3070.62 5935.77 5374.16 8816.48 804.67
Mg;BiBr; 4436.64 2599.41 2346.66 3965.44 256.69
Mg;Bil; 4920.20 2132.41 1912.53 3491.27 200.09

© 2025 The Author(s). Published by the Royal Society of Chemistry
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low hardness. The low Debye temperatures of Mg;BiBr; and
Mg;Bil; suggest enhanced lattice flexibility, enabling better
resistance to thermal stress and reducing the risk of micro-
cracks during thermal cycling. This property, along with
potentially lower thermal conductivity, could improve the
device reliability and stability under prolonged operational
conditions. Due to the lack of experimental data of these
compounds, computational outcomes are anticipated to be
further validated via experimental analysis.

3.3 Electronic properties

The fundamental electronic structures, including band struc-
tures, charge density and density of states (DOS) gives an insight
to the electrical behavior of materials.*® In the present research,
analysis of the electronic band structure along high-symmetry
directions of the Mg;AB; (A = N, Bi; B = F, Br, I) perovskite
structures have been carried out. The band structure plots
presented in Fig. 3(a)-(c) are referenced with the Fermi level set
to 0 V, enabling a precise comparison of the bandgaps. The
band structure is shown along the high symmetry directions of
the Brillouin zone for Mg;AB;, including the I' - X - M — T
— R — X paths for the cubic structure. As seen in Fig. 3(a),
Mg;NF; shows the direct bandgap where the CBM and VBM are
at I'-point. On the other hand, Fig. 3(b) and (c) depicts that for
Mg;BiBr; and Mg;Bil;, the CBM is situated at I' point but the
VBM of both materials is slightly lower than that of I than R.
This arrangement results in an indirect bandgap that is very
close to a direct bandgap character for these compounds.

The GGA predicted bandgap for Mg;NF;, Mg;BiBr; and
Mg;Bil; compounds are presented in Table 4. The band struc-
ture calculated using HSEO06 is displayed in Fig. 3. From the
above compounds, the HSE06 yielded bandgaps of 6.789 eV,
1.626 eV, and 0.867 eV respectively. Semiconductor have band
gap rang 0.5-3 eV, while the material with band gap >4 eV is
typically classified as strong insulators. By sorting these
compounds according to these classifications, the HSE06-
calculated bandgap suggests that Mg;NF; is an insulator,
while Mg;BiBr; and Mg;Bil; are semiconductors. The omission
of SOC may slightly affect the bandgap values, and its inclusion
in future studies would provide more precise insights into these
properties.
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Table 4 Bandgap estimated of MgsABsz (A = N, Bi; B = F, Br, 1)
compounds

Compounds  Approach  Nature Bandgap (eV)  Ref.
Mg;NF; GGA Direct 3.738 This study
HSEO06 Direct 6.789 This study
Mg;BiBr; GGA Indirect 1.071 This study
HSEO06 Indirect 1.626 This study
Mg;Bil; GGA Indirect 0.224 This study
HSE06 Indirect 0.867 This study

In the analysis of the contribution of specific atomic states
on the electronic characteristics of Mg;AB; (A =N, Bi; B=F, Br,
I) perovskite structures, the PDOS is quite informative. Note
that in Fig. 4(a)-(c) the PDOS distribution is plotted for Mg;NF;
in the range of —10 to +15 eV, while for Mg;BiBr; and Mg;Bil;,
this range is —5 to +8 eV. The total density of states (TDOS) gives
general information of the electronic characteristics; the Fermi
level (Eg) is revealed by the vertical red dashed line at 0 eV. It is
seen that for Mg;NF;, the valence band mainly has N-p and F-p
orbitals, and the conduction band has Mg-s, p, N-s, p and F-s, p
states as depicted in Fig. 4(a). Lack of any kind of electronic
states near the Fermi level supports the view of having a large
bandgap which defines this material as an insulator. For Mg;-
BiBr;, the valence band is mostly Bi-p and Br-p composition
which suggests the substantial mixing between these states
(Fig. 4(b)). Mg-p, Bi-p, d and I-p, d orbitals play vital roles in the
conduction band and all the three bands are significantly
influenced in the conduction band by the electronic transitions.
In the case of Mg;Bil; (Fig. 4(c)), the valence band comprises the
I-p and Bi-p states with visible mixing between these two bands.
It is also clear that Mg-p, Bi-p, d and I-p, d orbitals have
contributions to the conduction band implying their relevance
for the electronic transitions. These features are characteristic
of semiconductors and particularly are suitable for optoelec-
tronics. These analyses demonstrate that the atomic states and
the orbital hybridization of electrons are significant for the
electronic characteristic of Mg;AB; compounds.

