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A B S T R A C T   

Through experimental exploration, diverse phases—tetragonal and orthorhombic—have been observed within 
the Cu2ZnGexSn1− xS4 region (0 ≤ x ≤ 1), hinting at potential miscibility gaps. To complement these findings, our 
computational investigation, employing density functional theory (DFT), delves into the Ge substitution-induced 
phase transition in Cu2ZnGexSn1− xS4. Contrary to a single-phase behavior, our FP-LAPW at zero temperature 
results reveal a compelling shift from stannite (Sn-rich) to Wurtzite-Stannite (Ge-rich) at xGe ≈ 80%. Negative 
enthalpy of formation values indicates the inherent stability of these structures. The calculations reveal an 
estimated 8.884 meV per atom difference in enthalpies of formation between the Stannite and Wurtzite-Stannite 
phases for Cu2ZnSnS4. For Cu2ZnGeS4, the Wurtzite-Stannite structure emerges as the most stable, closely trailed 
by the Stannite structure, with enthalpies of formation at − 4.833 eV⋅atom− 1 and − 4.804 eV⋅atom− 1, respec
tively. Furthermore, our quasi-harmonic Debye model facilitates the analysis of phase transitions triggered by the 
introduction of germanium. This is achieved by calculating the Gibbs energy, which remains unaffected by 
variations in temperature and pressure. As the tin cation is replaced by the smaller germanium cation, there is an 
observable decrease in the cell parameters. The corresponding reduction in cell volume adheres to the principles 
of Vegard’s Law. Exploring the behavior of these materials in diverse conditions can significantly contribute to 
enhancing the performance and stability of devices built upon Cu2ZnGexSn1− xS4.   

1. Introduction 

In the field of material science, the manipulation of intrinsic pa
rameters, like alloy composition, and external conditions, such as tem
perature, pressure, or magnetic fields, allows the creation of novel 
materials with desired properties. Given the escalating demand for 
materials with specific attributes, computational methods for materials 
design has gained prominence. This is particularly evident due to the 
constraints of high costs and time associated with experimental dis
covery [1]. Computational methods, utilizing computer simulations in 
material science, play a pivotal role in predicting novel properties and 
designing materials with specific characteristics. These methods 
contribute valuable insights into the physical and chemical properties of 

systems that may be challenging or inaccessible through traditional 
means. Advancements in computer technology now enable the analysis 
of large and intricate systems. Among computational methods, density 
functional theory (DFT) stands out as a widely implemented tool in 
various codes for material science [2,3]. This potent technique employs 
electron density, rather than wave functions, to describe microscopic 
systems, offering a rapid and precise means of calculating diverse ma
terial properties, including energy, electronic structure, stability, phase 
transition, and other behaviors of interest. Notably, alloys based on 
chalcogenides have recently demonstrated considerable potential in 
enhancing the efficiency of solar cells. [4]. Furthermore, this class of 
material consists mostly of earth abundant and non-toxic elements [5] 
and can be manufactured using simple and low-cost processes [6]. 
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Chalcogenide materials are useful for solar cells due to their unique 
optical and electrical properties, including high absorption coefficients 
and tunable bandgap energies [7]. Additionally, chalcogenides can be 
used to produce thin-film solar cells, which are lighter and more flexible 
than traditional silicon-based solar cells. Quaternary chalcogenide 
semiconductors are a type of chalcogenide material composed of four 
elements, usually including sulfur, selenium, tellurium, and one or more 
elements from groups 3 to 6 of the periodic table. Cu-based quaternary 
chalcogenide semiconductors (Cu2-II-IV-VI4) and derived alloys are a 
large type of material with great promise for a variety of applications, 
particularly as absorber layers in solar cell technologies [8,9]. An effi
ciency up to 12.6% has been achieved by Wang et al. in Cu2ZnSn 
(SxSe1− x)4 based solar cells [10]. Additionally, several articles summa
rize results of research on the optimization of the material composition 
by partial cation substitutions revealed further increase in the efficiency. 
Indeed, due to its good miscibility the incorporation of Ge on Sn site in 
Cu2ZnSnS4 (CZTS) is quite promising and has recently gained much 
attention. It has been shown that a small doping with Ge in the 
Cu2ZnGexSn1− xS4 solid solutions resulted in a real increase of the solar 
cell efficiency [11–14]. Accordingly, chalcogenide based alloys are 
extremely versatile materials, capable of crystallizing in a large variety 
of structures. For example, group Cu2-II-IV-VI4, perhaps the most stud
ied group of this family. The cation rearrangement of this group of 
materials results in several possible phases. Stannite- or Kesterite-type 
structures that are the derivatives of sphalerite unit cells, by ordering 
the metals on the cation sites [15], and Wurtzite-Stannite or 
Wurtzite-Kesterite structures derived from the Wurtzite lattice based 
upon the valence octet rule. From the geometry of each phase, the 
stannite (I-42 m) and Kesterite (I-4) structures have Tetragonal sym
metry, and an Orthorhombic for Wurtzite-Stannite (Pmn21) and 
Wurtzite-Kesterite (Pc) structures [16]. Additionally, a ‘disordered 
Kesterite’ phase (I-42 m) has been observed, in which the copper and 
zinc atoms in the 2c and 2d Wyckoff positions are randomly distributed 
[17]. 

