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Abstract: Quaternary chalcogenide compositions have gained much attention because of their promising potential for

various optoelectronic applications. The band structure, density of states, and optical properties of CuZn2InS4 and

CuZn2GaS4 for kesterite and stannite structures are studied with the full-potential augmented plane wave method as

implemented in the Wien2k code. The total energy in equilibrium is calculated for different possible crystal structures. The

phase stability and transitions with p–d orbitals are also analyzed. Moreover, the absorption coefficient, dielectric function,

and refractive index of these materials are explored within a broad range of energy. We compare the calculated band gap

values with available experimental results.
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1. Introduction

In the studies of photovoltaic technologies, thermo-

electrics, and optoelectronic devices, the quaternary semi-

conductors Cu2-II-IV-VI4 have attracted tremendous

attention since their elements are earth-abundant, inex-

pensive, and environment-friendly in nature. In addition,

their band gap offers a broad range of the optical spectrum.

The designs of Cu2-II-III-VI4 quaternary compositions

have resulted from cation cross-substitution of binary II-VI

and ternary I-III-VI2. It offers an alternative route for

exploring promising materials to be used as absorbers in

photovoltaic applications. Originally, Goodman (1958) and

Pamplin (1964) initiated the formation of quaternary

chalcogenides from ternary I-III-VI2 systems through

cation cross-substitution which obeys octet rule [1, 2].

There are two possibilities for these cation substitutions:

One of them is forming an I2-II-IV-VI4 compound with one

group-IV and one group-II atom by replacing two group-III

atoms; another one is to replace one group-III atom and one

group-I with two atoms of group-II, which formed I-II2-III-

VI4 compound. These can also be defined by the II2x(I-

III)1-xVI2 alloy at x = 0.5. Recently, the I2-II-IV-VI4
compound, especially Cu2-II-IV-VI4 quaternary semicon-

ductors, has been studied both experimentally and theo-

retically due to its optimum value of band gap (&1.5 eV)

and high value of absorption coefficient (&104–105 cm-1)

[3–7]. However, in the literature, the studies of Cu-II2-III-

VI4 quaternary semiconductors, for example, CuCd2InTe4,

CuTa2InTe4, AgZn2InTe4, and CuTa2InTe4, are synthe-

sized either in stannite or cubic structure and information

on their various properties is comparatively limited [8–17].

Using many possible atomic variations, these emerging

chalcogenide groups open a new era for finding materials

with suitable characteristics. A cation cross-substitution of

ternary and binary compounds has been studied by Chen

et al. [8]. They evaluated the structural stability of various

crystal phases and found that the stannite and kesterite

structures have higher energy compared to the wurtzite

structure after relaxation. Further, the crystalline quater-

nary chalcogenides CuZn2InTe4 and AgZn2InTe4 com-

pounds have also been reported by Shi et al. [18]. Although

semiconducting chalcogenides CuZn2AlSe4 are explored

through cross-substitution, the total energy calculation

gives the information of material properties, shifting of

energy band and the conductivity of the material [19].*Corresponding author, E-mail: anima.ghosh@sru.edu.in; an-

imaghosh10@gmail.com
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Moreover, a group of Cu2ZnAS4-x (x = 0.5 ± 0.3) and

CuZn2AS4 (A = Al, Ga, In) nanocrystals are synthesized in

wurtzite phase via hot injection method [9]. It has been

found that the compounds have band gap values of

range * 1.20–1.72 eV in the visible region and have high

absorption values, which indicate that these compounds

offer decent optical properties to be used as inexpensive

and nontoxic active layers in photovoltaic applications.

The structural stability, structure, composition, and band

structure of CuZn2AlS4 have been reported earlier [10].

However, there is no systematic theoretical investigation to

elucidate the structural, optoelectronic, and band structure

properties of stannite and kesterite phases of CuZn2InS4
and CuZn2GaS4 compounds.

In the present report, we have studied the optoelectronic

and structural properties of the kesterite (KS, space group

I4) and stannite (SS, space group I2 m)-type quaternary

chalcopyrite compounds CuZn2MS4 (M = In and Ga)

(Fig. 1(a) and (b)) via full-potential augmented plane wave

method (FP-LAPW) as implemented in the Wien2k code.

The band structure with partial and total density of states

(DOS) is evaluated from optimized structural parameters at

the lowest energies. The absorption spectra, dielectric

function, and refractive index are reported and discussed.

In addition, we have investigated the partial and total DOS

of kesterite structure of CuZn2InxGa1-xS4 (where x = 0.5)

to explore the transition from CuZn2InS4 to CuZn2GaS4.

Our systematic studies could provide valuable knowledge

of this quaternary chalcogenide group and enable to com-

pare it with the related and vastly studied quaternary group

of materials.