In Fig. 5, the electronic charge density maps of Mg;AB; (A
= N, Bi; B = F, Br, I) perovskite compounds are displayed to
witness the charge distribution. The shades of colour in the
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Fig. 3 Band structure of (a) MgzNFs3, (b) MgzBiBrs and (c) MgsBils.
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MgsBils compounds.

maps correspond to the charge density as pointed out by the
scale bar at the bottom of each map.

Bonds in Mg3;AB; perovskites are ionic and partially covalent
depending on charge states of ions (Mg”*, N>~ or Bi** and halogen
anions). In turn, magnesium ionized in solution as Mg>', was
participating in bond formation of both nitrogen and bismuth
with the valence halogen anion. In compounds of Mg;BiBr; and
Mg;Bil;, the halide ions have significant contribution for the ionic

5772 | RSC Adv, 2025, 15, 5766-5780

environment with strong electrostatic interaction with Mg”",
similarly bismuth (Bi*") also has got very close coordination with
Mg”" as it has got high net positive charge.

Bonding characteristics are much influenced by the halo-
gens. Fluorine (F~) being one of the highest electronegative
elements ions very strongly localize electron density around
itself, forming dominantly ionic bonds with Mg**. The ionic
radii are larger for bromine (Br™) and iodine (I7), which have
lower electronegativity and a slightly weaker ionic bond due to
more diffuse electron density distribution. But these halides are
essential for stabilizing the perovskite structure.

The bonding also includes partial covalent character for
compounds that contain bismuth and heavier halogens such as
bromine and iodine because of orbital overlap. Iodine is an
outcry concern because of its larger size and greater polariz-
ability, which makes it an especially strong covalent interaction.
Charge density maps show high electron density around halo-
gens identifying them as ionic, and diffuse charge density
around Mg?" because of its role in stabilizing this complex.
Stability and electronic properties of these materials arise from
the balance of ionic and covalent interactions.

3.4 Optical properties

The optoelectronic properties of the Mg;AB; structures (A = N,
Bi; B = F, Br, I) are investigated to understand their light
absorption, reflectivity, loss function, dielectric properties, and
other related properties. The dielectric function ¢(w) consists of
two components: the real part is denoted by ¢;(w), while the
imaginary part is denoted by ¢,(w), and can be represented by
eqn (18):

é(w) = &1(w) + iex(w) (18)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Key optical properties of MgzABs (A = N, Bi; B = F, Br, )

compounds

Compounds Mg;NF; Mg;BiBr; Mg;Bil;

£(0) 2.029 5.713 6.889
£amax(®) 3.01 (13.16 eV) 7.56 (4.30 eV) 8.706 (3.74 eV)
«(0) 6.69 eV 1.65 eV 0.98 eV
Omax(®) 13.25 eV 11.44 eV 9.25 eV

