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ABSTRACT

We have computationally studied the cubic and orthorhombic (CdxZn1−x)2SnO4 alloy systems (x = 0.00, 0.25, 0.50, 0.75, and 1.00) and
investigated their structural, mechanical, vibrational, and opto-electronic properties for photovoltaic applications using density functional
theory and beyond methods. The calculated formation energies are below −12.41 eV for the cubic phase and −6.64 eV for the orthorhombic
phase. The elastic analysis shows that the bulk moduli for both structures range from 98 to 164 GPa, shear moduli from 41 to 66 GPa,
Young’s moduli from 113 to 175 GPa, and the Vickers hardness from 3.18 to 8.95 GPa. All the alloy compositions are mechanically and
dynamically stable. The bandgap values, calculated using the hybrid HSE06 functional, range from 1.92 to 2.85 eV and decrease with (Cd).
Both structures’ alloys have significantly higher hole effective mass than electron effective mass. A favorable absorption coefficient, along
with reflectivity, suggests that the (CdxZn1−x)2SnO4 alloy system can be used as a transparent conducting oxide layer material for solar cell
applications.

Published by AIP Publishing. https://doi.org/10.1063/5.0316837

I. INTRODUCTION

The global demand for renewable energy has increased signifi-
cantly due to the depletion of non-renewable energy sources.1

Among various renewable energy technologies, solar energy has
emerged as a leading candidate. However, further improvements in
photovoltaic (PV) performance, stability, and the development of
new materials that can replace the toxic components and be less
costly in current technologies are needed. Active research on
various materials has been conducted to address these challenges.
So far, CdTe-based solar cells have had an efficiency of 28%.2,3

For better performance, a suitable material is required in trans-
parent conducting oxide (TCO). Materials such as magnesium
oxide (MgO), zinc oxide (ZnO), indium oxide (In2O3), and
gallium oxide (Ga2O3) have been mostly used in this layer.4–9 Yet,
the researchers are motivated to explore alternative materials that
are earth-abundant, non-toxic, low-cost, and high-performance
TCO in solar cells with higher transparency and conductivity.10

Among the promising materials are mixed metal oxides with the
general formula AB2X4, which have potential for improving solar

cell efficiency and photodetector devices.11 Within this family,
materials such as Zn2SnO4, Mg2SnO4, and Cd2SnO4 have
attracted the attention of researchers.10

Numerous experimental and theoretical studies have investi-
gated Cd2SnO4 and Zn2SnO4 because of their strong potential as
TCO materials. In particular, Cd2SnO4 is reported to have favorable
electronic properties in devices such as CdTe thin film solar cells
and perovskite solar cells.12–15 Dong et al. studied Cd2SnO4-based
perovskite solar cells, achieving a power conversion efficiency of
15.58%.13 Similarly, Matin et al. and Wu et al. reported cell effi-
ciencies of 16.9% and 14.5%, respectively, for Cd2SnO4-based CdTe
solar cells.16,17 Zn2SnO4 is also a well-known TCO material18 and
has been an alternative material in solar cells because of its low fab-
rication cost and high efficiency.19,20 Zn2SnO4 stands out as a
widely studied material due to its wide bandgap and high electron
mobility, making it suitable for applications such as gas sensors,
batteries, and solar cells.21

Experimentally, Cd2SnO4 has been studied using methods
such as sputtering, spray pyrolysis, solgel method, co-precipitation,
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hydrothermal method, and thermal combustion.22–27 Bhat et al.
reported the hydrothermal synthesis of pristine Zn2SnO4 and
copper-doped Zn2SnO4.

11 Gracia et al. reported the pressure-
induced phase transformation in Zn2SnO4 using the CRYSTAL09
package and showed that the material is stable in a cubic inverse
spinel structure.21 Ugur et al. studied the structural, elastic, and
electronic properties of the end members using density functional
theory (DFT).28 Allali et al. reported the theoretical prediction of
structural, electronic, and optical properties of cubic Cd2SnO4 and
Zn2SnO4 using the (FP-(L) APW + lo) approach based on DFT
and implemented in the Wien2k package.10 Despite numerous
theoretical and experimental studies on these materials, a compre-
hensive theoretical analysis of (CdxZn1−x)2SnO4 alloys at various
compositions still remains absent. At present, it is important to
analyze the overall trends in the structural, mechanical, vibrational,
and opto-electronic properties to evaluate the potential of the
(CdxZn1−x)2SnO4 alloy system.

