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HIGHLIGHTS

e Crystal structure for MgyZn; ,SnN, simulated using special quasi-random structures (SQS).

o Opto-electronic properties of computed with the hybrid HSE06 functional.
o Hole effective masses lower than electron effective masses.

e Band gaps increase with increase in Mg concentration.

o Substantial absorption with lower reflectivity.

ARTICLE INFO ABSTRACT

Keywords:

MgyZn; .xSnNy
Bonding stability
Mechanical properties
Electronic properties
Optical properties

We have computationally studied MgyZn;«SnNy alloy system in wurtzite structure using density functional
theory and beyond. Cationic disorder of the random limit is chosen for modeling the crystal structure. Lattice
mismatch of less than 1 % in the alloy system helps in the miscibility of Mg and Zn, thus making it widely useful
in tandem solar cells. Electronic band gaps increase linearly with higher Mg concentration. These materials have
hole effective masses significantly lower than electron effective masses. Considerable absorption together with a

lower reflectivity can render this alloy an effective absorber. All the alloys are mechanically stable, but (x = 0.25)
and (x= 0.50) are dynamically unstable. These alloys also exhibit large hardness.

1. Introduction

In a single junction solar cell, the bandgap range of ~ (1.1-1.4) eV in
an absorber material layer is considered optimal to obtain a maximum
efficiency of approximately 33 % according to Shockley-Queisser Limit
[1]. Moreover, any other bandgaps of interest can be utilized for
multi-junction tandem solar cells. For example, in a three-junction solar
cell design, arbitrary materials with band gap combination of 1.91 eV /
1.37 eV / 0.93 eV for top / middle / base cell model has been simulated
theoretically to increase the efficiency up to 52% [2].

In this context, InyGa; 4N, an example of group-III-N nitrides, have
their bandgaps spanning from 0.7 eV for InN to 3.5 eV for GaN, which
can encompass the electromagnetic spectrum from near infra-red to
ultra-violet [3]. Thus, this alloy has been utilized to produce a better
tandem design in solar cells along with light emitting diodes and laser
diodes [4,5]. However, higher In content in InyGa; 4N is immiscible due
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to a large lattice mismatch of 10 % between InN and GaN [6]. This
creates the bandgap of green light of (2.19-2.48) eV range inaccessible
[7]. To tackle this “green gap” issue, group-II-IV-N» ternary nitrides have
been proposed in the last decade [8]. These II-IV-N5 semiconductors also
mitigate defects by inserting group II metals in the metal site vacancies
observed in III-N semiconductors [9]. Out of them, Zn(Si,Ge)N, alloys
span their bandgaps from 4.5 eV (ZnSiN3) to 3.2 eV (ZnGeNy), and thus
are wide bandgap semiconductors [10,11]. Similarly, Zn(Ge,Sn)N, al-
loys span their bandgaps from 3.1 eV (ZnGeN5) to 2.0 eV (ZnSnNy), and
include the aforementioned green light region without having the
problem of miscibility gap [12]. However, the presence of Ge in this
alloy system makes it an expensive contender [13]. Ultimately,
MgxZn;.4SnN; alloys are anticipated to manifest bandgaps in the range
of 1.0 eV (ZnSnNy) to 2.7 eV (MgSnNy,), which also can solve the “green
gap” problem without any miscibility issues by using earth abundant,
non-toxic and easily recyclable metals Mg, Zn and Sn [13-15].
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MgyZn; «SnN, alloys have been recently grown experimentally on
GaN(001) substrate by Yamada et al. in wurtzite structure [13]. As
stated in the earlier paragraph, this alloy system is miscible in all con-
centration range (x = 0-1) unlike InyGaj«N, as the lattice mismatch
between end members is less than 1% in both in- and out-of-the-plane
directions [13]. Even though bandgap range is contended to span
from 1.0 eV to 2.7 eV by Yamada et al. [13], bandgap tunability have
been expected in a different range of 1.12 eV-3.43 eV according to
Makin et al. as explained in their work related to bandgap engineering
by exploiting cation disorder [15]. The end members of MgyZn;.,SnN2
alloy system have been studied recently by different research groups
with varying bandgap results subjected to different experimental and
theoretical conditions [10,16-36]. A comprehensive study of
MgxZn; xSnNj alloy system spanning the whole composition (x) range is
lacking. A study of general trend of opto-electronic properties is neces-
sary at this stage to further assess the applicability of MgxZn;.,SnN; alloy
system. Hence, we have utilized the high accuracy rendering HSE06
functional to compute the opto-electronic properties for MgyZn; xSnNy
alloy in all the composition (x) range along with structural, mechanical,
and vibrational properties.