L(0) 7.13 eV 3.67 eV 1.45 eV

R(0) 2% 16% 20%

Rumax(®) 18% 37% 44%

Tmax(®) 4.68 (13.14 eV) 4.62 (8.73 eV) 4.95 (7.54 eV)
n(0) 1.41 2.39 2.63

It has been calculated by the Kramers-Kronig trans-

formation from the real part and from the momentum matrix

elements for the imaginary part.*”
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The calculated ¢,(0) values are outlined in the Table 5 below.
From Fig. 6(c) it is clear that Mg;NF; has a nearly constant
response across the full range of photon energy implying weak
electronic transitions and case of which is consistent with the
insulating property of the compound. On the other hand,
Mg;BiBr; and Mg;Bil; exhibit distinct peaks in & (w) indicating
significant electronic polarization and moderate interband
transition. The first peak of Mg;Bil; occurs around 3.47 eV,
slightly higher than that of Mg;BiBr;, due to iodine occupying
more space and being more polarized than bromine ions.
Compared with the halogen parent compound, these results
show the differences in dielectric responses owing to halogen
substitution. Although Mg;NF; is non-conductive and demon-
strates a low level of optical activity, Mg;BiBr; and Mg;Bil; have
high levels of optical activity that make them suitable for
optoelectronic applications.
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Fig.6 Calculated optical parameters (a) absorption coefficient, (b) conductivity, (c) real dielectric part, (d) imaginary dielectric part, (e) reflectivity,
(f) extinction coefficient, (g) loss function and (h) refractive index of MgzABs (A = N, Bi; B =F, Br, I).
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&(w), the second component of the dielectric function, is an
essential factor in evaluating the ability of light absorption and
the energy gain capability. The ¢,(w) for the Mg;AB; structures
are presented in Fig. 6(d) where the values corresponding to the
highest peak are also given in the Table 5. By observing the
imaginary part, it is seen that the particular materials under
consideration react to electromagnetic radiation. The imaginary
part of dielectric function ¢,(w) indicate that Mg;NF; has low
absorption with no major electronic transitions, while Mg;BiBr;
and Mg;Bil; exhibit higher absorption levels and a noticeable
peak, indicating significant interband absorption. These results
demonstrate that Mg;BiBr; and Mg;Bil; are more optically
lively compounds that are suitable for potential optoelectronic
uses.

The absorption coefficient a(w) follows the dependence of
&(w). The absorption coefficient of the Mg;AB; compounds is
displayed in Fig. 6(a), which is in the range of 10° to 10° cm™*
near the absorption edges, while the static and peak values are
given in Table 5, the result showed that Mg;NF; exhibits
significantly a lower absorption coefficient, and this is attrib-
uted to the insulating nature of Mg;NF; On the other hand,
Mg;BiBr; and Mg;Bil; show absorptivity values higher than the
previous compounds, which would make them ideal for use in
optoelectronic and photovoltaic devices.

The optical conductivity of these compounds, shown in
Fig. 6(b), does not take any action below the energy band gap
owing to the lack of electronic transitions. However, at higher
energy levels above the band gap, the conductance rises dras-
tically owing to photon stimulated excitation of the electrons
and mainly due to interband transition. All these calculated
compounds exhibit high optical conductivity, with Mg;BiBr;
and Mg;Bil; showing comparatively lower conductivity than
Mg;Bil,.

The reflectivity spectra R(w) of the Mg;AB; compounds in
Fig. 6(e) indicates different behavior within the photon ener-
gies. The low reflectivity of Mg;NF; is in concordance with the
insulating nature, whereas Mg;BiBr; and Mg;Bil;, which are
semiconductors by behavior, have higher reflectivity than
Mg;NF;, but quite perfect for absorbing materials in solar cell.
The static values of optical reflectivity of Mg;AB; compounds
are summarized in Table 5 and the highest value is 20% for
Mg;Bil;. The reflectivity values in the visible spectrum follow
the trend: Mg;NF; > Mg;BiBr; > Mg;Bil;. The static values of
optical reflectivity of Mg;AB; compounds are summarized in
Table 5.

In Fig. 6(f) and (h) are depicted the extinction coefficient k(w)
and the refractive index n(w) which describes the amount of
incident photons that are absorbed and velocity of light in the
material. Static and optical values of the refractive index for
Mg;AB; compounds are similar to the real part of the dielectric
tensor, which are shown in Table 5. The extinction coefficient
persists to be zero at within the energy band gap while the k(w)
values are high at the higher photon energies representing
interband transitions.

The last one, depicted in Fig. 6(g), characterizes the energy
loss L(w) over the course of the interaction of the electromag-
netic radiation with the material. Local maxima of L(w) are
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found to be at 18.49 eV for Mg;NF;, at 19.49 eV for Mg;BiBr3,
and 16.40 eV for Mg;Bil;, which are the points of peak energy
losses in view of interaction with electrons.