In this work, we performed a detailed study on (CdxZn1−x)2SnO4,
such that 0≤ x≤ 1 in steps of Δx = 0.25 for both cubic and ortho-
rhombic phases using DFT and beyond. As (Cd) was added, the
formation energy and bandgap values decreased, consistent with
previous findings. The intermediate compositions of the alloy
system were investigated using the Special Quasirandom Structures
(SQS) approach to see the trends in their alloy behavior. All members
of the alloy, both cubic and orthorhombic, are mechanically and
dynamically stable. The Crystal Orbital Hamilton Population
(COHP) analysis provided bonding and antibonding interactions
for the alloy system. The effective mass study shows that the hole
effective mass (m�

h) in both structures is larger than the electron
effective mass (m�

e ), suggesting that electrons move as the majority
charge carriers. Moreover, analysis of the absorption coefficient
and reflectivity using the HSE06 functional indicates that the
(CdxZn1−x)2SnO4 alloy system is a promising candidate for TCO
layer applications in solar cells.

II. COMPUTATIONAL METHODS

All density functional theory (DFT) and beyond calculations
were performed using the Vienna Ab initio Simulation Package
(VASP).29–31 The Perdew–Burke–Ernzerhof (PBE)32 Generalized
Gradient Approximation (GGA) exchange-correlation functional
was implemented within the Projector-Augmented-Wave (PAW)
method.30,33,34 PAW PBE VASP pseudopotentials, i.e., “Cd,” “Zn,”
“Sn_d,” and “O,” with a plane-wave energy cutoff of 450 eV and a
k-point mesh of (4 × 4 × 4) were implemented for this investiga-
tion.35 The electronic and ionic convergence criteria were set at
10−6 eV and 0.01 eV/Å, respectively, with a Gaussian smearing
width of 0.05 eV.36–38 Initial crystal structures were obtained from
the Materials Project.39 To model the random occupancy of Cd
and Zn in the disordered crystal, SQS40 were generated using the
mcsqs code within the Alloy Theoretical Automated Toolkit.41 SQS
models were constructed for compositions x = 0.25, 0.50, and 0.75.
Multiple atomic configurations were tested for each intermediate
composition to evaluate the lattice parameters and bandgaps at the
GGA level, to test the reliability of the data for the SQS generated
disordered structures. The observed variation in lattice constants
across configurations of the same composition was minimal, with a

maximum deviation of 0.04 Å, while the bandgap varied by no
more than 0.04 eV. Hence, we consider these parameters to be
constant and assume that other reported calculations are also cons-
tant. Therefore, a single representative structure is sufficient to
accurately capture the alloy behavior. Visualization for Electronic
and Structural Analysis Software (VESTA) was used to simulate
powder diffraction patterns.42

After relaxing the positions, cell shape, and cell volume, the
geometry of the crystal structures was optimized. After relaxation,
the ground-state energies of the reactants and products were calcu-
lated to compute the formation energy. Formation energy per
formula unit of (CdxZn1−x)2SnO4 was calculated using the follow-
ing expression:9,43,44

Eform ¼ E[(CdxZn1�x)2SnO4]� 2[xE(Cd)þ (1� x)E(Zn)]

� E(Sn)� 4E(O2)/2: (1)

E(Cd), E(Zn), E(Sn), and E(O2) are the ground-state energies of
cadmium (space group: P63/mmc), zinc (space group: P63/mmc), tin
(space group: I41/amd), and oxygen dimer in vacuo, respectively.

Elastic constants were obtained by computing the Hessian
matrices of directional second derivatives of energy with respect to
cell distortions using finite differences. The elastic tensor (Cij) and
elastic compliance tensors (Sij) were further used to derive the
average bulk (B) and shear (G) moduli following the Voigt–Reuss–
Hill approximation equations, as described below:45–47

BV ¼ [C11 þ C22 þ C33 þ 2(C12 þ C23 þ C31)]/9, (2)

GV ¼ [C11 þ C22 þ C33 � C12 � C23 � C31)

þ 3(C44 þ C55 þ C66)]/15, (3)

BR ¼ [S11 þ S22 þ S33 þ 2(S12 þ S23 þ S31)]
�1, (4)

GR ¼ 15[4(S11 þ S22 þ S33 � S12 � S23 � S31)þ 3(S44 þ S55 þ S66)]
�1:

