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This paper presents a comprehensive analysis of the structural, electronic, and
thermal properties of chalcopyrite compounds ZnGeP2 and ZnSnP2, as well as
their mixed crystals ZnGel—xSnxP2, where x varies from 0 to 1 in increments
of 0.25. We used the full-potential linearization augmented plane-wave method
(FP-LAPW), incorporating the Wu and Cohen generalized gradient
approximation (WC-GGA) for the exchange-correlation potential and Tran and
Blaha's modified Becke-Johnson (TB-mBJ) electronic characterization scheme.
Ground state properties such as lattice constants, internal parameters, and bulk
modulus are computed, demonstrating reasonable agreement with the data
available for ZnGeP2 and ZnSnP2. Additionally, the thermodynamic behavior
under pressure and temperature effects is examined using the GIBBS program
based on the quasi-harmonic model of Debye. Band structure calculations
unveil the direct semiconducting band gap nature of ZnGel—xSnxP2 (x= 0, 1)
between the (I'-I') symmetry points and the indirect semiconducting band gap
nature of ZnGel—xSnxP2 (x= 0.25, 0.5, 0.75) between them (I'-M). Alloys of
ZnGel—xSnxP2 with specific compositions are modeled with ordered structures
described in periodically repeated supercells.
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1. Introduction

The ZnGeP2 semiconductor is a promising material with a chalcopyrite structure and a space
group of (1.42d). [1] It has high nonlinear optical coefficient (d36 = 75 pm/V) and sufficient
birefringence [2], and can be used for frequency doubling, parametric amplification, and
other nonlinear processes [3,4]. It can be used as a sensing material for detecting infrared
radiation [5,6] and potentially as a material for thin-film solar cells due to its high absorption
coefficient and appropriate band gap [7,8]. ZnGeP- has a high degree of transparency for
wavelength region (0.7-12)um, and its electronic, elastic, and optical properties have been
studied both experimentally and theoretically [9] ZnSnP, is another chalcopyrite
semiconductor material that has potential applications in various fields. ZnSnP2 has a
suitable band gap and high absorption coefficient, making it a promising material for thin-
film solar cells [10,11]. It has potential as a photo catalyst for water splitting and other
chemical reactions [12,13]. ZnSnP, has a high carrier mobility and can be used for
optoelectronic devices such as light-emitting diodes (LEDs) and photodetectors [14,15]. The
main advantage is their ability to combine the advantages of thin film technology with the
efficiency and stability of traditional crystalline silicon cells. The use of solar cells with
chalcopyrite structure in the present and future with solar energy via photovoltaic solar cells
is the most direct and efficient method [2, 6]. Photovoltaic materials used for solar cells
should possess three significant characteristics: suitable direct gaps, a large absorption
coefficient, and high photoelectric conversion efficiency [16, 17]. It is an excellent optical
material exhibiting a theoretical photovoltaic conversion efficiency of up to 30% at the
Shockley-Queisser limit under AM 1.5G sunlight [18]. Jaffe [19] reported self-consistent full
electron density functional calculations of the electronic structures of five chalcopyrite-
structured semiconductors (ZnSiP;, ZnGeP,, ZnSnP,, ZnSiAs;, and MgSiP;), and also
determined their energy band structures, bonding modes, and charge distributed, Sahin [20]
studied the structural, elastic, electronic, and optical properties of ZnSnP, using a first-
principles approach of plane-wave pseudo potentials under the local density approximation.
ZnSnP; has a low thermal conductivity and high Seebeck coefficient, making it a potential
material for thermoelectric applications [21,22]. Overall, ZnGeP; and ZnSnP, have shown
great potential and promising materials for various applications and continue to be an active
area of research to advance. It is well known that doping crystals with atoms leads to
changes in lattice symmetry and diversification in chemical composition, ultimately resulting
in a wide variety of crystal properties. To fill this gap, we also analyze how substituting the
Ge atoms with Sn ones could modify the structural, electronic, and thermodynamic
properties of ZnGe,—SnyP, (x = 0, 0.25, 0.5, 0.75, 1). To the best of our knowledge, no
experimental or theoretical investigations of the ZnGe,«SnxP; alloys have appeared in the
literature. The paper is organized as follows: Section 2 describes the calculation procedure.
The results and their discussions are presented in Section 3. In the last section, we provide a
summary of the results and conclude the article.