In this work, we have calculated various physical properties of
MgxZn; xSnNjy alloy system in wurtzite crystal structure using Density
Functional Theory (DFT) and beyond. We have tried to establish trends
in those physical properties calculated. Our results remain predictive for
future endeavors. We have utilized only the most random version of the
disorders observed in the crystal structures for this study. The issue of
immiscibility is solved in this alloy due to the small lattice mismatch of
less than 1 %. All the alloys are mechanically stable, but (x= 0.25) and
(x=0.50) are vibrationally unstable. Phonon-phonon interactions may
stabilize these materials at room temperature. Band gaps have a linear
upward trend with Mg concentration. Hole effective masses are lower
than electron effective masses in these materials. Substantial absorption
with a lower reflectivity makes this alloy an efficacious absorber. Super-
hard behavior is found in the alloys.

2. Computational methods

All the DFT and beyond computations were executed on Vienna Ab
initio Simulation  Package (VASP) [37-40]. The Per-
dew-Burke-Ernzerhof (PBE) [41,42] Generalized Gradient Approxima-
tion (GGA) exchange-correlation functional was implemented in the
Projector-Augmented-Wave (PAW) method [40,43]. Semi-core elec-
trons were also involved in the approximation of electron density in
addition to the outer core. PAW PBE VASP pseudopotentials, i.e.,
‘Mg_sv’, “Zn’, ‘Sn_d’, and ‘N_s’, were used along with the cut-off energy
of plane waves of 500 eV to ensure the accuracy of the calculations
[44-46]. 4000 k-points per reciprocal atom (KPPRA) with a I'-centered
k-point mesh was utilized in our calculations [47-50]. Each atom was
structurally relaxed until the forces were under 0.01 eV/A, and the
convergence criterion of energy in electronic iterations of 107% ev/atom
was set when deploying a Gaussian smearing of width 0.05 eV [51-54].
The number of empty bands in the conduction band were 20% of the
valence band for each material for the calculation of accurate result of
material properties. At the beginning, initial crystal structures were
obtained from the Materials Project [55]. To calculate random Mg/Zn
occupation occurring in a disordered crystal structure, Special Quasir-
andom Structures (SQS) [56-58] were generated using the mcsqgs code
within ATAT [59-63]. To simulate plausible random configurations in
the alloys of MgxZn; 4xSnNy, SQS were constructed from 2 x 2 x 2
supercells of the conventional wurtzite unit cells (Space Group P6smc) at
concentrations of x = 0.00, 0.25, 0.50, 0.75, and 1.00.

Atomic positions, cell shape, and cell volume were relaxed while
optimizing the geometry of the crystal structures. Presence of magnetic
properties was also assessed during the geometry optimization process.
After relaxation, high-precision static calculations were performed to
calculate the accurate ground-state energies of the reactants and
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products to calculate formation energy. Formation energy per formula
unit of MgxZnj.xSnNy was calculated as [64-66]:

AEf = E(MgxZn; «SnN,) — xXE(Mg) — (1-x)E(Zn) — E(Sn) — E(Ny) (@D)]

where E(Mg), E(Zn), E(Sn), and E(Ny) are the ground-state energies of
magnesium (space group: P63/mmc), zinc (space group: P63/mmc), tin
(space group: I4,/amd), and nitrogen dimer in vacuo, respectively.