(5)

The average bulk and shear moduli are given by48

B ¼ (BV þ BR)/2 andG ¼ (GV þ GR)/2: (6)

Pugh’s ratio (k) and Vickers hardness (HV ) were calculated
using the equations recommended by Tian et al.49–51 as

k ¼ G/B andHV ¼ 0:92k1:137G0:708: (7)

Moreover, Poisson’s ratio (v) and Young’s modulus (Y) were
obtained using the values B and G as52

v ¼ (3� 2k)/(6þ 2k), Y ¼ 9G/(3þ k): (8)

The mechanical stability of each structure, along with its alloy
system, was tested using the Born stability criteria.53
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Formation energy, band structure, COHP, charge transfer, and
effective mass calculations in this work were performed using the
GGA functional. Both GGA and Local Density Approximation
exchange-correlation functionals tend to underestimate electronic
bandgaps.54 Therefore, we applied the Heyd–Scuseria–Ernzerhof
hybrid functional (HSE06), which combines 25% of the exact
exchange from the Hartree–Fock theory and 75% exchange from
the GGA, resulting in more accurate predictions that align with
experimental results.55,56 For better comparison, the electronic
bandgaps were calculated using both GGA and HSE06 functionals.
The HSE06 functional was then used to compute the electronic
density of states (DOS) and dielectric response functions. Using the
complex dielectric function, the absorption coefficient (α) and

reflectivity (R) were calculated as α ¼ 4πk
λ and R ¼ (n�1)2þ k2

(nþ1)2þ k2
, respec-

tively, where the extinction coefficient (k) and refractive index (n)
are given as57–59

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε21 þ ε22

p
� ε1

2

s
and refractive index, (9)

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ε21 þ ε22
p

þ ε1
2

s
: (10)

For the analysis of chemical bonding, the Local Orbital
Basis Suite Towards Electronic-Structure Reconstruction
(LOBSTER) package was deployed.60–63 Additionally, to under-
stand charge transfer during compound formation, effective

charges on each chemical species were calculated using Bader
analysis.64,65 To evaluate the phonon stability of the alloy
system, the phonon DOS was computed using the Phonopy
software package.66,67

In this work, we examine the various properties of cation-
disordered (CdxZn1−x)2SnO4 as a function of concentration.
Therefore, we define a bowing parameter (δp) that helps us under-
stand the deviation from linearity in any physical quantity p(x)
such as the bandgaps, as follows:

p(x) ¼ xp(1)þ (1� x)p(0)� x(1� x)δp, (11)

where x is the (Cd) in the alloy system (0≤ x≤ 1). p(1) and p(0)
are the values of the physical quantity associated with the resultant
alloys Cd2SnO4 and Zn2SnO4, respectively.

III. RESULTS

A. Structural parameters

We began our computational analysis on the (CdxZn1−x)2SnO4

alloy system in both cubic (c-) and orthorhombic (o-) phases across
five different compositions (x = 0.00, 0.25, 0.50, 0.75, and 1.00). The
cubic phase has a Fd�3m space group with 56 atoms, whereas the
orthorhombic phase has an Imma space group with 28 atoms as pre-
sented in Figs. S1–S2 in the supplementary material. Table I presents
our calculated lattice parameters and formation energies for both
crystal structures of the alloy system, calculated using the GGA func-
tional. The lattice parameters of the end members are consistent
with previously reported experimental results obtained through x-ray
powder diffraction analysis68 and the computational results obtained
through DFT calculations.10,21,28

As the (Cd) is added to the alloy system, the lattice parameters
of both the crystal structures increase following a nearly linear
trend, consistent with Vegard’s law.69 The electronegativities of Cd
and Zn are 1.46 and 1.66 e, respectively.70 As (Cd) is added to the
alloy system, the lattice parameters increase because Cd, being less
electronegative than Zn, weakens bonding and leads to longer bond
lengths, supported by the Bader charge analysis (Table S1 in the
supplementary material) and further discussed in Sec. III C.
To support this, x-ray diffraction (XRD) patterns for both the cubic
and orthorhombic crystal structures across different composition
ranges were simulated using VESTA, which is presented in
Figs. S4(a) and S4(b) in the supplementary material. The peaks in
the XRD shift to the lower angles (left) with an increase in (Cd) in