2. Computational methodology

To study the phase stability from total energy calculation

and the electronic structure of CuZn2MS4 (M = In and Ga)

compounds, the scalar-relativistic full-potential augmented

plane wave method (FP-LAPW) is employed via WIEN2k

code [20]. In this computational work, core and valence

subsets split from the basis set located in the muffin–tin

(MT) sphere. The core state contribution comes mainly

from the spherical part of the potential where the charge

density is spherically symmetric. On the other hand, the

scalar-relativistic approach is applied for the valence states,

although the full relativistic method with full relaxation is

employed for the core states. Here, the valence states

orbital configuration are Cu (3p6, 4s2, 3d9), Zn (3d10, 4s2),

In (4d10, 5s2, 5p1), Ga (3d10, 4s2, 4p1), and S (3s2, 3p4). All

these orbits are expanded within a potential in spherical

harmonics. The Perdew–Burke–Ernzerhof (PBE) [21]

potential in generalized-gradient approximation (GGA) is

applied for crystal structure optimization, optimization of

atomic positions, and defect formation energy evaluation.

To avoid the charge leakage inside the core state, we have

optimized the values of MT radii of all the atoms. Here, in

connection with default values of the code and with respect

to the computer time, RMT has been chosen. Generally, for

doing faster calculations, radii can be taken as large as

possible considering possible structural changes like force

minimization or lattice parameters. So, we are able to

perform all calculations of different properties with the

same value of RMT. In our calculation, the MT radii for Zn,

Cu, In, Ga, and S are defined to be 2.22, 2.20, 2.30, 2.28,

and 1.90 a.u., respectively. The core and valence state

separation is considered in the form of cutoff energy with a

value of 6.0 Ry. The self-consistent convergence of the

simulations set approximately in the range of 10-5 Ry.

Further, the expansion of the basis is taken with RMT 9

KMAX equal to 7, where RMT represents the smallest atomic

MT sphere radius and plane wave cutoff of k-vector

defined as KMAX. The RMT set in a way that converges with

the number of plane waves (PWs) remains the same for the

smallest-sized atom as well as the other atoms of the

compound. The magnitude of charge density (Gmax) in

Fourier expansion is equal to 12 (Ry)1/2. In the calculation,

the Brillouin zone integrations are performed with the

tetrahedral method [22] with a 4 9 4 9 4 division k-point.

To study the density of states (DOS) of CuZn2InxGa1-xS4
(where x = 0.5), we have structured a supercell from

optimized kesterite CuZn2InS4 structure and optimized the

lattice parameters of the system.

The absorption coefficient, a(x), together with the real

and imaginary part of the dielectric function [e (x) =
e1(x) ? ie2(x)] is also analyzed using the following for-

mulas [23]
Fig. 1 Crystal structures of (a) kesterite structure (KS) and (b) stan-
nite (SS) structure of CuZn2GaS4, respectively
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where e and m represent the electronic charge and mass,

respectively, i is the initial state, j is the final state,

M represents the dipole matrix, Ei indicates i
th state of the

energy of electron, and fi is the Fermi distribution function

for the ith state.

The real part contribution of dielectric function [e1(x)]
is extracted from the Kramers–Kronig relation [24]

e1ðxÞ ¼ 1þ 2

p
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Z 1

0

x0e2ðx0Þdx0

x02 � x2
ð2Þ

where x is the frequency, x’ represents the variable of

integration, and p defines the principal value of the integral.

The absorption coefficient [25] can be obtained by using

the formula given as.
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p
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3. Results and discussion

3.1. Total energy

The kesterite and stannite phases of CZMS are found to be

more stable compared to the wurtzite phase. The total

equilibrium energy of wurtzite, kesterite, and stannite

crystal phases are checked. The variation of total energy

with the volume of the compound is shown in Fig. 2. In

Fig. 2(a) and (b), both the vertical axes represent negative

total energy values which indicate that the compounds are

thermodynamically stable. From Fig. 2(a) and (b), we can

see that kesterite phase has lower energy than that of

stannite and wurtzite phases. This confirms that kesterites

are more stable as compared to stannite and wurtzite

counterparts. The equilibrium lattice constant is evaluated

from the volume with the corresponding value of lowest

energy. The Murnaghan’s equation of state, as given

below, is used to calculate the lattice constants by fitting

the calculated total energy.

EðVÞ ¼ E0 þ
ðV0=VÞB0

0

B0
0 � 1

þ 1

� �
� B0V0

B0
0 � 1

ð4Þ

where E0 represents the minimum energy at T = 0 K with

volume V, B0 indicates the bulk modulus at the equilibrium

volume, and V0 and B0’ are the pressure derivative of bulk

modulus at the equilibrium volume.