2. Computational Details

First-principles calculations have been performed within the density functional theory
(DFT) [23, 24] via the the full potential linearized augmented plane-wave method (FP-
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LAPW) [25]

"First-principles calculations have been performed using density functional theory (DFT)
[23, 24] via the full-potential linearized augmented plane-wave (FP-LAPW) method [25]."

implemented in the Wien2K code [26]. The exchange-correlation interactions are
addressed through the application of the Wu and Cohen generalized gradient
approximation (WC-GGA) [27], a modified version of the widely used Perdew-Burke-
Ernzerhof approximation (PBE-GGA) [28]. To analyze electronic properties, calculations
of the electronic band structure are conducted utilizing both the WC-GGA and modified
Becke-Johnson (mBJ) approximations [29]. This approach aims to circumvent the issue of
energy gap underestimation inherent in the GGA approximation. The FP-LAPW method is
employed, which involves dividing space into interstitial regions (IRs) centered on atomic
positions and non-overlapping muffin-tin spheres (MTs). Within the infrared range, the
basis comprises plane waves. In the case of MTs, the basis set for a sphere is characterized
by the radial solution of the single-particle Schrédinger equation at a fixed energy, along
with its energy derivative multiplied by spherical harmonics. To achieve convergence of
the energy eigenvalues, the charge density and electric potential in the MT sphere are
represented by spherical harmonics up to Imax = 10. To develop the wave function in the
gap region, a plane wave boundary Kmax = 8 RMT is chosen (RMT is the smallest muffin
radius in the unit cell), and the charge density is expanded by Fourier to Gmax = 12(Ryd)Y2.
A grid of 32 special K-points in the Brillouin zone binding wedge is used for the total
energy calculation. Both the plane wave threshold and the number of k-points are varied to
ensure full energy convergence.

3. Results and discussions
3.1. Structural properties

ZnGe1xSnh«P, compounds are tetragonal for different values of x. However, their space
groups are 1-42d (No.122) for x=0 and 1, 81 p-4 for x= 0.25, x = 0. 5 and x= 0.75,
respectively, and o=f=y=90° for the both. This Quaternary Compounds have been
investigated for semiconductors crystallized in the chalcopyrite structure with interesting
structural, electronic and thermal properties. In the study of structural properties of the
Quaternary compound ZnGe;—SnyP, (x = 0, 0.25, 0.50, 0.75 and 1) in the chalcopyrite
crystal structure are calculated using WC-GGA. To calculate the ground state properties of
these compounds, the sum of calculates energy for a specific unit cell volume group. Fit
the calculated total energy volume data with the Murnaghan equation of state [30] to
determine ground state properties such as the lattice constant (a), internal structural
parameters (u) and bulk modulus (B). The results for lattice constant and bulk modulus of
our and other work are listed and shows in Table I. The investigated compounds are in
good agreement with previous data for the compound ZnGeP, and ZnSnP,, which
demonstrates the high accuracy of the performed calculations and the reliability of the
obtained results for these optimized crystal structures and no experimental results neither
in the literature on our ZnGeix SnxP2 alloy (0.25 0.5 and 0.75). Then, our results can serve
as a prediction for future investigations. Fig.1 shows the composition dependence of the
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calculated lattice parameters (a) and (c) for "For ZnGe:-Sn,P- with different values of x,
we also plotted the bulk modulus curve based on the percentage, From this, we conclude
that there is a decrease.” of bulk modulus when we add percentage of Sn.

Tablel: Equilibrium structural properties of ZnGe;xSn«P2 (x = 0, 0.25, 0.50, 0.75, 1) lattice
constant (A°®), c¢/a ratio, distortion parameter U, bulk modulus B (in GPa) and its first
derivative with respect to pressure B™ obtained using WC-GGA approximation.