TABLE I. Lattice constants (a–c) in Å and formation energies per formula unit of
cubic (c-) and orthorhombic (o-) (CdxZn1-x)2SnO4, computed using the GGA
functional.

x

c- (CdxZn1−x)2SnO4 o- (CdxZn1−x)2SnO4

a (Å)
Formation
energy (eV) a (Å) b (Å) c (Å)

Formation
energy (eV)

0.00 8.75 −14.04 6.08 6.31 8.77 −7.42
0.25 8.86 −13.53 6.17 6.38 8.94 −7.18
0.50 9.01 −13.10 6.27 6.42 9.12 −6.97
0.75 9.13 −12.75 6.36 6.49 9.26 −6.78
1.00 9.30 −12.51 6.51 6.55 9.54 −6.64

TABLE II. Elastic parameters of cubic (c-) and orthorhombic (o-) (CdxZn1−x)2SnO4. Bulk modulus (B), shear modulus (G), Young’s modulus (Y), and Vickers hardness (HV) in
units of GPa, along with Pugh’s ratio (k) and Poisson’s ratio (v).

x

c- (CdxZn1−x)2SnO4 o- (CdxZn1−x)2SnO4

B G Y HV k v B G Y HV k v

0.00 164.84 56.35 151.94 4.73 0.34 0.34 157.30 66.65 175.21 6.77 0.42 0.31
0.25 157.66 50.20 136.13 4.00 0.31 0.36 149.38 59.25 157.01 5.78 0.39 0.32
0.50 152.93 46.14 125.78 3.55 0.30 0.36 98.74 58.17 145.87 8.95 0.59 0.25
0.75 151.64 43.28 118.56 3.18 0.28 0.37 143.44 48.62 131.05 4.20 0.33 0.34
1.00 138.07 41.67 113.59 3.30 0.30 0.36 131.61 46.08 123.80 4.20 0.35 0.34
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the (CdxZn1−x)2SnO4 alloy system, which is consistent with the
increase in lattice parameters.9 Our simulated XRD figure is predic-
tive. The calculated formation energies using the GGA functional
are presented in Table I. Between the two crystal structures studied,
the cubic phase is more stable, as indicated by its more negative
formation energy (−14.04 eV for Zn2SnO4) compared to the

orthorhombic phase (−7.42 eV). Adding the (Cd) to Zn2SnO4

decreases the stability within both structures. Hence, the cubic
structure remains the more stable among the two, with consistently
more negative formation energies across all compositions of the
alloy system. Furthermore, the convex hull diagram presented in
Fig. S3 in the supplementary material indicates that the alloy system

FIG. 1. Electronic local density of states (LDOS) of (CdxZn1−x)2SnO4 calculated using the HSE06 functional for the cubic phase (a)–(e) and orthorhombic phase (f )–( j) at
compositions x = 0.00, 0.25, 0.50, 0.75, and 1.00. The Fermi energy is set at 0 eV.
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exhibits thermodynamic stability. Hence, the (CdxZn1−x)2SnO4 alloy
system is structurally and thermodynamically stable.71,72

B. Mechanical properties

Next, the material’s strength and its stability were studied.
The elastic stiffness constants (Cij) were computed using the GGA
functional, where the compliance tensors (Sij) were obtained by
taking the inverse of (Cij). Equations (2–8) were employed to calcu-
late the B, G, Hv, k, and Y as presented in Table II. The values of
Cij for cubic and orthorhombic structures are tabulated in Tables
S4 and S5 in the supplementary material.

The bulk and shear moduli decrease with increasing (Cd) for
both cubic and orthorhombic structures. However, the orthorhom-
bic structure exhibits a non-monotonic behavior in the bulk
modulus: It drops sharply to 98.74 GPa at x = 0.50, followed by a
notable increase to 143.44 GPa at x = 0.75, indicating a deviation
from the expected trend. This can be expected due to the bonding
effects of Cd and Zn, similar to the effect that causes lattice param-
eters to increase with the addition of (Cd) in the alloy system. This
decreasing trend in B and G can be the consequence of mechanical
softening.73

The Pugh’s criteria, k = G/B < 0.57, consider the material to be
ductile, while those with higher k values are brittle.74 All the alloy
systems for both structures exhibit ductile characteristics, except for
x = 0.50 in the orthorhombic structure, which displays a brittle
nature. The Vickers hardness for both the crystal structures is rela-
tively high, ranging from 3.18 to 8.95 GPa, which is significantly
greater than that of the mostly used solar cell material, CdTe
(0.49 GPa).75 All the alloys in both the crystal structures satisfied
the Born stability criteria, confirming their mechanical stability.76

Therefore, these findings suggest that the (CdxZn1−x)2SnO4 alloy
system is suitable for solar cell applications and should be studied
experimentally in future studies.