The optimized lattice parameters are evaluated as

a = 5.529 Å, c = 11.058 Å for KS-CuZn2InS4;

a = 5.533 Å, c = 11.066 Å for SS-CuZn2InS4;

a = 5.417 Å, c = 10.833 Å for KS-CuZn2GaS4; and

a = 5.421 Å, c = 10.842 Å for SS-CuZn2GaS4.

3.2. Density of states (DOS) and band structure

To analyze the electronic behavior of the quaternary

compounds, the band structure and DOS of all the com-

pounds in KS and SS structures are plotted in Figs. 3 and 4,

respectively. Figure 3(a) represents the total and partial

DOS of kesterite CuZn2InS4 (i.e., KS-CuZn2InS4), whereas

the total and partial DOS of stannite CuZn2InS4 (i.e., SS-

CuZn2InS4) are shown in Fig. 3(b), the total and partial

DOS of kesterite CuZn2GaS4 (i.e., KS-CuZn2GaS4) are

depicted in Fig. 3(c), and the total and partial DOS of

stannite CuZn2GaS4 (i.e., SS-CuZn2GaS4) are displayed in

Fig. 2 (a) represents volume vs. total energy for wurtzite, kesterite, and stannite structure of CuZn2InS4, and (b) represents volume vs. total

energy for wurtzite, kesterite, and stannite structure of CuZn2GaS4
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Fig. 3(d). Here, we have shown the total DOS (represented

by black color) together with the partial DOS of Cu-s and

Cu-p orbitals (green and orange color, respectively), In-

s and In-d orbitals (sky and pink color, respectively), Zn-

s orbital (blue color plot), and S-s and S-p orbitals (green

and red color, respectively). It is observed that the band gap

decreases with increasing atomic number of group-III

elements within the compound. As the conduction band

minimum (CBM) is composed of group-III-s and anion

p states, the band gap is reduced from Ga to In. From the

DOS plots, it is observed that the valence band maximum

(VBM) is coming from the Cu 3d and anion p states, as

plotted in Fig. 3(a)–(d). Generally, the KS structure is more

stable and has a lesser band gap as compared with SS

structure of the material. Also, it shows that all the

structures are direct-band semiconductors. Further, it is

observed that going from Ga to In, the bonding and anti-

bonding states of p-d orbitals overlap more. For all the

compounds, it is clear from DOS plots that the VBM state

leads by the antibonding p-d coupling between the group-I

(i.e., Cu) and group-VI (i.e., S) atoms, while CBM states

are dominated by the antibonding coupling between the

group-III (i.e., Ga or In) s state and VI (i.e., S) s and

p states. Therefore, a very little shifting of VBM occurs (as

shown in total DOS plot at energy range 0 to -2.5 eV), and

due to the remarkable downshifting of CBM from In to Ga,

the band gap value decreases. In Fig. 4, the band structure

is plotted for further understanding of the electronic

properties. Here, Fig. 4(a) and (b) shows the band structure

of CuZn2InS4 for kesterite (i.e., KS-CuZn2InS4) and

Fig. 3 Partial density of states (DOS) and total DOS of (a) KS-CuZn2InS4, (b) SS- CuZn2InS4, (c) KS-CuZn2GaS4, and (d) SS-CuZn2GaS4. The
‘KS’ represents kesterite structure, and the ‘SS’ represents stannite structure (color figure online)
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stannite (i.e., SS-CuZn2InS4) structure, respectively,

whereas Fig. 4(c) and d reflects the band structure of

CuZn2GaS4 for kesterite (i.e., KS-CuZn2GaS4) and stannite

(i.e., SS-CuZn2GaS4), respectively. It also shows the

direct-band nature (i.e., C to C transition) of CZMS, as the

conduction band minima and the valence band maxima are

Fig. 4 Band structure spectra for (a) KS-CuZn2InS4, (b) SS- CuZn2InS4, (c) KS-CuZn2GaS4, and (d) SS-CuZn2GaS4, respectively. The ‘KS’

represents kesterite structure, and the ‘SS’ represents stannite structure

Structural stability, electronic band structure, and optoelectronic properties



aligned in similar momentum positions and are located at

high symmetry C-point. This is qualitatively similar to the

reported results of CuZn2GaS4 [9] and CuZn2AlS4 com-

pounds [10].