ZnGei—xSnxP2 a (A°) c (A°) u(A°) B (Gpa) B’
Our Work 5.455 10.718 0.254 79.3[36]
Exp 5.465 [31] 10.700[31] 0.265[31] 73.60[34] 3,0[37]
x=0 5.463[32] 10.740[32] 0.254[33] 88.35[34]
Other Cal 5.502[33] 10.850[33] 0.259[35] 72.50[35] 5.34[35]
5.454[34] 10.707[34]
x =0.25 Our Work 5.464 11.015 0.740 82.374 4.674
x =0.50 Our Work 5.528 11.100 0.739 80.028 4.666
x =0.75 Our Work 5.577 11.248 0.738 77.72 4.686
Our Work 5,650 11,360 0,229 74,33[36] 4,672[39]
x=1 Exp 5,670[36] 11,302[36] 0,239[36] 73,67[39]
- 5,670[37], 11,330[37] 0,25[39] 71,476[38] 4,186[38]
Other Cal 5,649 [38] 11,355[38] 0,260[38]
100 =
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Fig. 1. Composition dependence of the lattice constants and the bulk modulus of Zn Ge1.
xShxP2 (x=0, 0.25, 0.5, 0.75, 1) using WC-GGA.

3.2. Electronic properties

In the Quaternary Compounds, we study the electronic properties of ZnGei.x SnyP, alloys
by calculating the band structure. Calculations are given for the band structures of the
considered alloys at concentrations of (0, 0.25, 0.50, 0.75 and 1) Approximate execution
using WC-GGA and mBJ. The calculated band gaps are given in Table 2. For these alloys,
the band gap is direct (I'-T") for ZnGeP; and ZnSnP, and indirect (I'-M) for their mixed
ZnGe1xSh«P2 (x=0.25, 0.5 and 0.75), when Ge atoms are replaced by Sn atoms; the natural
band gap does not change. To investigate the behavior of the band gap versus Ge
composition x, we track the band gap as a function of concentration using the WC-GGA
and mBJ approximations. The results show that the band gap decreases with increasing
concentration (Fig.3). The overall profile of the band structure calculated from the two
approximations is very similar, except that the band gap values are higher within mBJ, as
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shown in the table 2 along with other first principles and experimental available data.

"It is important to mention that the WC-GGA functional underestimates the energy gap,
and this error is attributed to the exchange-correlation energy. In contrast, the modified
Becke—Johnson (mBJ) functional provides significantly improved results, which are much
closer to the experimental values. High-symmetry directions in the reduced wedge of the
Brillouin zone were calculated using the TB-mBJ parameterization schemes for the
exchange-correlation potential, as illustrated in Fig. 4."

. There is a good agreement between the present band gap values, obtained using a full
potential linear augmented plane wave method, and those previously calculated using other
theoretical methods. a good agreement for the band gaps for ZnGe1xSnxP2 ( x = 0 and x =
1) comparing with the literatures and unfortunately there are no studies yet for x=0.25,
0.50 and 0.75 to compare (see table 2). In fact, when the lattice constant of a
semiconductor is increased, it means that the electrons "When the lattice constant
increases, the electrons are more loosely bound to the atom, while a decrease in the lattice
constant results in the electrons being more tightly bound.In fact, with a larger atomic size,
the bond length increases (atomic radius of Sn (1.45 A) > atomic radius of Ge (1.25 A)
leading to an increase in the lattice constant: a(ZnSnP2) > a(ZnGeo.2sSho.7sP2) >
a(ZnGeo.sSNo.sP2) > a(ZnGeo.7sSNo.2sP2) > a(ZnGeP2). The electrons are more loosely bound
to larger atoms, meaning less energy is required to remove them, resulting in a decrease in
the band gap: The electrons are loosely bound to the atoms of bigger size and hence require
less energy to remove, leading to a decreased band gap Eg (ZnSnP,)<Eg (ZnGeo.2sSn
0,75P2) <.Eg (ZnGeo,58n 0,5P2) <Eg (ZnGeo,758n 0_25P2)< Eg (ZnGePg).

Table 2: Band Gap energy of ZnGei1.x SnxP alloys for different compositions

Xx=0 X =0.25 X =0.50 X =0.75 Xx=1

Gap WC- mBJ WC- mBJ WC- mBJ  WC- mBJ  WC- mBJ
GGA GGA GGA GGA GGA

Our 199 1,90 1,124 1914 1112 1,899 0,998 1,766 0,20 1,20

calculation

Exp 1,99[40] 2.1[45]
2,05[41]

Other 1,16[42] 1.74[46]

calculation  1,079[43] 2.062[47]
1,222[44]
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Fig. 2. Composition dependence of the band gap of ZnGe;-xSnyP- for (x=0, 0.25, 0.50, 0.75
and 1)
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using both WC-GGA and mBJ.