The present paper has been motivated by an effort to elucidate the 
question of the phase transition induced by the incorporation of Ge 
atoms into the lattice of Cu2ZnSnS4 material. Phase transition in alloy 
plays an important role in many physical and chemical processes, and 
can greatly affect the properties and performance of materials. Under
standing the structure change is crucial in fields such as materials sci
ence, thermodynamics, and engineering. In this study, we introduce 
computational methods for conducting resource-intensive ab initio 
computations to estimate these properties in Section 2. Subsequently, 
we delve into the results obtained for structural and thermodynamic 
properties in Section 3. Finally, we consolidate our findings and draw 
conclusions in Section 4. 

2. Computational background 

The calculations were performed using the (linearized) augmented 
plane-wave and local orbitals [(L)APW+lo] method to solve the Kohn- 
Sham equations of DFT [18]. The FP-LAPW+lo method is imple
mented in the famous WIEN2K package [19,20]. The code is an indis
pensable tool for the interpretation of experimental data as well as for 
the prediction of materials properties [21–24]. The revised 
Perdew-Burcke-Ernzerhof (PBEsol) parameterization of the generalized 
gradient approximation (GGA) functional [25] is used to describe the 
exchange and correlations (XC) effects for geometry optimization. The 
calculations of the structural properties and enthalpy of formation were 
based on the fully relaxed cells. The muffin-tin sphere radius Rmt was 
chosen as 2.00, 2.10, 2.10, 2.25, and 1.80 a.u radii, respectively, for Cu, 
Zn, Ge, Sn, and S. RmtKmax parameters that determines matrix size for 
convergence is fixed for 7. As convergence conditions, 10− 8 Rydberg for 
the total energy was used in almost all calculations. In order to obtain a 
more accurate representation of the electronic properties of the mate
rial, the integration over the irreducible part of Brillouin zone is carried 

out on a grid of 3 × 4 × 5 k points. 

3. Results and discussion 

In this study we expand our efforts to explore the structural phases in 
the Ge element substituting process along the Cu2ZnGexSn1− xS4 solid 
solution (x = 0–1), investigating both tetragonal (stannite) and ortho
rhombic (wurtzite-stannite) symmetry. From experimental observa
tions, resting on the X-ray diffraction analysis, Nagaoka et al. confirmed 
that Cu2ZnSnS4 belonged to an ordered tetragonal stannite structure 
with the space group of I-42 m [26,27]. The stannite (St) phase can be 
derived from a doubled zincblende crystal structure by two particular 
pairwise cation substitutions [28,29]. This stannite structure is 
composed of alternating layers of mixed Zn and Sn cations which are 
separated by layers of Cu ions. There are four non-equivalent Wyckoff 
positions (WP): Zn divalent cation occupies the origin 2a (0, 0, 0), Cu 
monovalent cation at the 4d (0, 1/2, 1/4), Sn at the 2b site (0, 0, 1/2), 
and the S anion located at 8i (1/4, 1/4, 1/8). Even more, CZTS have also 
been shown to exist in other phases such as wurtzite-stannite (WS) with 
a hexagonal crystal cell [30,31]. In the wurtzite superstructure of the 
Pmn21 space group (No. 31), there are three S atoms occupying Wyckoff 
positions at 4b (0.2245, 0.1617, 0.1191), 2a (0, 0.2956, 0.664), and 2a 
(0, 0.6352, 0.0872), one Cu at 4b (0.2252, 0.1761, 0.4836) while Zn and 
Ge atoms are located at 2a (0, 0.6521, 0.4909) and 2a (0, 0.3192, 0) 
sites, respectively [32]. The presence of Cu2ZnGeS4, herein referred to as 
CZGS, has been ascertained to adopt the Stannite-type structure by 
Doverspike et al. [33] and Chen et al. [34] through meticulous exami
nation utilizing Raman spectroscopy and X-ray diffraction techniques. 
Moreover, Levcenco et al. [35], employing powder X-ray diffraction in 
combination with Rietveld refinement, have further corroborated the 
existence of the CZGS system in an orthorhombic structure, specifically 
identified as wurtzite-stannite (space group: Pmn21). In this structure, 
the three elements Cu, Zn, Ge/Sn in quaternary sulfides Cu2ZnXS4 (X =
Ge, Sn) are tetrahedrally surrounded by S and each S is surrounded by 
one Zn, one Ge/Sn and two Cu atoms (Fig. 1). In analogy to stannite cell, 
the wurtzite-stannite is also acentric structure and the cationic elements 
coordination around each S atom as in stannite structure. 