In summary, the properties of the calculated compounds are
comparable to those of well-known materials such as CHj;-
NH;PbCl;, CsPbl;, and MAPbCI;,%-°° highlighting their poten-
tial as highly efficient materials for photovoltaic energy
conversion. Optoelectronic performance in the order of Mg;-
BiBr; and Mg;Bil; is shown to be excellent, including a high
light absorption coefficient and optical conductivity, low optical
reflectivity, and a suitable band gap. Finally, their properties
make them highly attractive for photovoltaic applications.
Overall, the non-toxicity, thermal stability, and mechanical
stability of Mg;AB; compounds offer significant advantages,
highlighting their potential for use in environmentally friendly
optoelectronic devices. In future studies, we recommend
exploring the light absorption spectra of these materials using
advanced methods, such as the Bethe-Salpeter Equation (BSE)
combined with the GW method, to achieve more precise
results.”*

3.5 Thermal properties

The thermal properties of Mg;AB; (A = N, Bi; B =TF, Br, I), such
as lattice thermal conductivity, melting temperature, minimum
of thermal conductivity, and Griineisen parameters are inves-
tigated, which give a clear understanding of thermal charac-
teristics. In cubic crystals like the perovskite structure, the
melting temperature can be predicted using the empirical
formula developed by Fine et al.,** which depends on the single
crystal elastic constant:

Tm(K) = 553 + (5.911)Cyy (19)

The calculated melting temperatures for Mg;AB; (A = N, Bi;
B =F, Br, I) are given in Table 6 below where it is observed that
all the compounds exhibit a decreasing trend in their melting
temperatures as the composition varies. The thermal conduc-
tivity of a system depends on atomic interactions, and the
minimum thermal conductivity represents the theoretical lower
limit of intrinsic thermal conductivity, calculated using the
formula:**

M
Kmin - KB Vm ( (20)

-3
npNA)

We have obtained that the minimum of the thermal
conductivity of Mg;BiB; and Mg;Bil; is lower than that of
Mg;NF;. Thermal conductivity is another material property that
has to be low when it comes to application in coatings for
thermal protection which are called thermal barrier coatings
(TBC).

For perovskite materials, knowledge of the lattice thermal
conductivity Kpn is critical because it is implicated in heat
dissipation and device efficiency. The empirical Slack model,
which is valid for applications involving crystalline materials

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Calculated Gruneisen parameter (y), specific heat (C,, Cp), minimum thermal conductivity (Kmin), lattice thermal conductivity (K,p), and
melting temperature (T,,) of MgzABz (A = N, Bi; B = F, B, |) perovskite compounds

Compounds v Cp(Jmol 'K ™) Cy (Jmol ' K Kmnin Wm ™ K1) Kph (Wm ' K™ Tm (K)
Mg;NF; 1.301 89.45 89.22 1.64 75.51 2045.633
Mg;BiBr; 1.408 120.86 120.21 0.39 9.92 1004.421
Mg;Bil; 1.683 123.83 121.87 0.29 4.36 937.761
140 (a) Dulong-Petit limit (b) Dulong-Petit limit
a Dt 1409 __ ® . DulongPetitlimit 140 —— Mg,NF,
120 77T o= == T == .
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Fig. 7 The temperature-dependent specific heats (a) C, at constant volume (b) C,, at constant pressure and (c) lattice thermal conductivity of

MgzABs3 (A = N, Bi; B =F, Br, I) perovskite compounds.

where phonon edge scattering controls thermal conduction, is
used to determine Kp,. The formula is:*°

Mav@D3

Ko = A0 ent

A() (21)
where M,, is the average atomic mass, n is the number of atoms
per unit cell, T'is the temperature, v is the Griineisen parameter,
and A(y) is a factor that acts in proportion with the Griineisen
parameter. System with higher Griineisen parameter is more
anharmonic in nature and possess low phonon thermal
conductivity.

As seen in Table 6, the Griineisen parameter for all Mg;AB;
compounds is moderate. The estimates of lattice thermal
conductivity of Mg;AB; perovskite phases at 300 K are presented
in Table 6, whereas the dependence on T is shown in Fig. 7.

The lattice thermal conductivity of all three compound
decreases with increasing temperature; however, Ky, for
Mg;NF; starts at a much higher value and decreases slowly with
temperature; Mg;BiBr; and Mg;Bil;, on the other hand, expe-
rience a relatively steeper drop at low temperatures. As for the
Kpn, it is increased with the increasing of temperature but not as
much as the initial values of Mg;NF;.