ZaeP rx=0 Zn3nPs rx=1"

EmergyieV)

Fig. 3. Calculated band structures of the parent elements of ZnGeP,and ZnSnP,

ZnGer-3n-Pr (x=0.25 ZnG er—3n-P > (x=0.50" ZnG &30Py (x=0.75)

Fig. 4. Calculated band structures of the alloys ZnGe1xSnyP» for (x=0.25, 0.50 and 0.75)

We calculate the total and partial densities of states (TDOS) and (PDOS) for both ZnGeP,
and ZnSnP. and their mixed crystals ZnGe;—«SnxP. (x = 0.25, 0.5 and 0.75) to further
understand the nature of the band structure and also we have determined the distributions
of energy of different electronic states The total DOS (TDOS) and partial DOS (PDOS) are
shown in Fig.5 and Fig 6, the DOS obtained only with WC-GGA has been presented. The
valence band for all compounds consists of two parts (lower and upper region), as is
clearly seen in the total DOS diagram (only the range corresponding to the band structure
diagrams is shown). The Fermi level (EF) is taken as an origin of energies. The lower
valence band region situated between -11.98 and -10.19 eV, -8.80 and -7.17 eV, and -8.56
and -7.63, eV and -8.22 and -6.94eV and -10.49 and -9.51eV for ZnGeP,
ZnGeo.75SNo.25P2, ZNGegsSnosP2 and ZnGeg 25SNng 75P2 respectively, is essentially dominated
by Zn- 3d states with a minor contribution of Ge-4s and Ge-3d states (ZnGeP;), Ge-3d

Nanotechnology Perceptions Vol. 20 No.4 (2024)



First-Principal Calculations of Structural.... M. Gasmi et al. 286

,Sn-4d and P-3s states (ZnGeo.7sSho.2sP2) , and P-3s states ( ZnGegsSnosP2) , and P-3s
states and P-3p (,ZnGeo25Snoe.7sP2) and Sn-5s states ( ZnSnP2). The upper part of the
valence band ranging from -9.21 eV to Fermi level (Ef), -6.92 eV to Fermi level (Ef), -
7.39 eV to Fermi level (Ef), -6.89 eV to Fermi level(Eg), -7.45 eV to Fermi level for
ZnGeP;,, ZnGeg.75SNo.25P2, ZnGeosSnosP2 , ZnGeg25SNg7sP2 and ZnSnP;, respectively, is
mainly due to Ge-4.s and Ge-4p states for (ZnGeP,), P-3.s and P-3p states for(
ZnGeo75Shno2sP2) and P-3.s and P-3p states for (ZnGeosSngsP2), P-3s, P-3p states
for((,ZnGeo.25Sno.7sP2) , Ge-4.s and Ge- 3 p and Ge-3d states for( ZnSnP2 with a strong
hybridization between the orbitals of each compound. The conduction band consists
essentially of Ge-4 s, Ge-4 p, states with a minor presence of P-3 p states for ZnGeP,, P-
3s, and P-3p states for (ZnGeg.75SNo.25P2, ZnNGeosSnosP2 and ZnGeg.25SNo.75P2) and Sn-5p,
Sn-5s states with a minor presence of Sn- 4d and P-3s states for ZnSnP.. Hybridization
plays an important role in band gap reduction. In fact, Ge-4.s and Ge-4p states for
(ZnGeP,), P-3s and P-3p states for ( ZnGeg75Sno2sP2) and P-3s and P-3p states for
(ZnGegsSnosP2), P-3s, P-3p states for (ZnGeo.2sSno.7sP2) , Ge-4.s and Ge-4 p and Ge- 3d
states for( ZnSnP,which form the upper part of the valence band, repel each other. As a
result, the valence band is pushed up, and the band gap is reduced [48].