In the present work, the supercell for tetragonal stannite system was 
replicated 2 × 2 × 2, containing 64 atoms in the Cu2ZnGexSn1− xS4 
primitive structure. For wurtzite-stannite, a unit cell consisting of four 
Cu2ZnSnS4 units, namely a 2 × 2 × 1 supercell was used to build the 
Cu2ZnGexSn1− xS4 systems. So, for all alloys in both phases, a 64 atoms 
based supercells with different random arrangements of Ge and Sn are 
constructed. Here, it is important to note that our constructed supercells 
for stannite/wurtzite-stannite structures consist of three possible sub
stitutions (x = 0.25, 0.5 and 0.75) in which Ge and Sn cations are 
randomly distributed in the lattice. Nonetheless, the ability to explore 
compositions is restricted by the computational expense. When dealing 
with smaller compositions, it becomes necessary to utilize excessively 
large supercells (i.e., containing a large number of atoms), resulting in a 
significant escalation in computational costs. Additionally, a supercell 
was generated for three atomic positions of substitution atoms (Ge and 
Sn) in which one atom had a multiplicity of four, and two atoms had a 
multiplicity of two. This means that for each Ge composition in the 
Cu2ZnGexSn1− xS4 solid solution, two different cation arrangements (Ge 
and Sn) are possible. 

To attain this objective, it is essential to identify the most stable 
configuration by calculating the enthalpy of mixing (indicating the 
miscibility of the alloys) through FP-LAPW for each Ge composition. 
This involves assessing the enthalpies at various points between the 
minimum energies for each configuration and incorporating the mixing 
energies derived from the pure quaternary compounds, considering both 
the initial and final compositions (x = 0 and 1). 

ΔH = Emin
CZGTS − Emix

CZGTS (1) 
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Emix
CZGTS corresponds to the mixing energy and Emin

CZGTS is the equilib
rium GGA-PBEsol calculated total energies of Cu2ZnGexSn1− xS4 at 0 K. 
The mixing energy for the quinary alloys with different Ge compositions 
can be calculated from the pure quaternary energies by 

Emix
CZGTS = x.Emin

CZGS +
(
1 − x

)
Emin

CZTS (2) 

Emin
CZTSand Emin

CZGS are the minimum energies obtained within GGA- 
PBEsol for pure quaternary alloys CZTS and CZGS, respectively. 

Determining the most stable configuration hinges on evaluating the 
energy difference, where the configuration boasting the lowest enthalpy 
of mixing (or minimum energy) is recognized as the most stable. How
ever, it is crucial to establish an initial reference point, specifically the 
favorable supercell configuration corresponding to the provided 
composition. In Figs. 2 and 3, the mixing enthalpies for 
Cu2ZnGexSn1− xS4 alloys are presented, specifically focusing on zero 
temperature calculations for both crystalline phases. Traditionally, the 
formation enthalpy of most alloys can be approximated as a quadratic 

function of the composition x [37]. Closed symbols in Figs. 2 and 3 
denote configurations with lower mixing enthalpies. In the case of the 
stannite phase, calculations for the two configurations exhibit signifi
cant overlap, with marginal differences of 0.408, 1.224, and 0.817 µeV 
observed for x = 25%, 50%, and 75%, respectively. The variation in 
mixing enthalpies follows a non-linear variation, characterized by the 
bowing parameter b (interaction parameter), determined through fitting 
this non-linear trend of mixing enthalpies to specific Eqs. (3) and (4), 
respectively for the stannite (St) and wurtzite-stannite (WS) phases. The 
quadratic term is contingent on the bowing parameter b. 