Elastic constants were calculated using strained supercells by
computing the Hessian matrices of directional second derivatives of
energy with respect to cell distortion using finite differences [65,67-74].
For each structure, the average bulk (B) and shear (G) moduli were
derived from the elastic tensor (Cy) by utilizing the Voigt-Reuss-Hill
[20,51,75-80] method. Pugh’s ratio and Vickers hardness are obtained
as discussed by Pugh [81] and Tian et al. [82-85] as:

K= G/B and Hy = 0.92«1¥G"™® respectively. 2)

The mechanical stability of each structure in wurtzite crystal struc-
ture was assessed by determining the positive definiteness of Cj
described by Born criteria [86] as:

Cy1 > |Cial,2C3 < C33(Chy + Cra), Cag > 0,and Ces > 0. 3)

Electronic band gaps of solid-state semi-conductor materials are
underestimated by the GGA exchange-correlation functional [87]. Thus,
in such calculations, we implemented the Heyd-Scuseria—Ernzerhof
(HSEO06) hybrid functional [88], which integrates 25 % of the exact
exchange from Hartree-Fock theory, and 75 % of the
exchange-correlation from GGA. In the context of semiconductors and
insulators, this functional has been able to predict experimental results
more accurately [69,87,89,90]. Thus, by utilizing HSEO6 functional, we
have computed the electronic density of states (DOS), band structure,
and frequency-dependent complex dielectric function (e; + iep) for
MgyZn; xSnNj alloys [91]. By using complex dielectric function, we have
derived absorption coefficient («) and reflectivity (r) [92] as:

_ 4nk _ (1242
a=%and r = ey

k) =/ @, A is the wavelength of photon, and refractive index
) 2
(n)= m (@)

2

respectively; where extinction coefficient

Band structure calculation was utilized to calculate effective masses
(m*) of holes (m; = mp/m,) and electrons (m, = me/m,) using the
BoltzTrap2 [93,94] package evaluated in room temperature (300 K)
with constant relaxation time approximated to be 104 s, where my, is
the mass of hole in the lattice, m. is the mass of electron in the lattice and
m, is the electron rest mass. Two bands at both Valence Band Maximum
(VBM) and Conduction Band Minimum (CBM) were considered for
calculation of effective masses.

To comprehend the chemical bonding, we calculated Crystal Orbital
Hamilton Population (COHP) using the Local-Orbital Basis Suite To-
wards Electric-structure Reconstruction (LOBSTER) package [66,68,83,
95-101]. Furthermore, to understand the charge transferred in the for-
mation of the compound, we have calculated effective charges on each
chemical species by Bader analysis [102-105]. To assess the phonon
behavior inside the crystal, we used the Phonopy [106] package to
compute phonon DOS for MgyZn; 4SnNj alloys.

Since we want to study various properties of cation-disordered
MgiZn; xSnNy as a function of concentration, let’s first define a
bowing parameter (6,). It helps us to understand the deviation from
linearity for any physical quantity (p) such as, bandgap (Eg), effective
mass (m*), or others, as [107]:

Pmix (ng) :ngngSnN2 + (1 - ng)pZnSnNz - -ng (1 7ng)5pa (5)

where, Xz, is the percentage of Zn in the alloy and pmix, Pmgsnn,, and
Dznsnn, are values of the physical quantity associated with the resultant
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alloy, MgSnN», and ZnSnNj respectively.
3. Results

3.1. Structural and energetic properties

The end members; MgSnN; and ZnSnNj, and the alloys of MgyZn;.
xSnN» in the solid state have been mostly studied both experimentally
[16,108] and theoretically [20,109] in disordered-wurtzite crystal
structure. The end members of the alloy MgyZn; ,SnN» have both cations
and anions in their respective 2b Wyckoff positions in an ordered
wurtzite crystal structure (Space Group P6smc). However, there are two
different atoms in the cationic sublattice of 2b Wyckoff positions in the
end members, whereas three different atoms in the cationic sublattice of
2b Wyckoff positions in the alloys. Thus, all the members of the alloy
have cationic disorder. Due to the reduction in symmetry in the crystal
structure as due to the disorder, the end members take trigonal (Space
Group P3ml) crystal structure whereas the intermediate members
reduce to triclinic (Space Group P1). The SQS [56] of cation disordered
supercells have 32 atoms in each cell for all the members of the alloy
MgxZn; xSnNy. The coordination number is 4 as observed ubiquitously
in a wurtzite structure with tetrahedral geometry and ABAB... layer
stacking. There are various permutations of atomic placements in the
Wyckoff positions during the formation of a disordered-wurtzite lattice.
We chose the SQS [56] lattice structure in our study for all the members
of MgxZn, xSnN3 alloys with cationic disorder approaching random limit
to conserve computational resources.