205 [ZNGE,, SN ZnGeP, (x=0)| ZnsnP, (x=1)
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ol : i total DOS
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Fig. 5 Total and partial densities of states of the parent elements of ZnGeP,and ZnSnP,
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Fig. 6 Total and partial densities of states of ZnGei.x SnxP2 (x =0, 0.25,0.5,0.75 ,1)
3.3 Thermal properties

In this section, we present the thermal properties of these materials at various temperatures
and pressures. We explore the combined effects of these two external parameters on key
thermodynamic properties, including volume (V), bulk modulus (B), Debye temperature
(6D), and heat capacities at constant volume (C.). These properties are studied for ZnGeP-,
ZnSnP2, and their mixed compounds ZnGe:Sn.P. using the quasi-harmonic Debye
approximation, as implemented in the Gibbs calculation program [49]. Research on the
properties of materials at high temperature and under stress is crucial for understanding their
behavior under extreme conditions. However, measuring very high temperatures at different
pressures—specifically at 0, 4, and 8 GPa—can be experimentally challenging or even
impossible. In such cases, quantum mechanics, through the use of heat functions, can offer
valuable corrections and insights for material behavior.

Researching the properties of materials under high temperatures and stress is essential for
understanding their behavior in extreme conditions. However, measuring very high
temperatures at various pressures—specifically at 0, 4, and 8 GPa—can be experimentally
challenging or even impossible. In such cases, quantum mechanics, particularly through the
use of heat functions, can provide valuable corrections and insights into material behavior.

Investigating the thermal properties of materials at high temperatures and under stress is
crucial for understanding their behavior under extreme conditions.. In addition, sometimes
measuring some very high temperatures with three different pressures (0, 4, and 8) GPa will
be difficult or Experimentally impossible, but heat function quantum mechanics Then
technology also provides important information Regarding the behavior of materials under
difficult conditions. In this section, where the input data for the crystal energy E(v) as a
function of the volume calculated from first principles used. To study the thermodynamic
properties of our alloys, we took a temperature range from OK to 700K and the pressure
range from (0, 4, and 8) GPa. Fig 7 shows the variation of the Bulk modulus B (GPa), for
concentrations (x = 0; 0.25; 0.50; 0.75; 1). Note that the Bulk modulus varies inversely with
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the temperature it decreases when we increase the temperature for all concentrations, this
variation is almost linear, it decreases slightly between 0 and 100 K, then decreases rapidly
beyond 100 K.

This variation exhibits a nearly linear trend, with a gradual decrease in the bulk modulus
observed between 0 K and 100 K, followed by a more pronounced and rapid decrease at
temperatures exceeding 100 K.

It can be seen that, at a given pressure, as the temperature T increases, the bulk modulus
results decrease. It is also noted that parent compounds (ZnGeP2 and ZnSnP,) are more rigid
that their alloys. However, it has been found that the bulk modulus value increases with
increasing pressure at a given temperature, Our calculated results of Bulk Modulus (B) at
zero temperature and 0 GPa pressure for ZnGe,—SnxP2 (x = 0,0.25,0.5,0.75,1) compounds
are 65.5 GPa ,79.8 GPa, 76.5 GPa, 74.5 GPa, and 65.5 GPa respectively.

As we know, the vibration effect is mainly dependent on the temperature, so the calculated
characteristics are different Temperature, sensitive to vibration effects.

As is well-known, vibrational effects are primarily temperature-dependent, making the
calculated properties highly sensitive to variations in temperature due to these vibrational
effects.