C. Electronic properties

The electronic local density of states (LDOS) for both cubic
(c-) and orthorhombic (o-) structures of (CdxZn1−x)2SnO4 are pre-
sented in Fig. 1 for compositions ranging from x = 0.00 to 1.00, cal-
culated using the HSE06 functional. In both structures, the valence
band maximum is dominated by oxygen (O) states attributed to 2p
orbitals. The conduction band minimum is mainly governed by Sn
5s states, particularly in the 4–6 eV range. As (Cd) increases, a
redistribution of Sn states within the conduction band region is
observed, while Sn remains the dominant contributor to the con-
duction band, indicating changes in the local bonding environment
due to alloying. A bowing effect is seen in the bandgap for the
intermediate members of the alloy system for both structures, as
presented in Fig. 2. The bowing parameter (δp) of the bandgap
values for the cubic and orthorhombic structures are 0.42 and
0.62 eV, respectively, as obtained from Eq. (11). For the cubic struc-
ture, the bandgap decreases from 2.35 eV at x = 0.00 to 1.81 eV at
x = 1.00, whereas the orthorhombic phase exhibits a similar reduc-
tion from 2.80 to 1.92 eV. This behavior is likely due to weaker
Cd–O bonding and the difference in electronegativity of Cd compared
to Zn. This shows how alloying affects the electronic properties, even
though there is less contribution from Zn and Cd in the alloy system.

Several experimental studies have reported the bandgap values for the
cubic Cd2SnO4, whereas an experimental bandgap for the orthorhom-
bic is still missing. The bandgaps for cubic were reported as 2.09 and
2.59 eV using Powder x-ray diffraction (XRD) and the hydrothermal
method.77,78 Likewise, Bhat et al. computationally reported a 2.81 eV
bandgap of cubic Zn2SnO4 using the Wien2k software package.11

These results show that our computed bandgaps are consistent with
the available previous results.

Bader charge analysis was used to investigate the charge transfer
in the (CdxZn1−x)2SnO4 alloy system. It is the amount of negative
charge in terms of elementary electronic charge (-e) transferred from
Cd, Zn, and Sn to O. Table S1 in the supplementary material pre-
sents the transferred charge for all anions across the full composition
range x. Within both structures, there is hardly any variation in the
charges transferred in each member of the alloy system. Among the
cations, Cd and Zn exhibit small charge transfer to O (∼1.22–1.31 e),
whereas Sn to O shows larger values (∼2.12–2.30 e). All the charges
transferred from each element of cations exceeds 1 e, indicating an
ionic nature,79 with the S–O bond being the most ionic. The electro-
negativities of Cd, Zn, Sn, and O are 1.46, 1.66, 1.72, and 3.50 e,
respectively70 with electronegativity differences of 2.04 (Cd–O), 1.85
(Zn–O), and 1.78 (Sn–O). Although the electronegativity difference
in (Sn–O) is smaller compared to other bonds, the higher charge
transfer in it is observed, which can be due to their bond lengths or
orbital interactions, consistent with the previous observation reported
by Dumre et al.80

To further elaborate on our results, we have simulated the neg-
ative projected crystal orbital Hamilton population (-pCOHP) for
both structures of the (CdxZn1−x)2SnO4 alloy system using the

FIG. 2. Electronic bandgap values of cubic and orthorhombic (CdxZn1−x)2SnO4,
calculated using the HSE06 functional. Here, the points represent computed data,
and the curves are fitted based on a bowing parameter as defined in Eq. (11).
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GGA functional to study the bonding and antibonding characteris-
tics of the alloy system. The positive value is indicated as bonding,
whereas the negative value is marked as antibonding. The study
was performed to include the interactions for the first nearest
neighbors of Cd–O, Zn–O, and Sn–O interactions as seen in
Figs. S5(a) and S5(b) in the supplementary material. The -pCOHP
analysis reveals that near the Fermi levels, no bonding is present, in

contrast to the larger bonding and antibonding contributions
observed at lower energies. This indicates that Cd–O, Zn–O, and
Sn–O bonds are stable. Most of the COHP in the studied energy
range have positive bonding with a lesser contribution to antibond-
ing. As (Cd) is increased in the alloy system, the Cd–O population
increases. To put insight into bond strength, we have further calcu-
lated the total integrated COHP values. For the cubic structure, the