Table 1 displays equilibrium lattice constant and formation energy
per atom of the MgyZn;,SnNy alloy system calculated using GGA
functional. We did not find any magnetic properties of MgyxZn; xSnNy
alloys. Our computed lattice constants match closely with previous
theoretical [20,109] and experimental work [13,23,110]. We have
found that the difference between the lattice constants amongst the
MgyZn; 4SnNjy alloys is less than 1 %. Even though the radius of Mg
(1.412 1°\) and Zn (1.304 f\) in a tetrahedrally coordinated environment
are considerably different, the lattice constants being similar can be
attributed to the valence electron number of 2 in both Mg and Zn [111].
Table S1 lists average value of bond lengths up to the first nearest
neighbors around an element in the MgyZn; ,SnN; alloy system. The
average bond lengths around each element are nearly constant in each
member of the alloy. This explains the miscible nature of the
MgyZn; xSnNy alloys as discussed earlier in the second paragraph of
section 1. This miscible nature also helps in epitaxial growth of these
alloys where variable band gap materials are required as in a tandem
solar cell that pacifies the strain energy in between the epitaxial layers.
Also, the calculated result of formation energy by using equation (5) is
visually displayed in Figure Sla). It declines with increasing Mg

Table 1

Lattice constants, in A, of Mg,Zn; ,SnN, along with their formation energies per
atom, in eV, calculated using the GGA functional. Values from the literature are
listed where available.

Material Space Lattice Constants (A) Formation
G E 'V
Toup a B nergy (meV)
ZnSnN, P3ml 3.44, 3.38%, 5.58, 5.587, 38.61
3.376(1)" 5.467(1)"
Mgo.25Zng.75SnNy ~ P1 3.43 5.54 -92.37
Mgo.50Zn0.50Sn1N2  P1 3.43, 3.43° 5.53, 5.51°¢ —194.36
Mgo.75Zn¢.25SnN,  P1 3.44 5.52 —246.83
MgSnN, P3ml 3.44, 3.44, 5.58, 5.58, —267.65
3.38 £ 0.04° 5.49 £+ 0.02°

@ Theoretical (Local Density Approximation (LDA)) Ref. [109].
b Experimental Ref. [110].

¢ Experimental Ref. [13].

4 Theoretical (GGA) Ref. [20].

¢ Experimental Ref. [23].
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concentration nearly linearly. Approximately up to 10 % of Mg con-
centration in the alloy requires endothermic chemical reaction to be
formed, whereas others are spontaneous.

3.2. Mechanical properties

Values of elastic and mechanical properties such as elastic constants
(Gjj), mechanical stability, bulk modulus (B), shear modulus (G), Pugh’s
ratio (x), and Vickers hardness (Hy) for the alloys of MgyZn; xSnN; are
given in Table S2 calculated using GGA functional. We have calculated
for all the members of MgxZn; 4SnNj alloys to be mechanically stable
according to the Born criteria [86]. Besides the (x= 0.00) alloy, the
other four members of the Mg,Zn;.xSnNj alloy system have comparable
values of Cj;. The effect is also observed in other derived mechanical
properties. The bulk and shear moduli in all the five members decrease
in the order: (x = 0.75) > (x = 0.50) > (x = 1.00) > (x =0.25) > (x =
0.00). Hence, the x = 0.75 member of the alloy is the highly resistive
towards bulk and shear deformations. The Pugh’s ratio decreases in the
five members as: (x = 0.00) > (x= 0.25)> (x = 0.50) = (x=
0.75) > (x = 1.00). A lower value of Pugh’s ratio indicates brittleness,
whereas a higher value indicates malleability/ductility [81]. Thus, x =
0.00 member of the alloy is more malleable/ductile and x = 1.00 is more
brittle. The Vickers hardness in all the five members increase in the
order: (x =0.00) < (x =0.25) < (x =0.50) < (x =1.00) < (x = 0.75).
All these values of the mechanical properties are predictive for the future
experimental work. The hardness values of these members are higher
than that of well-known solar cell materials such as Si (11.77 GPa) [112]
and CdTe (0.49 GPa) [113]. Hence, all these members of the alloy 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) [114-117]. Hence, MgyZn; xSnNy
alloy system should be investigated further experimentally as a potential
super-hard material as well.

