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Hybrid halide perovskites are emerging as an encouraging option for the fabrication of
solar systems. Ethyl-ammonium-based hybrid halide perovskites offer amazing qualities
such as reduced bandgap, increased structure stability, and less toxicity. Properties like
structural; electrical; optical; and thermoelectric of the material ethyl ammonium
germanium chloride are calculated using density functional theory (DFT) simulation code
WIEN2K and calculated the optimized structure; density of states; and band structure of
EAGeCl; using exchange-correlation potential KTB-mBJ, establishing it as a direct
bandgap semiconductor. Several optical properties such as dielectric function; absorption
coefficient; and refractive index over a photon energy spectrum over the range of 0 to 7 eV
have also been calculated. In addition, transport coefficients also calculated dependent on
concentration of charge carriers, the chemical potential, and temperature at which the
material is operating. The findings emphasize the extraordinary properties of EAGeCl;,
which has a high ability to absorb electromagnetic radiation, such as light, with a high
efficiency, superior compound’s ability to generate an electric potential in response to
temperature, among additional benefits. These discoveries confirm its suitability as an
affordable material for use in photovoltaic devices, contributing to the resolution of
environmental concerns.
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1. Introduction

Photovoltaic systems are utilized for capturing solar energy and transforming it into
electrical power. To achieve effective conversion of solar energy, PV absorber materials with
distinct physical properties are necessary. These attributes encompass an appropriate direct
bandgap within the visible spectrum, high solar energy absorption, highly mobilized carrier and
superior efficiency in converting solar energy to electricity [1-4]. Furthermore, these materials
must exhibit stability in a humid environment under elevated ambient temperatures [5]. In
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addition, top-quality thermoelectric materials must have high current carrying capacity, a
significant Seebeck coefficient, and low thermal conductivity [6-9]. Recently, a hybrid halide
perovskite absorber with a lead-based composition emerged with physical promising
characteristics for applications. These materials are denoted by the general formula APbX3, with a
representing CH;NH;" cation and X signifying a halide anion [10-12]. Lead-based halide
perovskites offer a cost-effective and efficient solution for solar power conversion, with a
conversion rate ranging from 15-22% [13-17]. However, their practical use in commercial settings
is impeded by the presence of toxic lead and their susceptibility to high temperatures, strong
sunlight, and humidity [18-21]. To address such drawbacks, the researchers are diligently investing
alternative options that are free of lead, non-toxic and environmentally friendly [22]. In this study,
the main aim is to find a suitable lead-free perovskite PV material by replacing the methyl-
ammonium ion (CH;NH;") with the ethyl-ammonium ion (CH;CH,NH;") and the lead ion (Pb2+)
with the Germanium ion (Ge%) in the lead-based PV material known as CH;NH;PbCl;.We have
anticipated that the resulting material, CH;CH,NH;GeCl; or EAGeCl;, would possess all the
desired properties necessary for efficient PV applications.

Liu et al. [23] have shown that combining EA and MA cations results in EAPbI;, which
shows potential as a reliable candidate for photovoltaic applications. Zhang et al. [24] have
experimentally demonstrated an impressive 18% power conversion efficiency of EAPbI;. Joshi et
al [25] found that EAPbI; has a direct band gap (1.55 eV) and an absorption coefficient of 2x10*
per cm, indicating its potential for use in solar cells. They also discovered that EASnI3 is
characterized by the direct bandgap which equals to 1.17 eV, a high Seebeck coefficient, and large
figure of merit [26]. It was indicated by Arkan et al [27] that EAGeCl; may be employed as an
additive to improve charge transfer at the interface between different layers in perovskite solar
cells due to its suitable physicochemical and photovoltaic properties. Furthermore, according to
Joshi et al [28], EAGel; demonstrates n-type semiconductor behavior with a direct bandgap of
1.30 eV and ZT>0.9 at doping level ~10" cm”, thus showing promise for thermoelectric
applications.

By considering these studies and aiming at reducing lead content in perovskite materials,
we have chosen EAGeCl; compound for investigation purposes. We involves performing DFT
calculations using the WIEN2K package so as to comprehend various structural, electronic, optical
as well as thermo-physical aspects associated with this material type.

2. Methodology

DFT is the present-day and generally accepted method for performing ab initio
calculations that determine the basic properties of materials at their ground state [29]. DFT could
be used to determine the geometry of a material, understand its structure completely with
explanation and describe bonding between ions in the system. The research utilizes the approach
of full potential linearized augmented wave (FP-LAPW) within DFT, as utilizing the WIEN2K
code for computational analysis [30]. This code has different calculations such as dispersion
curves and density of states, which can be performed using different approximations, including
local density approximation (LDA) [31] and generalized gradient approximation (GGA) [32].
However, these approximations tend to underestimate the bandgap of rock salt structures.