ΔHSt = − 0.00743+ 2.23775x − 2.22936x2 (3)  

ΔHWS = 0.03804+ 0.7439x − 0.8377x2 (4) 

The interaction parameter ’b’ serving as an indicative measure of 
alloy solubility is predicted to be − 2.22 eV for the stannite structure 
and − 0.83 eV for the wurtzite-stannite structure. The smaller bowing 

Fig. 1. Three-dimensional polyhedral view of the Cu2ZnSnS4 stannite (tetragonal I-42 m) and Cu2ZnGeS4 wurtzite-stannite (orthorhombic Pmn21) unit cells. The 
crystal structure figures are prepared using VESTA [36]. 
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Fig. 2. Mixing enthalpies (ΔH) for different Ge compositions (x) of Cu2ZnGexSn1− xS4 alloys in the stannite supercell, given in eV and per formula unit. The closed 
circles indicate the lowest energy configuration. The Fig. 2 also displays the crystalline configurations with the lowest mixing enthalpy. 
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parameter observed for wurtzite-stannite, compared to stannite, sug
gests that component-uniform Cu2ZnGexSn1− xS4 alloys can be more 
readily grown in the wurtzite-stannite structure than in the Stannite 
structure under standard growth temperature conditions. 

As previously mentioned, this study unveils a substitution-induced 
phase transition in Cu2ZnGexSn1− xS4 solid solutions at an intermediate 
x composition. This is accomplished through an extensive FP-LAPW 
calculation of mixing enthalpies of formation for both the stannite and 
wurtzite-stannite structures, covering molar fractions from x = 0 to 
x = 1. Anticipated in this process is the occurrence of a transition be
tween the two phases. To determine the ground state structure, a 
comprehensive structural relaxation of all atoms in the supercell is 
carried out, while maintaining a fixed unit cell volume. These structural 
relaxations serve to compute the structural and thermodynamic prop
erties of the ground state structures. 

Thermodynamically, a phase transition or phase transformation 
signifies the alteration or conversion of a substance’s phase from one 
thermodynamic state to another. The thermodynamic state of a system is 
defined by Gibbs energy (G), entropy (S), or enthalpy (H), which func
tion based on one or more variables, usually temperature (T), pressure 
(P), and composition or molar fraction (x) in the context of an alloy. 
Several studies have focused on predicting the heat of formation, also 
known as enthalpy of formation, as it is a crucial parameter in ther
modynamic modeling. This parameter plays a key role in various ap
plications, including the calculation of phase diagrams [38]. The 
enthalpy term significantly influences the phase formation and stability 
of a multicomponent alloy. The mixing enthalpy of formation, also 
referred to as the enthalpy of mixing, quantifies the heat released or 
absorbed during the combination of two or more substances to create a 
solution. This parameter is closely tied to a chemical contribution, which 
considers the impact of electron redistribution during the formation of 
the alloy [39]. The mixing enthalpy of formation is determined by 
calculating the disparity between the enthalpy of the final mixture and 
the sum of the enthalpies of the individual components in their pure 
states. A negative mixing enthalpy implies greater stability in the mixed 
alloy structure compared to the individual structures, while a positive 
mixing enthalpy indicates that the individual structures are more stable 
than the mixed alloy structure. 

Here, the mixing enthalpy of formation ΔHmix is calculated per atom 

both in tetragonal (I-42 m) and orthorhombic (Pmn21) phases for 
Cu2ZnGexSn1− xS4 alloys by subtracting the minimal total energy of the 
CZGTS in the equilibrium crystal structure from the sum of mixing en
ergies of pure constituent elements in their ground states at the same 
temperature and pressure as the solid solution with respect to molar 
fractions of x in the solid solution. The mixing enthalpy of formation 
ΔHmix is calculated by means of Eq. (5). 