3.3. Vibrational properties

Fig. S2 displays phonon DOS for all the members of MgyZn;.,SnN,
alloy system calculated using GGA functional. Besides (x= 0.25) and
(x = 0.50), the other three members of the alloy are dynamically stable.
The peak phonon DOS value in the imaginary frequency region for
vibrationally unstable ones are very small compared to what we observe
in the real frequency region. Phonon-phonon interaction at a higher
temperature might help both of them to exist experimentally because
this current DFT calculates vibrations at 0 K [118]. The (x= 0.25) has
even smaller value of phonon DOS while compared to what we observe
for (x=0.50) at imaginary frequency regime. Hence, we suspect that
(x=0.25) might stabilize at a lower temperature than (x = 0.50).

Moreover, we observe that N phonon DOS mostly congregate in a
higher frequency region, typically around 15 THz. Sn phonon DOS are
found in the lowest frequency region around 3 THz. Likewise, Zn is
observed around 4 THz, whereas Mg is observed around 10 THz region.
This clarifies that the lighter particles have higher vibrational fre-
quencies than the heavier ones. In addition, we observe some gaps in the
phonon DOS in all the members of the alloys. These signature gaps are
present at around (7.5-9.5) THz in (x = 0.00) of value 1.65 THz, around
8 THz of value 0.59 THz and (10-11) THz of value 0.83 THz in (x =
0.25), around 10.5 THz of value 0.36 THz and 11.5 THz of value 0.85
THz in (x = 0.50), around 11.5 THz of value 0.36 THz and (13-13.5)
THz of value 0.36 THz in (x = 0.75), and around (11.5-13.5) THz of
value 2.27 THz and (17-18) THz of value 1.76 THz in (x = 1.00). These
phonon gaps make these alloys suitable to be used as sound filters and
mirrors as any phonon of frequency within the gap will not penetrate the
material and thus will be reflected from the surface [119].
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3.4. Electronic properties

Fig. S3 shows the electronic DOS per formula unit for MgyZn; xSnNy
alloys computed using the hybrid HSE06 functional. In the three inter-
mediate members, Zn states dominate in the Valence Band Maximum
(VBM), whereas Zn and N states equally dominate in ZnSnN, and only N
states dominate in MgSnN; in the VBM. Similarly, Zn has a peak in its
electronic DOS at around — 5 eV in all the four members of the alloys
including Zn, which gets shifted more towards VBM as the Mg concen-
tration increases. Finally, in MgSnNy, those states greatly shift and reach
near VBM. All the members have a discontinuity in electronic DOS above
VBM displaying the characteristic electronic band gap for each. The
electronic band gap will be discussed in detail in the upcoming fourth
paragraph of this section. In the Conduction Band Minimum (CBM), Sn
states are observed dominating DOS.

To elaborate on these results, we have also computed projections of
plane waves into local atomic orbitals defined as negative of projected
COHP (-pCOHP) using GGA functional for MgxZnj xSnN> alloy system as
shown in Fig. S4. It is a dimensionless quantity, and its positive value
means positive bonding, negative value means anti-bonding, and zero
means non-bonding. The calculation has been done to include all the
interactions between all nearest neighbors. Positive bonding is observed
only between Sn—N nearby the VBM in all the members of the alloys.
Also, Zn-N interactions have developed anti-bonding states near VBM.
Similar to what we observed in electronic DOS as shown in Fig. S3, we
observe some positive bonding states created by the interaction of Zn
with N around — 5 eV region which gradually shifts towards the VBM.
Finally, in MgSnNy, the shift is rapid due to the interaction of Mg with N
still causing some bonding states. Above the Fermi level, all the nearest
neighbor interactions in the conduction band are in anti-bonding states
as the electronic states are loosely bound there.

