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We have studied the Ilmenite, Perovskite and LiNbOj3 type crystal structures of ternary oxide MgSnOs by first-
principles methods using density functional theory (DFT) and beyond. We conclude that MgSnO3 in LiNbO3
type is both mechanically and dynamically stable, whereas Ilmenite and Perovskite crystal structures are me-
chanically stable but dynamically unstable. Vibrational stability in MgSnOs warrants some distortion in the
octahedra caused due to the strength of bonding between the atom pairs Sn-O in LiNbOj3 type crystal structure.
Similarly, Ilmenite and Perovskite crystal structures require a higher number of Mg-Sn and (Mg-Mg, Sn-Sn, O-O
and Mg-O) bonds respectively. Ilmenite and LiNbO3 type crystal structures can be used as window layers
featuring a large bandgap of 5.22 eV and 3.88 eV respectively, along with a lower absorption coefficient and
reflectivity. Likewise, Perovskite crystal structure with a bandgap of 2.55 eV can be deployed as an absorber
layer that traps green light of the solar irradiation in tandem solar cells. Perovskite crystal structure has the
lowest charge carrier effective masses among all the structures in MgSnOj3. LiNbOj3 type crystal structure shows a
high hardness of 56.5 GPa. It should be tested experimentally in applications requiring super-hard materials.

1. Introduction [3]. Similarly, Rani et al. also synthesized Ilmenite crystal structure

using simple mixing method [4]. Likewise, Rashad et al. have also

Polycrystalline MgSnOs exists in three different structures, viz.
LiNbO3 type (space group R 3 c), Ilmenite (space group R 3), and
Perovskite (space group Pm 3 m) crystal structures [1-7]. Recently,
Fujiwara et al. [1] synthesized MgSnO3 by molecular beam epitaxy
method in the LiNbOs type crystal structure and measured a wide
bandgap of 4.0 eV. The wide bandgap can be utilized as a prospective
window layer of solar cells. Hence, MgSnOs in LiNbO3 type crystal
structure can be helpful in the smooth movement of charge carriers as a
transparent conductive oxide layer of solar cells. Besides its experi-
mental synthesis, some theoretical studies have also been reported. Chen
et al. have utilized Modified Becke Johnson (MBJ) potential to study its
opto-electronic properties [8]. Similarly, Xu et al. have studied
compressive strain on it by using SCAN, MBJ and Meta Generalized
Gradient Approximation (MetaGGA) potentials [9]. Likewise, study on
the stability was done by Zhu et al. utilizing GGA PW91 potential with
Hubbard U corrections [10].

In addition to LiNbOj type crystal structure of MgSnOs, Ilmenite
crystal structure also has been experimentally synthesized by using
spray pyrolysis technique at a constant substrate temperature of 350 °C
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synthesized the structure in powder form using co-precipitation method
[5]. Also, Kiruthiga et al. synthesized this structure using nebulizer
spray pyrolysis method at a constant substrate temperature of 400 °C
[2]. Various other experimental techniques have been able to prepare
this structure [11-13]. No theoretical work on Ilmenite structure of
MgSnOg has been reported yet.

Another crystal structure of MgSnO3 is Perovskite. Experimental
synthesis of this structure has not been reported yet, however, there are
some theoretical works. Mahmood et al. have studied its mechanical and
thermoelectric behavior using Full Potential Linearized Augmented
Plane Wave (FP-LAPW) method under Perdew-Burke-Ernzerhof (PBE)
GGA functional [7]. Similarly, Kumar et al. have studied the geometric
prediction of its formability by studying its tolerance factor (t) defined as

[6]:
t = ryg+r0+ V2 (ren+70) (€]

where 1y, s, and rp are the ionic radii of Mg, Sn and O respectively. t =
1 corresponds to an ideal perovskite whereas other t values represent
tilting or rotation of the octahedra in the structure.
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MgSnOs is synthesized from highly earth abundant and non-toxic
metals which are relatively low cost and easily recyclable [14]. Also,
their lattice constant matches with potential adjacent layer materials
that helps in the experimental growth of these layers. Although these
individual crystal structures are experimentally synthesized, these ma-
terials have not been utilized yet as layers in solar cells. Despite its large
potential for solar energy applications, a holistic description of the
various physical structures of MgSnOs has not been done yet. Hence, we
have studied it in the three crystal structures described above, which are
highly studied so far due to their relative stability over other crystal
structures. Moreover, we have also computed and compared their
structural, mechanical, vibrational, and opto-electronic properties. Our
study reveals that some form of distortion is necessary to stabilize these
structures. We have also found that Ilmenite and LiNbOj3 type crystal
structures are potential window layers whereas Perovskite crystal
structure can be a green light absorber layer in tandem solar cells.
Additionally, LiNbOs type crystal structure can be utilized as a
super-hard material.