While the hybrid function [33] and GW method [34] have been employed as effective
approximations for exchange-correlation potential, their significant computational expenses
prompt us to explore alternative approximations. To calculate the position of atoms, lattice
constant (a), bulk modulus (B), minimum energy (E,), and the first derivative of Bulk modulus
(B’) an optimized structure is used. This optimization process continued till then the residual force
on atomic sites was reduced and lower than, 10 Ry Bohr'. The energy required to separate the
core and valance states was determined to be -0.6Ry. This energy also referred to as the cutoff
energy [35]. The basis set within each muffin-tin sphere (MTS) is parted into two subsets first is
core and the second valance subsets [36]. The first state is assumed to be handled in spherical
region of the potential and is assumed exhibit particularly symmetric charge density, entirely
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confined within the MTS. In our current study, we established muffin-tin radii (RMT) for H 0.6,
for N 1.25, for C 1.20, for CI 2.37 and Ge 2.50 respectively.

There are lots of band gap underestimation issues observed with LDA, PBE, WC, and
PBE-Sol [37] approximations. To defeat this challenge, Koller, Tran, and Blaha introduced the
KTB-mBJ [38] potential. This potential is propose a computational.ly simpler exchange that
significantly enhances the energy gap value for multiple semiconductor materials. This
approximation can be referred to as:
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where, t(r) and vE2R(r) are the Kohn-Sham kinetic energy density [39] and the Becke-Roussel
exchange potential [40], p(r) and c are the electron density and; free parameters. Electronic
characteristics are assessed employing 700k points, whereas optical parameters are computed
using 10000k points across the irreducible Brillouin zone. Thermodynamic properties are derived
utilizing 10000k points with the Boltztrap code, and for the thermal properties, the Gibbs2 package
is employed.

3. Results and discussion

3.1. Structural properties
The cubic structural arrangement of CH;CH,NH;GeCl; is presented in figure 1.

Fig. 1. Optimized Crystal structure of C;HsNH;GeCl; material. The red, blue and green are H, N and C
atoms respectively. Within the octahedral structure of Ge cation, there are Cl anions are located at the
corner.

In this configuration two cations are present (CH;NH;", Ge*"). They show significant size
disparity as they establish bonds with the anion CI. The Ge®* cation is positioned within
coordination, encircled by an octahedron composed of Cl atoms. Simultaneously, the
CH;CH,NH;" cation is situated in the interstitial site between the GeCl; octahedron. To
comprehend the material's response to temperature and pressure, it is essential to ascertain the
material’s structural parameters. Employing the Birch-Murnaghan’s equation of state; we conduct
optimization of the volume calculation for the lattice constant [41]. The Birch-Murnaghan’s
equation is represented as [42]:
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Figure 2 illustrates the curve fitting of energy (E) vs per unit cell volume (V), while Table
1 provides the optimized parameter of EAGeCl;. Notably, as the size of halide ion increases from
Chlorine to lodine, there is a corresponding increase in the lattice constant [43]. This theoretical
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fact fitted well with the Joshi et al [28] report, the value of a lattice constant of 6.387 A for
EAGel;, confirming the structure stability of the EAGeCl; compound.
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Fig. 2. Optimization curve of per unit cell total energy Vs volume.

Table 1. Optimized parameters of EAGeCl;,

Material. Vo (A7) a(A) | B(GPa) | B
CH;CH,NH;GeCl; | 1694.4829 6.308 | 42.1877 | 3.45

3.2 Electronic properties

In our ongoing investigation, we initiated the exploration of the band structure of the
specified compound as a fundamental starting point. The electronic band structure of the material,
along with the electron arrangement within those bands, plays a crucial role in determining its
applications. In Figure 3, the valance electronic charge density shows the ion behavior of Ge-Cl
bond.
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Fig. 3. Electronic charge density plot EAGeCl; cubic perovskite.

The electrical properties of EAGeCl; are influenced by the bond between Ge and Cl, the
angle of the bond in Cl-Ge-Cl. The ionic nature of this Ge-Cl bond is revealed through circular
contours of the density of electrons in valance states which is centered on Cl and Ge. However,
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analysis of the outermost contours in the figure indicates a sharing of valance electrons between Cl
and Ge, suggesting a covalent character in the Ge-Cl bond. The effective mass of the charge
significantly influences the investigation of the PCEs of PV devices. The effective mass is
increased as the mobility of charge carriers decreases. For determining the effective mass (m*) of
charge carriers, a parabolic fit is applied to minima or maxima of both the conduction band (CB)
and valance band (VB) at a symmetry point R within the band-edge. These fitting of the parabola
are done by the given equation:

2E()]

m =

The above equation contains the wave vector (k) and; the E(k) is the energy-eigen value at
the symmetry point R.

Table 2. Effective mass of EAGeCls.