ΔHmix(Cu2ZnGexSn1− xS4) =

[(
Emin

Cu2ZnGexSn1− xS4

)
−
∑(

2Emin
Cu + Emin

Zn + xEmin
Ge +

(
1 − x

)
Emin

Sn + 4Emin
S

)]/
n

(5) 

Here, n represents the number of atoms in the unit cell. It is worth 
noting that all minimum total energies are calculated at 0 K and 0 Pa 
and obtained with the same XC functional, RmtKmax and K points pa
rameters for both tetragonal (I-42 m) and orthorhombic (Pmn21) 
phases. 

The Figs. 4 and 5 show the calculation results for ΔH in the stannite 

Fig. 3. Mixing enthalpies (ΔH) given in eV and per formula unit of wurtzite-stannite supercell at different Ge compositions (x). The closed square symbols are for the 
lowest energy configuration. The crystalline configurations with lowest mixing enthalpy are presented. 

Fig. 4. Calculated enthalpies of formation (ΔH) at 0 K for Cu2ZnSnS4 and 
Cu2ZnGeS4 in stannite, and wurtzite-stannite structures. 
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and wurtzite-stannite phases for Cu2ZnSnS4 and Cu2ZnGeS4 compounds, 
as well as the variation of ΔHmix as a function of the Ge composition for 
the Cu2ZnGexSn1− xS4 solid solution alloy, respectively. A second-order 
polynomial was used to generate a fit of ΔHmix versus the x composi
tion, which was found to be an acceptable fit. The significance of ΔHmix 
in determining the phase formation of solid solution alloys is evident. 
Furthermore, a negative value of ΔHmix indicates the release of energy 
upon mixing, which signifies an exothermic process. This suggests that 
the formation of all alloys is a thermodynamically favorable process. 

From Fig. 4 it is clear that the enthalpies of formation for stannite and 
wurtzite-stannite structures of Cu2ZnSnS4 and Cu2ZnGeS4 compounds 
are close in value. Our DFT calculations show that the stannite structure 
represents the ground state configuration of the Cu2ZnSnS4 (xGe = 0%) 
system when compared to the wurtzite-stannite structure. The calcula
tions indicate that the difference in enthalpies of formation (ΔH) be
tween the stannite and wurtzite-stannite phases for CZTS is estimated to 
be 8.884 meV per atom. In comparison to other theoretical results, our 
estimation differs from Saini et al. [12] by + 3.484 meV per atom and 
from Maeda et al. [40] by − 46.116 meV per atom. Additionally, our 
calculations demonstrate a lower formation enthalpy for the Cu2ZnSnS4 
system compared to the estimation suggested by Maeda et al. Specif
ically, the present results for both stannite and wurtzite-stannite phases 
are − 4.706 eV/atom and − 4.698 eV/atom, respectively, in contrast to 
Maeda et al.’s values of − 3.7301 eV/atom and − 3.6751 eV/atom. 
These discrepancies amount to underestimations of 26.162% and 
27.830%, respectively, for the stannite and wurtzite-stannite phases 
when compared to Maeda et al.’s values. It is worth noting that the 
enthalpy of formation of a solid solution can depend on the specific 
conditions under which it is formed, such as temperature and pressure, 
as well as the experimental preparation method. Similarly, in theoretical 
predictions, calculation methods rely on mathematical and physical 
models that frequently incorporate approximations, some of which 
necessitate the input of experimental parameters. As a result, the 
calculated enthalpy of formation may not always align with both the 
experimental and theoretically predicted values. 

For Cu2ZnGeS4 compound, the wurtzite-stannite is the most stable 
structure, closely followed by stannite, with enthalpies of formation of 
− 4.833 eV⋅atom− 1 and − 4804 eV⋅atom− 1, respectively. The literature 
does not contain any concrete reports on enthalpy studies for Cu2ZnGeS4 
system. Moreover, our DFT studies indicate that the energy difference 
between the stannite and wurtzite-stannite phases in CZTS is smaller 
than that in CZGS amounting to 29.195 eV per atom. 