FIG. 3. Phonon local densities of states (LDOS) of (CdxZn1−x)2SnO4 calculated using the GGA functional for the cubic phase (a)–(e) and orthorhombic phase (f )–( j) at
compositions x = 0.00, 0.25, 0.50, 0.75, and 1.00.
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total integrated COHP for x = 0.00 has an average value of −2.12 eV,
and further increasing the (Cd), its average value becomes less nega-
tive, reaching −1.97 eV at x = 1.00. Similarly, for the orthorhombic,
its average value is −2.17 eV for x = 0.00 and becomes −2.00 for
x = 1.00, as summarized in Table S6 in the supplementary material.
These calculations show that the stability of the alloy system for both
structures is reduced following a similar trend to that of the forma-
tion energy, as summarized in Table I.

To investigate the charge transport in the alloy system, we
computed the effective masses using the GGA functional. For the

cubic structure, a single parabolic fit at gamma gives the mass, as
the curvature is isotropic. For the orthorhombic structure, m�

e is
nearly isotropic, whereas m�

h is strongly anisotropic. Hence, m�
h is

calculated along [100], [010], and [001] directions. All the values
are reported in units of the free electron rest mass (mo). Table S2
in the supplementary material presents the average effective mass
of the cubic structure. As (Cd) increases from x = 0 to 1, m�

e
decreases from 0.18 to 0.14 mo. Segev et al. reported the m�

e values
of end members of the alloy system for cubic structures, i.e.,
Zn2SnO4 and Cd2SnO4, as 0.18 and 0.16 mo, respectively,

FIG. 4. Absorption coefficient and reflectivity curves of (CdxZn1−x)2SnO4 calculated using the HSE06 functional for the cubic phase (a) and (b) and orthorhombic phase
(c) and (d) at compositions x = 0.00, 0.25, 0.50, 0.75, and 1.00. The shaded region represents the AM 1.5 G solar spectrum irradiance.
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consistent with our findings.81 The m�
h values are much larger

(∼5–7mo) and vary non-monotonically across the alloy system. In the
orthorhombic structure, m�

e remains relatively light (0.33–0.28mo),
whereas m�

h is strongly anisotropic: m�
h ∼1.3–2.0 mo along [100],

∼7.0–16.0 mo along [001], and ∼15.0–293 mo along [001]. These
calculations were performed along a, b, and c axes following the
similar approach reported by Barone et al. for their study on
ZnxCd1−xTe.

82 Hence, these results indicate that in both the struc-
tures, m�

h is significantly larger than m�
e , suggesting that electrons

are allowed to move freely as the majority charge carriers.
The charge carrier mobility calculations are done using the

relation μ = eτ/m*.83 The cubic phase gives electron mobilities of
97.71–125.62 cm2/V s and the hole mobilities of 2.43 –3.73 cm2/V s.
For the orthorhombic structure, the electron mobilities are
53.29–62.81 cm2/V s; hole mobilities are directional dependent:
8.62–13.43 cm2/V s ([100]), 1.11–2.49 cm2/V s ([010]), and
0.06–1.11 cm2/V s ([001]) as presented in Tables S2 and S3 in the
supplementary material. Cd2SnO4 and Zn2SnO4 are well-known
n-type semiconductors,84,85 and the favorable carrier mobilities cal-
culated in this study support their use in the TCO layer in solar cell
applications.86–88

D. Vibrational properties

Figure 3 presents the phonon LDOS for both cubic and ortho-
rhombic structures of (CdxZn1−x)2SnO4, computed using the GGA
functional. Our calculations show that all the members of the alloy
system are dynamically stable, as there is no phonon LDOS in the
negative frequency region. The phonon LDOS is distributed from 0
to 20 THz. Between the two structures, the cubic structures vibrate
at higher frequencies. We observe that the O phonon DOS vibrates
at a higher frequency region at around 12 THz, whereas in the
orthorhombic structure, it is 3 THz. The other atoms (Sn, Cd, and
Zn) are found in lower frequencies compared to the O phonon
DOS. It is noted that all the members of the alloy system have a
wider phonon bandgap of ∼4 THz in the frequency region of the
stable material between 12 and 16 THz. This gap in the phonon
frequency region indicates that the material can restrict sound fre-
quencies within this region. Hence, it can be used as a candidate
for applications in sound filtering and mirror applications, as it is
difficult to penetrate the material from the surface.89