Table S3 displays the charges transferred from Mg, Zn, and Sn to N in
all the five members of MgyZn; xSnNj alloy system calculated using the
GGA functional. There is hardly any variation in the charge transferred
from the metals to N in each member of the alloy, except from Sn to N in
MgSnNy. This could be due to the similarity in lattice constant and bond
length as discussed in section 3.1. The exception also could be due to the
degree of randomness in the supercell structure selected by SQS
approach [56]. All the charges transferred from metal to N are higher
than 1 e, hence, we can surmise that bonds are ionic in nature. The
ionicity of the bonds in the lattice increases in the order: (Zn-N) <
(Mg-N) < (Sn—-N). The electronegativities of Mg, Zn, Sn, and N are 1.23
e, 1.66 e, 1.72 e and 3.07 e respectively, based on electrostatic force
calculated by Allred et al. [120]. Although the difference between
electronegativities of atoms in Mg-N bonds (1.84 e) and Zn-N bonds
(1.41 e) are higher than in Sn-N bonds (1.35 e), we speculate that the
higher charge-transferred from Sn to N compared to Mg and Zn to N can
be attributed to the higher number of valence electrons of 4 in Sn while
compared to 2 in Mg and Sn. The average of charge transfer from all the
metals to N given in the fifth column of Table S3 increases with the band
gap of the alloys.

Bandgaps for all the five members of MgyZn;,SnNy alloy system
calculated using the hybrid HSEO6 functional are given in Table 2. All
the bandgaps are direct in nature at I'(0, 0, 0) point. As discussed in the
third paragraph of section 1, various band gaps for this alloy system
have been reported by the earlier work [10,16-36]. We infer this vari-
ation is due to the difference in the degree of cationic disorder in the
alloys. Our results are for the supercell for each member of the alloy with
totally random limit as suggested by the SQS approach [56]. Study of a
varying degree of disorder in this alloy system remains a future
endeavor. For example, for MgSnN», we performed a sample run on the
ordered orthorhombic structure which is the corresponding ordered
structure of a disordered wurtzite lattice [20]. We found that the band
gap varied by 0.5 eV as shown in Table 2. For the random limit, the
calculated band gap result of 2.73 eV for ZnSnNj, is close to the exper-
imental result of 2.38 eV [108]. Fig. 1a) displays our calculated band
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Table 2

Bandgaps, in eV, and effective masses, in standard electron rest mass mo, of
MgyZn; 4SnN, calculated using HSE06. Bandgaps calculated using GGA are also
given for comparison. Values from the literature are listed where available.

Material Space Group Bandgap (eV), Direct

GGA HSE06
ZnSnN, P3ml 0.37 2.73, 2.38"
Mgo.25Zn0.75SnNy P1 0.77 3.16
Mgo.50Z10.50SnN> P1 1.30 3.70, 1.80°
Mgo.75ZN0.2551N P1 1.28 3.73,2.20°
MgSnN, P3ml 2.47 4.36, 4.86°, 3.43"

# Experimental Ref. [108].

b Experimental Ref. [13].

¢ Theoretical Ref. (HSE06) [20].
d Experimental Ref. [15].

gap result graphically. We observe that there is a linear trend in the band
gaps for this alloy system as the Mg concentration changes.

Table S4 provides both electron and hole effective masses in all the
five members of Mg,Zn;4SnNy alloy system calculated using HSE06
functional. Fig. 1b) shows the effective masses graphically, where we
observe upward bowing in both charge carrier effective masses. The
bowing parameter for electron and hole effective masses were calculated
to be —57.47 m, and —0.56 m, using equation (5). The value of hole
effective masses is lower than electron effective masses. However, all the
charge carrier effective masses are higher than the effective mass for Si
(m; = 1.06, m; = 0.59) [121]. The mobility in these alloys can be
degraded by the possibility of further alloy scattering [122]. Except for
(x=0.25) in hole effective masses, all other charge carrier effective
masses have standard deviation value lower than their own magnitude.

3.5. Optical properties

The dielectric constants for all the five members of MgxZn;.SnN,
alloy system calculated using HSE06 functional is given in Table S5. It
has been graphically displayed in Figure S1b). The trend in dielectric
constants is nearly linear with concentration, x. The average of two di-
rections is considered while calculating these results in dielectric con-
stants as the wurtzite crystal structure is anisotropic with the
interactions with photons in parallel (||) and perpendicular (L) di-
rections with respect to ab plane as shown in Fig. S5. A higher dielectric
constant reduces the effective force between any two charges in a me-
dium which makes charge separation by photon interaction in that
medium easier. All the values of dielectric constants shown in Table S5
are lower than that of Si (11.7) [92]. This lower value of dielectric
constant makes these materials harder to achieve a higher efficiency of
charge separation due to weakly screened Coulomb attraction [123].