Fig. 5 illustrates the relationship between the composition of 

germanium and the mixing enthalpies at 0 K in both phases of the 
Cu2ZnGexSn1− xS4 system. The increase in the ionic radius of the cation 
from germanium to tin leads to a rise in the relative ionic potential and, 
as a result, an increase in the absolute value of the mixing enthalpy [41]. 
Moreover, the Fig. 5 shows that as the germanium content increases, the 
mixing enthalpy of formation decreases. It is also indicated that the 
tetragonal stannite phase remains stable up to around 80% germanium 
content within CZGTS. After surpassing this threshold, a shift in phase 
occurs. This shift is driven by a decrease in the mixing enthalpy of for
mation for the orthorhombic wurtzite-stannite structure relative to the 
tetragonal stannite structure. Consequently, even a small amount of Sn 
renders the CZTGS unstable in the stannite configuration, prompting a 
transformation into a WS-like phase at x values greater than 80%. The 
alloys in the stannite phase exhibit a stronger alloying ability compared 
to those in the wurtzite-stannite phase when the Ge content is below 
80%. The calculated bowing parameter ‘b′ for the mixing formation 
energy of wurtzite-stannite phase is only + 0.012 eV/atom, compared to 
+ 0.080 eV/atom in the stannite phase, indicating good miscibility of Ge 
and Sn in the WS phase. The results of the interaction parameters ‘b′ 
showing the mixing of the Sn and Ge cations is strongly influenced by the 
specific cation ordering in the crystalline structure. Upon examining 
Fig. 5, it is evident that the enthalpy energy of mixing for both structures 
follows a linear trend up to approximately x = 0.75. However, beyond 
this point, the stannite phase exhibits a significant curvature, suggesting 
potential instability for higher concentrations of Ge in the 
Cu2ZnGexSn1− xS4 alloy. Furthermore, the energy disparities between 
stannite and wurtzite-stannite alloys remain remarkably minimal, with 
values not surpassing 8 meV per atom up to x = 0.75. This suggests the 
potential for both the stannite and wurtzite-stannite phases to coexist 
under the standard growth temperature. As mentioned earlier, a shift 
from the stannite phase to the wurtzite-stannite phase takes place at 
approximately xGe ≈ 80%. At this specific composition, the system can 
be considered an ideal mixing case with a ΔHmix of zero, and the 
solid-solution phase is expected to be stabilized with a more negative 
ΔHmix. 

To comprehend the structural phase transition from stannite to 
wurtzite-stannite induced by the introduction of germanium to the CZTS 
compound, an analysis of the Gibbs energy at different temperatures was 
imperative. Gibbs energy plays a pivotal role in elucidating phase 
transitions as it quantifies the free energy accessible for productive work 
resulting from volume variations. In this investigation, free Gibbs en
ergies were forecasted using the quasi-harmonic Debye mode across 
temperatures spanning from 0 to 1000 K. The non-equilibrium Gibbs 
free energy function was expressed using the following equation: 

G∗(V; p,T) = E(V) + pV + F∗

vib

(
Θ(V);T) = F∗

(
Θ(V);T

)
+ pV (6) 

Here, E (V), pV are respectively, the total energy, the constant hy
drostatic pressure condition. Fvib is the vibrational Helmholtz free en
ergy which includes both the vibrational contribution to the internal 
energy and the entropy S that are strong functions of temperature and Θ 
(V) is the Debye temperature. When the pressure and temperature are 
both at zero, the Gibbs energy of a system is equivalent to the enthalpy 
H, which represents the system’s energy. 

Fig. 6 illustrates the variation in mixing enthalpy of formation and 
Gibbs free energy between the stannite and wurtzite-stannite phases 
across different x compositions, under zero-pressure conditions. The 
transition from stannite to wurtzite-stannite in the CZTS structure be
comes apparent beyond 0.75, approximately at the 80% Ge composition. 
This observation aligns with the findings obtained from assessments of 
mixing enthalpies of formation conducted at absolute zero temperature 
(0 K) and zero pressure (0 P). Fig. 6 demonstrates a striking similarity 
between the Gibbs energy calculation and the mixing enthalpy of 
formation. 