2. Computational methods

All the density functional theory (DFT) and beyond computations
were executed on Vienna Ab initio Simulation Package (VASP) [15-18].
The Perdew-Burke-Ernzerhof (PBE) [19,20] exchange-correlation
functional was implemented in the GGA to perform the
Projector-Augmented-Wave (PAW) method [21,22]. Semi-core elec-
trons were included in the calculations in addition to the outer core.
PAW PBE VASP pseudopotentials, i.e., ‘Mg sv’, ‘Sn_d’, and ‘O_s’, were
used. Plane waves of energy cut-off of 500 eV were used with a
I'-centered k-point mesh, placing 4000 k-points per reciprocal atom
(KPPRA) in our calculations [23-25]. Each atom was structurally
relaxed until the forces were under 0.01 eV/A, and the convergence in
energy in electronic iterations of 10~® eV/atom was set while deploying
a Gaussian smearing of width 0.05 eV [26-28]. At the beginning, initial
crystal structures were taken from the Materials Project [29].

Presence of magnetic properties was also gauged during the relaxa-
tion process. After relaxation, high-precision static calculations were
performed to calculate the accurate ground-state energies of the re-
actants and products to calculate the formation energy. Formation en-
ergy per formula unit of MgSnO3 was calculated as [30-32]:

AE = E(MgSnO,) — E(Mg) — E(Sn) —3E(0,)/2 @)

where E(Mg), E(Sn), and E(Oy) are the ground-state energies of mag-
nesium (space group: P63/mmc), tin (space group: I4,/amd), and oxygen
dimer in vacuo, respectively.

Elastic constants were computed involving strained supercells by
calculating the Hessian matrices of directional second derivatives of
energy with respect to cell distortion using finite differences [31,33-40].
For each structure, the elastic tensor (Cy) thus obtained was utilized to
derive the mechanical properties following the Voigt—Reuss-Hill [26,
41-45] method, as described below:

The bulk and shear moduli in the Voigt approximation are given by:

By = [Ci1 +Cp+C3;3+2(Cia+Ci3+Cx)] /9, and 3)
Gy = [(Cli+Cpn+C33 = Cia = Ci3— Cp3) +3(Cas + Css + Ces)] / 15 (D)
respectively. Similarly, in the Reuss approximation, they are given by:
Br = [(S11 4 Sa + S33) + 2(Si2 + Si3 + 823)] ', and 5)
Gr= 15 [4(S11 + S22 + S35 — S12 — S13 — S23) + 3(Sus + Sss + Se6)] ', (6)

respectively, where S;; is the elastic compliance tensor obtained as the
inverse of elastic tensor G;. In the Hill approximation, the average bulk
and shear moduli are given by:
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B = By + Bg)/2 and G = (Gy + Ggp)/2 @

respectively. Eventually, Pugh’s ratio and Vickers hardness can be ob-
tained by:

K = B/G and Hy = 0.92¢""7G**® 8)

as elaborated by Pugh [46] and Tian et al. [47-50], respectively.

Also, the mechanical stability of each structure was determined by
assessing positive definiteness of elastic tensor G;; as described by Born
criteria [51].

Electronic bandgaps are underestimated by the GGA and the Local
Density Approximation (LDA) exchange-correlation functionals [52].
Therefore, in such calculations, we implemented the Heyd-Scuser-
ia—Ernzerhof hybrid functional (HSE06) [53,54], which combines 25%
of the exact exchange from Hartree-Fock theory, and 75% of the ex-
change from GGA. In the context of semiconductors and insulators, this
hybrid functional has been shown to predict experimental results more
accurately [35,52,55,56]. Thus, by using HSEO6 functional, we have
calculated the electronic density of states (DOS), band structure, and
frequency-dependent complex dielectric function (e; + ie) for all the
three structures of MgSnOs. Band structure calculation was utilized to
calculate effective masses (m*) of holes (mp/m,) and electrons (me/m,)
using the Sumo [57] package, where my, and m, are hole and electron
masses, respectively, within the material and m,, is the standard electron
rest mass.