A thermal property of metal is specific heat whereby varia-
tion has a profound effect on casting and heat treatment among
other operations as it defines the heat needed. Heat capacity is
a thermodynamic property that quantifies the amount of heat
required to change the temperature of a material by a given
amount. When heat is supplied to a substance, the temperature
of the material rises to levels corresponding to the heat. Fig. 7(b)
and (c) depicts the C, and C;, of states at the temperature range
of 0 to 1200 K. The result of the increase in certain heat with
temperature is thermal softening. Like for Mg;BiBr; and

© 2025 The Author(s). Published by the Royal Society of Chemistry

Mg;Bil;, the C, and C;, rise steeply in the 0-100 K range and for
Mg;NF; at the 0-900 K range. The high-temperature values are
close to Dulong Petit (DP) limit but lower than Dulong Petit
limit at all temperatures with the exception of the lowest one.
Compared with Cp,, the DP model®”*® predicts slightly lower C,
at high temperatures by 2.9-3.9% at 1200 K. Such behavior
associates this material with conventional solids, were anhar-
monic effects impact C,, at elevated temperatures. The heat
capacity values at 300 K are given in the Table 6. Based on the
computations we did, Mg;NF; has relatively low phonon mean
free path and substantial lattice thermal conductivity and
a high melting temperature meaning that it can effectively be
used as heat sink material. These properties are similar to those
of Ti,BC,* another material that is believed to act as a good heat
sink. On the other hand, while the minimum thermal conduc-
tivity (Kmin) values of the Mg;Bil; and Mg;BiBr; are low, they can
be apt for use as thermal barrier coating (TBC) materials,
however further experimental and details study need to fully
understand these applications. The obtained K, values
correlate well with the K,;, of other reference TBC materials,
Y4AL,Oq (ref. 100) and Yb,SiOs.'* This similarity further high-
lights their usefulness in the high-temperature systems where
effective thermal protection is needed.

4 Conclusion

The structural, mechanic, electrical, optical, and thermal
characteristics of Mg;AB; (A = N, Bi; B = F, Br, I) perovskite have
been investigated employing density functional theory (DFT).
Both structural and thermodynamic studies substantiate the
stability of these materials. Mechanical characterization from
analysis shows that Mg;Bil; is very ductile and easy to work
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while, Mg;BiBr; and Mg;Bil; are more brittle with moderate
hardness. Band structure electronic calculations show that
Mg;NF; has a wide direct band gap that qualifies it as an
insulator whereas Mg;BiBr; and Mg;Bil; possess indirect
bandgaps suitable for semiconductor optoelectronic devices.
While indirect bandgaps can result in slightly lower absorption
efficiency compared to direct bandgap materials, many
successful photovoltaic materials, like silicon, also have indi-
rect bandgaps and perform well. The bandgaps of Mg;Bil;
(0.867 eV) and Mg;BiBr; (1.626 V) fall outside the ideal range
for single-junction solar cells (1.1-1.4 eV) but still allow for
efficient photon absorption and energy conversion, with Mg;-
BiBr; being closer to the optimal range. These bandgaps make
Mg;Bil; a potential bottom cell material in tandem solar cells,
while Mg;BiBr;, being near the ideal limit, could contribute to
enhanced efficiency. The optical analysis for Mg;NF; shows low
conductivity because of the insulating properties, in contrast,
Mg;BiBr; and Mg;Bil; exhibit significant light-harvesting
capabilities due to their pronounced interband transitions,
high absorption coefficient, moderate reflectivity, relatively
high conductivity and reduced optical losses, which under-
scoring their suitability for optoelectronic devices, particularly
solar cells. Thermal characterization studies place Mg;NF; as
a candidate for heat sink applications while Mg;BiBr; and
Mg;Bil; with low thermal conductivity are suitable for thermal
barrier coatings. These compounds appear to offer high optical
activity, suitable electronic band gaps and chemical stability.
Unlike traditional lead-based perovskites, Mg;AB; compounds
are environmentally friendly and renewable which makes their
usage more suitable in the future generations of solar cells. This
work highly recommends the use of Mg;BiB; and Mg;Bil; in
photovoltaic technologies due to their high absorption, low
reflectivity, and closeness to the ideal bandgap incurred in
photovoltaic applications. Therefore, further research is needed
to validate such techniques and to explore how the applicability
of these techniques might be promoted.
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