E. Optical properties

The optical properties of a material depend on the material’s
capacity to absorb and manage light. The absorption coefficient (α)
plays a crucial role in measuring the amount of light absorbed at a
certain wavelength, needed for higher solar energy conversion effi-
ciency. This also helps to identify whether the material is clear or
opaque.90 Figure 4 presents the α and reflectivity (R) from 0 to
5 eV photon energy range of PV interest for the (CdxZn1−x)2SnO4

alloy system. The α ranges from 104 to 6 × 105 cm−1 for the cubic
structure, and for the orthorhombic, it ranges from 103 to
6 × 104 cm−1. The spectral irradiance of Air Mass 1.5 Global
Spectrum is plotted in the background for better comparison.91

The edge where α starts is its optical bandgap, corresponding to
the bandgaps reported from the band structure.92

For the cubic structure, below ∼1.7 eV, there is no rise in α.
Beyond ∼1.7 eV, α rises and reaches a maximum at around ∼4 eV.
For x = 0, the peak is at around ∼4.4 eV. As (Cd) is added to the
alloy system, the peaks shift to the left, dropping to ∼4 eV for x = 1.
Similarly, the orthorhombic structure has the maximum α for the
alloy system between 2.8 and 3.4 eV. This trend for both structures
is consistent with the bandgap reported in Table III. R measures
the amount of electromagnetic radiation reflected from the mate-
rial,93 influencing its performance for solar cell applications. R at
0 eV for cubic is between 0.11 and 0.12. It shows an upward trend
and reaches between 0.24 and 0.26 at ∼4 eV. The orthorhombic
reflectivity at 0 eV is between 0.09 and 0.10 and reaches a
maximum of 0.14 at ∼3.7 eV photon energy. The reflectivity within
the visible region is ∼18% for the cubic structures and ∼13% for
the orthorhombic structure. Materials with lower reflectivity are
used in solar cells, which increases their efficiency.94 The widely
accepted solar cell material CdSexTe1−x has reflectivity at a range of
15%–31%, which is high compared to our material in this study.95

Thus, the (CdxZn1−x)2SnO4 alloy system can be used as a suitable
candidate for the TCO layer application in solar cells.

IV. CONCLUSION

In summary, we have computationally studied the structural,
energetic, mechanical, vibrational, and opto-electronic properties of
the (CdxZn1−x)2SnO4 alloy system (0≤ x≤ 1) in both cubic (Fd�3m)
and orthorhombic (Imma) crystal structures using DFT and beyond
methods. Our results for the end members are in good agreement
with the available results from experimental and theoretical studies.
For the intermediate compositions, our calculations are predictive in
nature due to the lack of available literature. As (Cd) increases, the
bandgap values and their stability decrease. Both the structures’ alloy
systems have significantly higher hole effective mass than electron
effective mass. According to Born stability criteria, all compositions
in both cubic and orthorhombic structures are mechanically stable.
Likewise, the phonon LDOS study shows no negative phonon fre-
quencies, confirming their dynamic stability. The optical study con-
firmed that the material exhibits a favorable absorption coefficient
and reflectivity. Hence, all the results discussed here provide valuable
insights into the potential of(CdxZn1−x)2SnO4 alloy system as a TCO
layer material for solar cell applications. Therefore, further research
and development on this alloy system is encouraged to fully explore
its potential for future applications.

TABLE III. Electronic bandgaps in eV of cubic (c-) and orthorhombic (o-)
(CdxZn1−x)2SnO4 computed using the GGA and HSE06 functional.

x

c- (CdxZn1−x)2SnO4 o- (CdxZn1−x)2SnO4

GGA (eV) HSE06 (eV) GGA (eV) HSE06 (eV)

0.00 0.40 2.35 0.84 2.80
0.25 0.30 2.08 0.61 2.40
0.50 0.22 1.97 0.42 2.19
0.75 0.19 1.91 0.34 2.10
1.00 0.11 1.81 0.23 1.92
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SUPPLEMENTARY MATERIAL

See the supplementary material for charge transfer, effective
masses, elastic constants, simulated XRD, COHP, and the band
structure diagrams for the alloy system.
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