To gain further insight into the chemical bonding, we calculated
Crystal Orbital Hamilton Populations (COHPs) using the Local-Orbital
Basis Suite Towards Electric-structure Reconstruction (LOBSTER)
package [32,34,48,58-64]. Furthermore, to assess the charge trans-
ferred in the formation of the compound, we calculated effective charges
on each chemical species by Bader analysis [65-68]. To understand the
phonon behavior inside the crystal, we used the Phonopy [69] package
to calculate phonon DOS and band structure for MgSnOs.

3. Results
3.1. Structural and energetic properties

We began our computations from three ordered conventional unit
cells of the three different crystal structures, viz. Ilmenite, Perovskite
and LiNbOs3 type. Conventional unit cell of Ilmenite crystal structure
with space group R 3 has 30 atoms; where 6 atomic sites are occupied by
Mg and Sn each in 6¢ Wyckoff positions, and 18 atomic sites are occu-
pied by O in 18f Wyckoff positions. Also, conventional unit cell of
LiNbOg type crystal structure with space group R 3 ¢ has 30 atoms;
where 6 atomic sites are occupied by Mg and Sn each in 6a Wyckoff
positions, and 18 atomic sites are occupied by O in 18b Wyckoff posi-
tions. Similarly, conventional unit cell of Perovskite crystal structure
with space group Pm 3 m has 5 atoms; where an atomic site is occupied
by Mg in 1a Wyckoff position, another one atomic site is occupied by Sn
in 1b Wyckoff position, and 3 atomic sites are occupied by O in 3c
Wyckoff positions. Computed lattice constants for various crystal
structures of MgSnQO3 are given in Table 1. Our results closely match
with the earlier experimental and theoretical work [1,7,10,70]. As will
be described in section 3.4, Ilmenite and LiNbOj5 type crystal structures
can be beneficial window layers in solar cells. Their a-axis length has a
large 6% lattice mismatch with the c-axis length of disordered-wurtzite
MgSnNy, a potential absorber layer [71,72]. Nonetheless, thin film
growth may be considered in between disordered-wurtzite MgSnN3 and
IImenite or LINbO3 type MgSnOs. This is because both the window layer
Ilmenite or LiNbO3 type MgSnOg and absorber layer disordered wurtzite
MgSnN; have the same cation species, resulting in less defect formation
at the interface leading to better charge collection and efficiency.

No magnetic moments were found in any of the three structures
investigated. All the three crystal structures have the same octahedral
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Table 1

Lattice constants, in A, of MgSnOs in the three different crystal structures, along
with their formation energies per atom, in eV, calculated using the GGA func-
tional. Values from the literature are listed where available.

Formation
Energy (eV)

Crystal Structure Lattice Constants (j\)

Name Space a b c
Group
Ilmenite R3 5.26, = 13.90, —4.02
5.2342" a 13.8690"
Perovskitt ~ pm3m  4.02,4.00° = =a —3.59
a
LiNbO3 R3c 5.30, = 14.17, —4.22
type 5.211°, a 14.24°,
5.29¢ 14.18¢

@ Experimental Ref. [12,70].
b Theoretical Ref. [7].

¢ Experimental Ref. [1].

d Theoretical Ref. [9,10].