The quasi-harmonic Debye model is used to determine thermal properties, where the Debye
temperature Op is the main parameter because it is closely related to many physical
properties such as melting point and specific heat. The pressure depends of Debye
temperature (6p) for different concentrations (x = 0, 0.25, 0.50, 0.75 and 1) at several
temperatures for the compounds examined is plotted in Fig 8, it can be seen that 6p increases
linearly with increasing pressure. However, at a fixed pressure, 6p was found to decrease
with increasing temperature. While comparing with bulk modulus it can be seen, most
importantly, that the decrease in Debye temperature leads to decreasing compressibility. This
is consistent with the fact that 65 is proportional to B, with higher values of 6p providing
evidence that the material is stiff. Our calculated results of 6p at temperature (300K) and (0
GPa) pressure for ZnGe;«Sn«P2 (x = 0, 0.25, 0.50, 0.75 and 1) compounds are 387.84 K
,419.56 K , 404.28K , 389.92K,and 336.23K, respectively. Specific heat capacity is an
important property of materials, which depends on temperature and vibration characteristics.
This property provides necessary insight into many properties, so for many applications,
knowledge of it is mandatory. Fig 9 shows the change in heat capacity (Cv at constant
volume) as a function of temperature for our alloy compounds, ZnGe —Sn«P2 (x = 0, 0.25,
0.50, 0.75 and 1), at different pressures (0, 4 and 8) GPa. The specific heat Cv varies in an
almost identical way for all concentrations, it increases rapidly in the range from 0 to 400 K,
A rapid increase in heat capacity (Cv) is observed between [0-400] K in all figures for
different pressure values[0,4,and 8]GPa and for each concentration., and are proportional to
T2 in the above range. However, for T > 400 K, Cy tends towards the same limit value for
the parent compounds (ZnGeP2 and ZnSnP2) and the same limit value for the compounds
alloys, called "Limit of Dulong-Petit. [50] 3.n.R =15R (125.115 J/mol.K), where, n is the
number of atoms in the formula unit, R is the universal gas constant. The pressure does not
effect on heat capacity results, temperature has a more pronounced effect on heat capacity it
depends only on the concentration rate and temperature. The Cy values obtained at 300 K
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and 0 GPa for ZnGe,«SnyP, (x = 0, 0.25, 0.5, 0.75, 1) compounds about 91.90 J.mol-1 K-
1for (x=0), 113.32 J.mol-1 K-1 for (x= 0.25), 114.08 J.mol-1 K-1 for (x=0.5), 114.78J.mol
1Kfor (x=0.75), and 93.77J.mol*K™. Fig 10 shows the variation of the volume (V), for the
concentrations (x=0, 0.25, 0.50, 0.75 and 1) at (0,4 and 8) GPa and high temperature. Note
that the volume varies proportional with the temperature, it increases when we increase the
temperature for all concentrations, this variation is almost linear, the pressure does not effect
on the volume. Our calculated results of V at zero temperature and 0 GPa pressure

Pressure affects the volume of a material. Our calculated results for volume VVV at zero
temperature and 0 GPa pressure:for ZnGe;—SnxP. (x = 0, 0.25, 0.50, 0.75 and 1) compounds
are as follows 562.67 bohr, 561.22 bohr, 578.65 bohr, 596.64 bohr, and 641.69 bohr,
respectively. Fig.11 shows the variation of the temperature variation of the coefficient of
thermal expansion a, for different concentrations x, temperature and pressure.
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Fig. 8 :Variation of Debye temperature as a function of pressure at various temperatures for
ZnGe1xSn xP2 compounds
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Fig. 9 : Variation of the heat capacities CV versus temperature at various pressures ZnGe.
xSn xP> compounds
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Fig. 11 : Variation of the coefficient of thermal expansion o as a function of temperature for

ZnGe1xSn xP> compounds

4, Conclusion

In summary, a comprehensive first-principles investigation was conducted to analyze the
structural, electronic, and thermal properties of important chalcopyrite compounds ZnGeP»,
ZnSnPy, and their mixed crystals ZnGe;SnxP, (x= 0, 0.25, 0.50, 0.75, and 1) across
different ambient and pressure conditions. The structural properties, including lattice
constants, internal parameters, and bulk modulus, were demonstrated to be highly reliable
and in accordance with existing data for the respective compound. These findings were
derived from analyses conducted at the WC-GGA level using the FP-LAPW-based WIEN2k
approach.

In addition, it was noted that an increase in pressure leads to a reduction in bulk modulus as
the unit volume expands. Moreover, the electronic properties of the studied systems were
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thoroughly investigated using the mBJ exchange-potential. The examination revealed a
direct band gap characteristic at (I'-I') for the ternary compounds ZnGeP, and ZnSnP,
whereas an indirect band gap at (I'-M) was observed for the quaternary ZnGeixSnyP; (X =
0.25, 0.5, and 0.75). Furthermore, there was a linear increase in band gap energy with
increasing pressure.

To evaluate the impact of temperature and pressure on the bulk modulus, Debye temperature,
and heat capacity, we utilized the quasi-harmonic method of the Debye model and
deliberated upon the outcomes. Our findings provide reliable data relevant for potential
applications in optoelectronic devices. Notably, no investigation has been conducted on the
quaternary ZnGeixShxP, (x=0.25, 0.50, and 0.75). However, concerning the two ternaries
(ZnGeP; and ZnSnP,), we observed that the results were in satisfactory agreement.
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