Fig. 7 illustrates the temperature-dependent Gibbs energy difference 
(GSt-GWS) across various x compositions, excluding any influence from 

Fig. 5. The dependence of the mixing enthalpies of formation at 0 K showing 
potential Ge composition-induced transition in the Cu2ZnGexSn1− xS4 solid so
lution. The inset plot the polynomial fit of the mixing enthalpies from x = 0.5 
to 1. 
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pressure effects. It is crucial to recognize that, for quaternary com
pounds and quinary alloys with compositions ranging from 0.25 to 0.75, 
the thermodynamic difference in Gibbs free energy remains largely 
unaffected by temperature. This implies that the capacity of these qui
nary alloys to modify their crystalline structure is not strongly influ
enced by thermal energy, as anticipated by the Gibbs2 code [42]. The 
materials in question maintain their structures consistently across all 
temperature ranges. 

As observed in the calculation of Gibbs energy as a function of 
temperature, a similar lack of substantial impact is noted when 
considering pressure variations in Fig. 8. The assessment of pressure 
effects on the Gibbs energy difference reveals minimal influence up to 
16 GPa for almost all x compositions. The calculations emphasize that 
the phase transition is primarily driven by the composition of germa
nium in Cu2ZnGexSn1− xS4, with pressure exerting a very limited effect 
on the observed transition. 

The optimization process for lattice parameters begins by utilizing 
the experimentally determined volume of pure quaternary compounds, 
CZTS and CZGS. However, for quinary alloys where experimental values 
are unavailable, optimization is carried out by estimating lattice 

parameters through Vegard’s law. In this scenario, the DFT method, 
specifically the GGA-PBEsol approximation, is employed to calculate the 
ground-state energy E (V) for both stannite and wurtzite-stannite 
structures, with the unit cell volume V serving as the variable param
eter. The properties of Cu2ZnGexSn1− xS4 solid solution alloys were 
determined by fitting the calculated energy E (V) to the Murnaghan 
equation of state concerning both volume and pressure. The obtained 
results, along with the experimental values for quaternary compounds, 
are presented in Table 1. 

It is noteworthy that the crystal lattice parameters derived from the 
calculations presented in Table 1 are in agreement with the experi
mental values reported previously for pure quaternary compounds. 

Fig. 9. illustrates the relationships between the parameters of 
Cu2ZnGexSn1− xS4 solid solutions and their composition. In this figure, 
the scattered points correspond to the calculated values of lattices pa
rameters and volumes at various Ge compositions. It is evident from the 
graph that the Ge element incorporation in CZTS causes the unit cell to 
shrink, by a decrease in the lattice parameters, which is well consistent 
with other experimental report [43–45]. The varying composition of 
Cu2ZnGexSn1− xS4 solid solutions causes non-uniform changes in the 
lattice parameters for stannite structures, reflecting the complex inter
play between the constituent elements. In general, the lattice parameter 
variation trend of Cu2ZnGexSn1− xS4 with Ge composition can be 
described by 

x ≤ 0.80⇒
{

a = 5.3865 − 0.1714x + 0.0872x2

c = 10.7582 − 0.0237x − 0.2997x2 (7)  

x ≥ 0.80⇒

⎧
⎨

⎩

a = 7.7570 − 0.3524x + 0.0305x2

b = 6.4769 + 0.0004x − 0.0556x2

c = 6.2168 − 0.1345x + 0.0472x2
(8) 

As illustrated in Fig. 9 and apparent from Eqs. (7) and (8), the bowing 
parameter b determined through a fitting of the nonlinear trend in the 
calculated lattice parameters, is more noticeable in the stannite phase 
than in the wurtzite-stannite phase. Specifically, in the stannite region, 
lattice parameter a deviates slightly negatively by + 0.0872 Å from 
Vegard’s law, while the lattice parameter c exhibits a considerably 
larger positive deviation with a value of − 0.2997 Å. Conversely, when 
the Ge content exceeds 80%, within the wurtzite-stannite region, a small 
deviation is observed for lattice parameters, not exceeding 0.055 Å. 
Furthermore, in Fig. 9, it is observed that the decrease in cell volume 
with the increase of Ge content follows Vegard’s law for the 
Cu2ZnGexSn1− xS4 solid solutions. In both crystalline phases, there is a 
linear decrease in cell volume as the composition varies from x = 0 to 
x = 1. At x = 0.80, the orthorhombic WS phase exhibits a slightly lower 

Fig. 6. Variation in the discrepancy between the mixing enthalpy of formation 
(black) and Gibbs free energy (blue) values obtained for the stannite phase 
compared to the wurtzite-stannite phase is contingent upon the germanium 
composition within CZGTS. The inset plot the polynomial fit of the mixing 
enthalpies and Gibbs energy from 0.5 to 1. 