atomic arrangements with coordination number six. Perovskite crystal
structure has regular octahedra with all the 4OMO being right angles,
where M is either magnesium or tin, formed between any two adjacent
oxygen atoms. However, there is distortion in the octahedra of Ilmenite
and LiNbOj3 type crystal structures as shown in Fig. 1, referred to as
Jahn-Teller distortions [73]. This can be attributed to the cubic crystal
with higher symmetry in the Perovskite crystal structure against the
rhombohedral crystal with lower symmetry in the other two crystal
structures. The distortion can be understood by the average bond lengths
of first nearest neighbors between Mg-O and Sn-O within each crystal
structure as given in Supplementary Table S1. The Mg-O distances in
Ilmenite and LiNbOs type crystal structures are lesser than in Perovskite,
whereas Sn-O distances in Ilmenite is lesser and LiNbO3 type is higher
than in Perovskite, thereby causing the distortion. As will be discussed in
sections 3.3 and 3.4 below, LiNbOg type crystal structure is relatively
stable than the other two, where the distances in Mg-O (2.05 A) is
smaller than the distances in Sn—-O (2.06 }o\). In contrast, Ilmenite and
Perovskite have Mg-O (2.11 A and 2.84 Z\) distances larger than Sn-O
(1.89 A and 2.01 A) distances. Thus, there seems to have an association
between the Mg-O distances being lower than Sn-O distances and
relative stability in these three ternary oxides.

The formation energies, from Eq. (2), of all the three structures are
also given in Table 1. The LiNbOj3 type crystal structure has the lowest
formation energy per atom making it more stable than the other two
phases. Thus, LiNbO3 type crystal structure is the global minimum in the
formation energy for MgSnOs consistent with earlier theoretical work
[74]. As will be discussed in sections 3.2 and 3.3 below, the other crystal

/ Oxygen \

40MO =90°

20MO = 90°

Magnesium/Tin

a) Perovskite b) Ilmenite/LiNbOj3 type

Fig. 1. Octahedra formed by six oxygen atoms (red) and one central either
magnesium or tin atom (grey) in a) Perovskite crystal structure and b) Ilmenite
or LiNbO;3 type crystal structure. Figure was created using VESTA software
[97]. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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structures are mechanically stable but vibrationally unstable, which is
also consistent with the calculated values of formation energy being
higher for them.

3.2. Mechanical properties

Values of elastic and mechanical properties such as elastic constants,
mechanical stability, bulk modulus, shear modulus, Pugh’s ratio, and
Vickers hardness for the respective crystal structures of MgSnOs, are
given in Supplementary Tables S2 to S4. Due to the different crystal
symmetries of each phase of MgSnQs3, direct comparison of all elastic
constants is not possible. However, elastic constant C;1, related to axial
compression, is higher in the Perovskite structure than the other two
which have comparable values. Similarly, elastic constant Cy2, related to
dilation on compression, is higher in the Ilmenite structure than the
other two, out of which LiNbO3 type has the higher value than the
Perovskite. Similarly, the elastic constant C44, related to shear de-
formations, is higher in LINbO3 type crystal structure than the other two,
where the other two have similar values. The bulk and shear moduli in
the three phases decrease in the order: LiNbO3 type > Perovskite >
Ilmenite. This puts LiNbOj3 type crystal structure more resilient to both
bulk and shear deformations. According to Born criteria [51], all the
three crystal structures are mechanically stable. The Pugh’s ratio in the
three phases decrease in the order: Ilmenite (2.98) > Perovskite (2.22) >
LiNbOj3 type (1.82). As the high value of Pugh’s ratio is indicative of
malleability/ductility and low value of brittleness, Ilmenite crystal
structure is more malleable/ductile, and LiNbOj5 type crystal structure is
more brittle out of these three phases. The Vickers hardness decrease in
the order: LiNbOg type (56.5 GPa) > Perovskite (39.5 GPa) > Ilmenite
(22.2 GPa). These hardness values are higher than that of well-known
solar cell materials such as Si (11.77 GPa) [75] and CdTe (0.49 GPa)
[76]. Hence, MgSnOs in all these phases will be mechanically suitable
for application in solar cell layers. Besides solar usage, these materials
are one of the hardest materials comparable to others used in
hard-coatings industry such as TiN (25 GPa), ZrC (27 GPa), HfN (20
GPa), TaC (26 GPa), etc [77-80]. LiNbO3 type phase should be inves-
tigated further experimentally as a potential super-hard material.