The complex dielectric functions calculated using HSE06 functional
for all the five members of MgyZn;..SnN; alloy system in |- and _L-di-
rections are shown in Figs. S6 and S7 respectively. In both directions, the
real part shows first peak around the band gap of each alloy. Likewise,
the imaginary part starts to rise after the band gap in each alloy. All the
other peaks can be attributed to inter-band transitions. The overall
behavior of complex dielectric function in both directions is similar in
both real and imaginary components. After a few rising peaks, the real
part starts to decline, reaches a negative extreme and starts rising again
settling down asymptotically in a lower value than the dielectric con-
stant. Moreover, the imaginary part also rises to a point where the real
part is about zero and starts declining again finally touching the zero
point. The touching of zero mark in imaginary part and final asymptote
behavior of the real part happens simultaneously. The right panels in
both Figs. S6 and S7 provide a detailed picture of the complex dielectric
function around the visible range (1.63 eV-3.26 eV). Both the real and
imaginary parts are observed to be slowly rising and peaking at the band
gap area.
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Fig. 1. a) Electronic bandgaps, and b) effective masses of MgyZn, SnN, alloys calculated using the hybrid HSEO6 functional. Here, points appear for calculated data
whereas curves sketch fitting based on a bowing parameter as defined in Eq. (2).
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Fig. 2. Absorption coefficient, a (top panel) and reflectivity (bottom panel)
curves, left axis, of MgyZn,4SnN; alloys computed using the hybrid HSE06
functional. Standard AM 1.5 G solar spectral irradiance [124], right axis, is
illustrated in the yellow shaded area along with absorption curve. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 2 shows plots of absorption coefficient and reflectivity versus
photon energy for all the five members of the Mg,Zn;.4SnN; alloy sys-
tem, where average of both directions was considered. For comparison,
the spectral irradiance of the AM 1.5 G spectrum [124] is also plotted
along with the absorption coefficient. There is no significant absorption
in any of the five members of the alloy in the visible region. For an
efficient solar cell, the absorption coefficient must be around 10° cm™?
as observed in CdSexTe; x [44], but these materials have only about 10°
cm ™. However, the absorption slowly rises for the higher photon energy
for all the members. For (x= 0.00) and (x = 0.25), a quick spike in the
absorption (~ 10% cm™!) is seen in the visible range once they approach
their band gaps. Characteristics of the reflectivity curves are equivalent
to the absorption curves. The reflectivity for this alloy system is roughly
between (4 — 9)%. However, the widely used solar material CdSe,Te; x
has reflectivity around (15 — 31)%. Thus, this MgyZn; xSnNj alloy sys-
tem with a lower reflectivity in par with a considerable absorption is also
a material candidate for absorber layer of solar cells.

4. Conclusion

We have computationally studied the structural, energetic, me-
chanical, vibrational, and opto-electronic properties of MgyZn; xSnNy
alloy system utilizing DFT and beyond. Most of our results are predictive
in nature for a random disordered crystal structure as there is not much
experimental work in the intermediate members of this alloy system. We
have observed that the difference between lattice constants in between
all the members of the alloy is less than 1 %. This fact helps the alloy to
be miscible in all the ranges of concentration, x. The formation energy
decreases with the increment in Mg concentration. Band gap increases
linearly with increasing Mg concentration. Hole effective masses are
about an order of magnitude lower than electron effective masses in
these materials. Effective absorptivity with a lower reflection makes this
alloy system a good absorber of solar irradiation. Other than (x = 0.00),
the other four members of the alloy have comparable mechanical
properties. This alloy system has very high hardness values while
compared to the existing hard coating materials. All the members of this
alloy system are mechanically stable, however, (x=0.25) and
(x=0.50) are not vibrationally stable. Phonon-phonon interaction may
stabilize these materials at room temperature. Finally, all the five
members of the alloy are good candidates as window layers of solar cells
owing to their large band gaps.
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