Fig. 7. Temperature dependence of Gibbs energy difference (GSt-GWS) across a 
range of x compositions excluding any effects resulting from pressure. 

Fig. 8. Pressure dependence of Gibbs energy difference (GSt-GWS) across 
different x compositions, while maintaining a constant temperature at 0 K. 
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cell volume than the tetragonal St phase. However, beyond this value, 
the calculated volume of the tetragonal St phase surpasses that of the 
orthorhombic (WS) phase. This difference in cell volume between the 
orthorhombic and tetragonal phases may favor a transformation from 
the stannite phase to the wurtzite-stannite phase under certain 
conditions. 

4. Conclusion 

Our investigations delved into the phase changes induced by the 
substitution of Sn with Ge in Cu2ZnSnS4 and its impact on structural 
properties. Utilizing the WIEN2K computational code, we systematically 
examined the enthalpy’s role in the phase stability and formation of 
Cu2ZnGexSn1− xS4 (x = 0–1.0). Our findings align with the typical 
behavior of Cu2-II-IV-S4 tetrahedral quaternary chalcogenides, exhibit
ing the stannite structure with Sn and the wurtzite-stannite structure 

Table 1 
Optimized primitive cell volume, lattices parameters (a), (b) and (c), the (c/a) and (b/a) ratio, bulk modulus (B) at ground state conditions for both stannite and 
wurtzite-stannite structures.  

Ge compositions Space group a (Å) b (Å) c (Å) b/a c/a B (GPa) 

Cu2ZnSnS4        

GGA-PBEsol I-42m 5.3836 - 10.7673 - 1.9999 82.4666  
Pmn21 7.7572 6.4757 6.2174 0.8348 0.8015 80.8786 

Exp. results I-42m 5.430a - 10.830a - 1.9944a -  
Pmn21 7.9736b 6.6116b 6.2908b 0.8291b 0.7812b - 

Cu2ZnGe0.25Sn0.75S4        

GGA-PBEsol I-42m 5.3536 - 10.7200 - 2.0024 83. 5466  
Pmn21 7.6703 6.4760 6.1853 0.8443 0.8064 83.7673 

Exp. results I-42m - - - - - -  
Pmn21 - - - - - - 

Cu2ZnGe0.5Sn0.5S4        

GGA-PBEsol I-42m 5.3264 - 10.6583 - 2.0010 86.3748  
Pmn21 7.5905 6.4648 6.1619 0.8517 0.8118 83.4194 

Exp. results I-42m - - - - - -  
Pmn21 - - - - - - 

Cu2ZnGe0.75Sn0.25S4        

GGA-PBEsol         
I-42m 5.2973 - 10.6031 - 2.0016 85.7387  
Pmn21 7.5092 6.4429 6.1440 0.8580 0.8182 86.4676 

Exp. results I-42m - - - - - -  
Pmn21 - - - - - - 

Cu2ZnGeS4        

GGA-PBEsol I-42m 5.3064 - 10.4214 - 1.9639 84.7781  
Pmn21 7.4353 6.4233 6.1289 0.8639 0.8243 88.6538 

Exp. results I-42m 5.342c - 10.516c - 1.9685c -  
Pmn21 7.509c 6.479c 6.192c 0.8628c 0.8246c - 

a Ref. [26]b Ref. [30]c Ref. [43] 

Fig. 9. Lattice parameters and volume as x composition of Cu2ZnGexSn1− xS4 alloys for both stannite and wurtzite-stannite structures.  
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with Ge. Specifically, our calculations indicate that higher Ge content 
stabilizes the wurtzite-stannite structure, while higher Sn content sta
bilizes the Stannite structure at zero temperature. The dominance of the 
IV element size dictates the stacking of sulfur atoms, resulting in 
orthorhombic structure with germanium and tetragonal structure with 
tin. Germanium can be substituted for tin up to ≈ 80% in the tetragonal 
stannite structure of Cu2ZnGexSn1− xS4, as predicted at zero temperature. 
Notably, the Gibbs energy analysis reveals that the transition is inde
pendent of temperature, and the calculations indicate no significant 
variation in the Gibbs free energy obtained from the tetragonal or 
orthorhombic structures. 
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