3.3. Vibrational properties

Fig. 2 displays the band structure and DOS of phonons for all the
three crystal structures. For LiNbOg3 type crystal structure, we do not
observe any phonon frequency below zero, which makes it dynamically
stable out of these three crystal phases. Both Perovskite and [lmenite are
dynamically unstable. To be experimentally grown on a substrate, the
crystal structure needs to be both mechanically and dynamically stable.
In this connection, there has been no experimental study on Perovskite
crystal structure. However, Ilmenite crystal structures have been grown
by using spray pyrolysis method at a constant substrate temperature of
350 °C [3]. As our DFT calculations have been done at 0 K, these pho-
nons may behave differently at higher temperatures due to their mutual
interaction and the structure could become stable [35]. Similarly,
Perovskite crystal structure also might be experimentally viable. As
Ilmenite crystal structure has phonon population up to — 4 THz and
Perovskite crystal structure up to — 10 THz, Perovskite crystal might
need higher temperature for its crystal growth.

Further, we can observe that O gives rise to prominent peaks in the
higher frequency range around 15 THz, the Mg peaks around 10 THz,
and the Sn peaks around 5 THz in all phases. This determines that the
lighter particles have higher vibrational frequencies than the heavier
ones. In Perovskite and Ilmenite crystal structures, a gap is observed in
the phonon bands of value 3.01 THz and 8.47 THz around frequency
level of 15 THz and 20 THz respectively, whereas there is no such gap in
LiNbOs3 type crystal structure. These phonon gaps help Ilmenite and
Perovskite crystal structures to be used as sound filters and mirrors as
any phonon of frequency within the gap will not traverse in the material
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Fig. 2. Comparison of the phonon band structures and densities of states (DOS)
per unit cell of MgSnOj3 for different crystal structures, computed using the
GGA functional.

and thus will be reflected from the surface [81].
3.4. Electronic properties

Supplementary Figure S1 shows the electronic DOS for each struc-
ture of MgSnO3 computed using the hybrid HSE06 functional. The Fermi
level in all the three phases is closer to the valence band, hence, they are
all p-type materials. O and Sn states dominate around the Fermi level in
all the three crystal phases, except for the conduction band of Perovskite
type structure where Mg states are also prominent. Supplementary
Figure S2 displays Sn DOS separated into the tag and e states for each
structure of MgSnO3 computed using the hybrid HSE06 functional. For
octahedral coordination, the e; states must be above the ty; states ac-
cording to the Crystal Field Theory (CFT) [82,83], and such behavior is
observed in all the crystal phases. Perovskite crystal structure has a
higher value of the e states at a significantly higher energy level above
the tyq, but the same is not true for other two crystal structures. In
Ilmenite and LiNbO3 type phases, the ey states are in slightly higher
energy level above the tog states and the taq states have a bigger peak
compared to the e; ones. This directly corresponds to the distortion in
the octahedra of Ilmenite and LiNbO3 type phases compared to the
regular octahedra of Perovskite phase. We conclude that some distortion
is necessary in the octahedra for the stability of MgSnO3 [84] because
LiNbOg3 type phase is stable, as discussed in the previous paragraph.
Moreover, Ilmenite crystal structure is also found stable experimentally
at a higher temperature. In addition to this, Ilmenite crystal structure
also has a lower negative value of its phonon frequency than the
Perovskite structure. Whenever the octahedra is distorted, the metal
atoms come more closer than in the regular octahedra which helps to