Figure 5 depicts the overall total DOS together with the

partial DOS of Cu-s, Cu-d, Zn-s, In-s, d, Ga-s, Ga-d, S-s,

and S-p orbitals of CuZn2InxGa1-xS4 (where x = 0.5) in KS

structure. The calculated band gap value is 1.52 eV. The

relative band gap of CuZn2InxGa1-xS4 decreases in com-

parison with CZGS because of the downshifting of the

conduction band side. This occurs due to the larger ionic

radius of In compared to Ga. The trend of DOS, however,

is similar for CZGS and CZIS structures. Around the Fermi

energy (EF), the d orbital of Cu is hybridized with S-p in

the edge of the valence band. Also, the admixture of Cu-d

and the d-orbital of In and Ga hybridizes with S-p states in

energy range of -6 to 0 eV. On the conduction band side,

the major contribution takes place with In-s, Ga-s and S-p

states.

3.3. Optical properties

The dielectric function of all the structures is depicted in

Fig. 6 with energy from 0 to 10 eV. Here, Fig. 6(a) repre-

sents the real part of dielectric function, whereas imaginary

contribution of dielectric function is reflected in Fig. 6(b).

We have found that the dielectric function has quite a

similar trend over a broader energy range. The real part of

the dielectric function, e1(x), can be defined by the dis-

persion of the incident photons of the material, e1(x),
whereas the quantity of the imaginary part of the dielectric

function, e2(x), measured by the absorption of energy. In

Fig. 6(a), for both the KS and SS structure of CuZn2InS4
and CuZn2GaS4, the peak is around 2 eV and occurs due to

the transition of S-3p and Zn-4 s orbitals. In Fig. 6(b), the

spectrum distribution follows the same sequence of the

density of states.

Another key parameter for defining the optical proper-

ties of the material is the refractive index. This is related to

the polarizability of ions associated with the local field

inside. The refractive indices are evaluated for both the

kesterite and stannite crystal phases of CuZn2MS4 (M = In

and Ga) compound from simulation (shown in Fig. 7(a))

and are obtained as 2.58, 2.60, 2.66, and 2.67, respectively.

From the figure, we have found that the estimated refrac-

tive index for all the crystal phases in the visible region

increases and attains the UV region with its maximum

values. It further decreases with the increase in energy.

Since with the increasing value of refractive index, band

gap of the material decreases, this property helps the solar

cell to respond more in the higher wavelength region of the

solar spectrum.

The full spectrum of the calculated absorption coeffi-

cient for both compounds is shown in Fig. 7(b). From

Fig. 7(b), it can be realized that in the visible region, the

value of the absorption coefficient is higher than 104 cm-1,

which makes CuZn2InS4 and CuZn2GaS4 promising

materials as highly efficient absorbers for photovoltaic

applications. The band gap values (Eg) of CuZn2MS4
(M = In and Ga) compound are estimated from the Tauc’s

plot. In this plot, we considered the absorption coefficient

(a) as a2 � (hm-Eg), where hm is the photon energy. (t is

the frequency, and h is the Planck’s constant.) Considering

scissor correction, the calculated optical band gaps using

PBE are 1.44 eV, 1.48 eV, 1.54 eV, and 1.57 eV for KS-

CuZn2InS4, SS-CuZn2InS4, KS-CuZn2GaS4, and SS-
Fig. 5 Partial density of states (DOS) and total DOS of kesterite

structure (KS) of CuZn2Ga0.5In0.5S4

Fig. 6 Dielectric function spectra e(x) = e1(x) ? ie2(x) of CuZ-

n2InS4 and CuZn2GaS4 in KS and SS structures. The caption

(a) represents the real part of dielectric function, e1(x), and the

caption (b) represents the imaginary part of dielectric function, e2(x).
The ‘KS’ represents kesterite structure, and the ‘SS’ represents

stannite structure
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CuZn2GaS4, respectively (inset figure of Fig. 7(b)). The

absorption starts in the energy of the band gap region. From

Fig. 7(b), we can also observe that the peak of the

absorption is located in the energy region of 1.4–1.57 eV.

This is due to the transition of the charge carriers from Cu-

d and anion-p (i.e., S-p) hybridized states to the empty

states in the CB.

4. Conclusions

In summary, a systematic investigation of the structural,

optical, and electronic properties of CuZn2InS4 and

CuZn2GaS4 in the KS and the SS phases is carried out

using the density functional scalar-relativistic full-potential

linear augmented plane wave method. The density of

states, band diagram, and optoelectronic properties, such as

absorption coefficient, dielectric function, and refractive

index, are reported in detail. From the total energy calcu-

lations, we have found that the kesterite and the stannite

crystal phases are more stable compared to the wurtzite

crystal phase. In the case of heavier group-III atoms, the

bonding and antibonding states of the compounds overlap

more. Moreover, the optical spectra shifted from In to Ga

toward the lower energy region. Our present study shows

that these materials are very promising to be used as

absorber materials in the context of optoelectronic

including photovoltaic (PV) applications. The present

systematic study will further aid for the experimental quest

on the material structure of this novel class of quaternary

chalcogenides.
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