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form metallic bonds as the apices of the e; orbitals will interact and
cause the tog states to rise up in the energy level and occupy more states
[85]. The design of stabilization due to the strength of such metallic
bonds help to stabilize the LiNbO3 type and Ilmenite crystal structures.
To elaborate these findings, Supplementary Figure S3 shows bonding
interaction between atomic orbitals projected from the plane waves
known as pCOHP computed using GGA functional [19,20]. It is a
dimensionless quantity, and its negative value means positive bonding,
positive value means anti-bonding, and zero is non-bonding. As shown
in Supplementary Figure S3, all the nearest neighbor interactions above
the Fermi level in the conduction band are in anti-bonding states as
electronic states are loosely bound there. Interaction between Mg-O
does not have any substantial anti-bonding states below the Fermi level
for all the three phases. However, Sn-O and O-O interactions have
anti-bonding states below the Fermi level in all the phases but in varying
quantity. Clearly, the most unstable Perovskite crystal has larger num-
ber of anti-bonding states than the other two. It has anti-bonding states
of Sn—O interaction above around — 3 eV, whereas O-O interactions
above around — 1.5 eV. Similarly, the total number of anti-bonding
states in Ilmenite crystal structure is in between the other two struc-
tures. It has anti-bonding states of both Sn—O and O-O interactions
starting above around — 3 eV with substantial states above around — 1
eV. Finally, LiNbO3 type crystal structure has the least number of
anti-bonding states where both Sn-O and O-O interactions have
anti-bonding states arising above around — 1 eV. Besides the three in-
teractions shown in the figure, other metal-metal interactions are not
shown because they are about a tenth in relative strength, compared to
others. However, they can be valuable to understand the origin of
instability in the structure. Hence, 2 x 2 x 2 supercell calculations were
performed in order to encompass all the atomic interactions. Thus, we
have computed and analyzed the integrated result of pCOHP from — 10
eV to the Fermi level known as IpCOHP. Its dimension is equivalent to
that of energy and its larger value suggests larger bonding strength and
vice-versa. Supplementary Table S5 displays the values of [pCOHP in all
the three crystal phases for the interactions between all the pairs of
metal-metal (Mg-Mg, Mg-Sn and Sn-Sn), metal-oxygen (Mg-O, Sn—O)
and oxygen-oxygen (0-0). Sn—O and total interactions have IpCOHP
value increasing in the order: Perovskite < Ilmenite < LiNbOj3 type.
Specifically, Sn-O interaction helps in stabilizing LiNbOs3 type crystal
structure. Mg-O interaction has just the opposite trend to what just
discussed for the earlier interactions and helps to stabilize Perovskite
structure. Also, the interactions of same atomic species (Mg-Mg, O-O
and Sn-Sn) help to stabilize Perovskite structure as they have higher
value of IpCOHP in Perovskite structure than the other two. Similarly,
the Mg-Sn interaction has a lower value of IpCOHP for Ilmenite crystal
structure and helps to stabilize it. If interactions between Mg-Mg, O-O,
Sn-Sn, and Mg-O become stronger by phonon interaction or other
means at high temperature, the possibility of stabilizing Perovskite
structure exist whereas strengthening Mg-Sn bonds may stabilize
Ilmenite structure. To strengthen a particular kind of bond, theoretically
we can also think of intentionally substituting the metal atoms in the
octahedra in such a way as we maximize the number of a particular kind
of bond. In doing so, the local octet rule may be violated, and bandgaps
may change as well. To quantify the changes when such disorder is
applied, further study on the topic is necessary [86].

To understand the degree of ionicity or covalency of the bonds
existing between cation and anion, we computed effective charges on
these atoms as the charge transferred from cation to anion. Supple-
mentary Table S6 displays the charges transferred from Mg to O and Sn
to O in all the three phases of MgSnOs calculated using the GGA func-
tional. There is not much variation in the charge transferred from Mg to
O in contrast to the charge transferred from Sn to O. This can be
attributed to the spherical s-orbital of Mg in the valence state while
compared to the various apices of d-orbitals and its splitting in Sn. As all
the charges transferred are more than 1 e, the bonds are ionic and the
ionicity is higher in the bonds between Sn-O rather than Mg-O. The
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electronegativities of Mg, Sn and O are 1.23 ¢, 1.72 e and 3.50 e
respectively, based on electrostatic force calculated by Allred et al. [87].
Although the difference between electronegativities of atoms in Mg-O
bonds (2.27 e) is higher than in Sn—-O bonds (1.78 e), we surmise that the
higher charge-transferred from Sn to O compared to Mg to O can be
attributed to the higher number of valence electrons of 4 in Sn while
compared to 2 in Mg.

Bandgaps for all the three crystal structures of MgSnO3 calculated
using the hybrid HSE06 functional are given in Table 2. All the bandgaps
are indirect in nature. Bandgap for Ilmenite crystal structure is 5.22 eV
where the electronic transition takes place from k-point (—0.333, 0.167,
0.000) to I'(0, 0, 0). Likewise, the bandgap for Perovskite phase is 2.55
eV with transitions taking place from k-point R(0.5, 0.5, 0.5) to I'(0, O,
0). Similarly, the bandgap for LiNbO3 type crystal structure is 3.88 eV
that transits electron from k-point (0.167, 0.167, 0.000) to I'(0, 0, 0).
Experimentally reported bandgap of 4.0 eV for LiNbOs type crystal
phase closely matches with our result. For other two crystal phases,
experimental bandgap has not been reported yet and our results are
predictions for future experimental work. Fig. 3 displays the band
structure for Perovskite crystal structure that clearly displays the tran-
sitions that takes place between the valence band maximum (VBM) and
the conduction band minimum (CBM). The band structures of other two
phases are not shown due to the high computing resources required. The
bandgaps of Ilmenite and LiNbOj3 type crystal structures are higher than
the energy (3.26 eV) of violet color in the visible range. Beyond that
energy, Air Mass 1.5 Global (AM 1.5 G) solar irradiation (shown in
Fig. 4) also does not have substantial power to produce electron-hole
pair. Hence, Ilmenite and LiNbOs type crystal structures can be used
as window layers in solar cells. Similarly, the Perovskite crystal structure
can be used as a green light absorber in the tandem solar cells.

Bond lengths can be beneficial to describe the variation in bandgap
in different crystal structures with the same atomic constituents. Longer
bonds produce smaller bandgaps and vice versa in strained materials
[88]. From Table S1, average of the bond lengths in the three phases of
MgSnOs increase in the order: Ilmenite > LiNbO3 type > Perovskite
consistent with their bandgaps, shown in Table 2.

Table 2 provides both electron and hole effective masses in all the
three crystal phases of MgSnOs. VBM and CBM curvatures were taken
while calculating the effective masses. Both hole and electron effective
masses increase in the order: Perovskite < Ilmenite < LiNbO3 type. We
observed earlier that Ilmenite and LiNbOj5 type crystal structures can be
utilized as window layers. As Ilmenite crystal structure has lower
effective masses than LiNbOj type crystal structure, Ilmenite crystal
structure can be a better candidate for charge carrier transportation in
the window layer. The effective masses of Perovskite (0.33), Ilmenite
(0.60) and LiNbO3 type (0.71) crystal structures are lower than that of
silicon (1.06) [89], making them good candidates as absorber and

Table 2

Bandgaps, in eV, and effective masses, in standard electron rest mass m,, of
MgSnO3 in the three different crystal structures calculated using the hybrid
HSEO06 functional. Bandgaps calculated using the GGA functional are also given
for comparison. Values from the literature are listed where available.

Crystal Structure Bandgap (eV) Effective Mass (m”)

Name Space GGA HSE06 Electron Hole
Group (m;) (my;)

Ilmenite R3 3.42; 5.22; indirect 0.60 45.42
indirect

Perovskite Pm3m 0.88; 2.55; indirect 0.33 1.97
indirect

LiNbO3 R3c 2.26; 3.88; indirect, 0.71 112.28

type indirect, 4.0, 3.61;

2.8" indirect®

2 Theoretical (GGA + U) Ref. [10].
b Experimental Ref. [1].
¢ Theoretical (MBJ) Ref. [9].
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MgSnO; (Perovskite)

Energy, E - Ef (eV)

r X M r R X|M R
Wave Vector

Fig. 3. Electronic band-structure diagrams of energy vs. wave vector for
MgSnO3 for Perovskite crystal structure, computed using the hybrid HSE06
functional. Red crosses represent the conduction band minima; green dots
represent the valence band maxima. Fermi energy (Ey) is set at 0 eV. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4. Absorption coefficient, a (top panel), and reflectivity (bottom panel)
curves, left axis, of MgSnOs3 for the three different crystal structures computed
using the hybrid HSEO6 functional. Standard AM 1.5 G solar spectral irradiance
[94], right axis, is illustrated in the yellow shaded area along with the ab-
sorption curve. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

window layers in new types of solar cells with alternative materials.
However, the mobility in Perovskite crystal structure can be lesser than
in silicon as there is a possibility of higher alloy scattering [90]. In all the
crystal phases, electron effective masses are lower than hole effective
masses. For Perovskite crystal structure, it can be observed from Fig. 3
that the higher dispersion in the conduction band than in the valence
band leads to lower effective masses in electrons. Therefore, electron
effective masses are 6 times lighter than hole effective masses in
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Perovskite crystal structures.
3.5. Optical properties

Ilmenite and LiNbOs type crystal structure are anisotropic in their
interactions with photons in parallel (||) and perpendicular (1) di-
rections with respect to ab plane as shown in Figure S4. Perovskite
crystal structure is isotropic due to its cubic symmetry. Complex
dielectric function data for photon energies 0-10 eV is provided in
Supplementary Tables S7 and S8. The dielectric constants of Perovskite
(2.92), llmenite (2.29) and LiNbOj3 type (2.66) crystal structures are
lower than that of Si (11.7) [91], where the average of two directions is
considered for Ilmenite and LiNbOj3 type crystal structures. The dielec-
tric constants for the three phases of MgSnOs are nearly the same. It is
harder to achieve a higher efficiency due to these lower dielectric con-
stants because the probability of charge separation is reduced due to
weakly screened coulombic attraction [92].

The complex dielectric functions for Ilmenite, Perovskite, and
LiNbO3 type crystal structures are plotted in Figures S5, S6 and S7,
respectively. Real part shows the first peak around the bandgap of each
material in each direction for all the three phases of MgSnOs3. Similarly,
some positive value in imaginary part is observed for each material after
the bandgap. For the anisotropic crystal phases, both the real and
imaginary parts have overall similar character over the range of photon
energies displayed in the figures. Right after the first peaks in the real
part of the dielectric function in all the crystal phases, the other peaks
decline except in the parallel direction of Ilmenite crystal structure.
Similarly, the imaginary part increases after the first peak in all the
crystal structures. In all the crystal phases of MgSnOs, above around 15
eV of photon energy, the real part starts to increase and the imaginary
part decreases. The peaks in the real and imaginary parts of the dielectric
function in all the phases denote various inter- and intra-band transi-
tions [93]. For the visible range, 1.63 eV-3.26 eV, real parts in all the
phases nearly plateau around their dielectric constant whereas the
imaginary parts plateau at zero.

Fig. 4 shows plots of absorption coefficient and reflectivity versus
photon energy for all the three crystal structures of MgSnOs, where
average of all the directions was considered for Ilmenite and LiNbO3
type crystal structures. The spectral irradiance of the AM 1.5 G spectrum
[94] is also plotted along with the absorption coefficient for comparison.
There is not significant absorption in any of the three crystal structures
in the visible region, because the absorption coefficient resulting in
substantial efficiency in solar cells must be around 10° cm ™! [95], and
these materials have only below 10* cm™!. However, the absorption
slowly rises for the higher photon energy for all the crystal phases. The
rise in the absorption coefficient is higher in Perovskite crystal structure
which is beneficial as it can be utilized as an absorber layer. Out of the
other two crystal phases, Ilmenite crystal structure has lower absorption
coefficient rise which is beneficial as a window layer in solar cells. The
reflectivity is near to zero for all the crystal structures. Behavior of the
reflectivity curves is equivalent to the absorption curves. Such a lower
reflection makes Perovskite phase a better absorber, whereas the other
two phases a better window layer.

4. Conclusion

We have computationally studied the structural, mechanical, vibra-
tional, and opto-electronic properties of MgSnOs in the three different
crystal forms. Our study confirms that MgSnOs in LiNbO3 type is both
mechanically and dynamically stable, whereas Ilmenite and Perovskite
crystal structures are mechanically stable but dynamically unstable. The
underlying reason behind the vibrational stability has been understood
as the distortion in octahedra caused due to the strength of bonding
between Sn-O atoms in LiNbOj3 type crystal structure. In order to sta-
bilize Ilmenite and Perovskite crystal structures, future endeavors must
be carried towards increasing the number of Mg—Sn and (Mg-Mg, Sn-Sn,
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0-0 and Mg-0) bonds respectively. Bandgap, absorption coefficient and
reflectivity suggest that Ilmenite and LiNbO3 type crystal structures can
be used as window layers, whereas Perovskite crystal structure can be
utilized as an absorber layer that captures green light of the solar irra-
diation in a tandem solar cell. Our study on the charge carrier effective
masses has confirmed that Perovskite crystal structure has the lowest
effective masses among all the structures in MgSnOs, whereas Ilmenite
crystal structure has lower effective masses than LiNbO3 type crystal
structure to be used as a window layer. Beyond solar cell usage, LiNbO3
type crystal structure with Vickers hardness of 56.5 GPa can be utilized
as a super-hard material.
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