Material | m;} my
EAGeCl; | 0.76m, | 0.61m,

The content presented in graph 4 displays the band structure and density of states. It shows
how energy (E) is related to the wave vector (k) within the FBZ, which is a range of wave vectors
representing electron states in a crystalline material in the case of EAGeCl;. The inherent
characteristics or behavior of EAGeCl; as a semiconductor material without any external
influences such as doping the band gap is not occupied by any electronic states.
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Fig. 4. The band structure and the Density of states plot of EAGeCls.
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Furthermore, maximum energy level in the valance band and the minimum energy level in
conduction band are positioned at the symmetry point R-position. Because both VBM and CBM
are presented at the same symmetry, the band gap between them direct rather than indirect and the
value of this direct band gap is approximately 2.685 eV. The observed energy band gap arises
from the evolution of the CB and; VB through the intersecting of; Ge-4p; Ge-4s; and Cl-3p
orbitals. The observed reduction in the band gap as the size of halide ions (from chloride, Cl, to
iodide, I) increases, there is a corresponding decrease in the band gap value. This relationship is
likely due to the change in the crystal lattice structure and the atomic size of the halide ions, which
influences the electronic structure of the material [44]. Joshi et al [28] stated the band gap of 1.30
eV EAGel;.This result is smaller than the bandgap for EAGeCl; and verifies the theoretical
variation in the bandgap.

For a complete examination of the band structure of EAGeCl;, the TDOS and PDOS are
calculated. This study is important to show the semiconductor behavior of the material. The energy
states from -6 to 0 eV are occupied and reside lower side of the Fermi level and another range of
energy states, from 0 to 6 eV above the Fermi level, where no electrons are present. To get the
particular ion behavior partial density of states is studied for EA"; Sn; and; Cl atoms. The green
color peak at 0 to -2 eV below the Fermi level is due to the electrons from CI-3p states. The
presence of a red color peak in the range of -3 eV to -4 eV signifies the modest benefaction of the
EA"ion. Conversely, the purple peak situated above the Fermi-energy level (3-5 V) is ascribed to
the involvement of the unoccupied Ge-4p states. Within the energy span from 0 to 2.685 eV, no
permissible states are observed; instead, a forbidden band gap is present.

3.3. Optical properties

The material’s dielectric function in equation (3), is directly associated to optical
properties. The absorption of energy within the visible region significantly influences the control
or adjustment of various optical characteristics of a material, such as its transparency, color, and
refractive index, regardless of its composition or structure. This is typically achieved by
determining the band gap and absorption coefficient of the materials.

e(@) = &1(®) t & () )

Here € (®) represents the real component of the dielectric function; related to the ability
to store energy when exposed to an electric field and redistribution of charge within the material
when an external electric field is applied on the material. On the other hand, £,(®) denotes
imaginary component of dielectric function; responsible for reducing the strength of the wave and
the loss of energy as the wave propagates through the material, in the form of heat. In figure 5(A),
a plot of €, (®) vs photon energy is presented.

The findings suggest that the real part of the dielectric constants for EAGeCls; is increases
from the visible region to the infrared. The electronic component of the static dielectric
constante, (0) is readily observed in the low energy limit of the dielectric function €; (®) and is
found to be 2.59. At 2.97 eV, EAGeCl; reaches its maximum €; (@) value of 5.16, marking the
first intra-band transition in the BZ. Figure 5(B) illustrates the optical properties of the imaginary
part €,(®) of the dielectric function with respect to photon energy. The graphs depict the
material’s maximum absorption behavior. A closer examination of the TDOS and PDOS spectrum
for EAGeCl; suggests a direct transition between the filled VB states of Cl-3p and Ge-4s, and the
unoccupied CB states of Ge-4p and Cl-3p. The other peak represents the movement of electrons in
inter-band transitions between the VB and CB. The refractive index is a crucial factor in optics by
providing information of light behavior in different materials. Light travels from different medium,
speed of light changes, which results the change in the refractive index. Graph 5(C) illustrates the
change in refractive index for photon energy. For EAGeCl; the constant refractive index at zero
energy value n(0) is determined to be 1.61. The highest refractive index is 2.32 at 3.03 eV in the
visible region. The extinction coefficient is a crucial factor that indicates a material’s ability to
absorb light at a specific frequency. It represents the imaginary component of the n(®). It reflects
the capability of an electromagnetic wave to propagate from a medium. In figure 5(D), the
extinction coefficient varies with photon energy, peaking at 3.74eV with a value of 1.44.
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Figure 6(A) illustrates the absorption coefficient a(®) of EAGeCl;. The absorption
coefficient reflects the power of material to soak up energy. In graph, there is significant increase
observed when the value exceeds zero. The most significant increment is shown when the photon
energy passes the band gap (2.685 eV). When the energy of the photon is 3.82 eV, the d value
reaches its peak at 55.14x10" cm™. In the visible spectrum from red to violet, this coefficient show
a linear increase from 0.2x10* cm™ and reaching 25.13x10* cm™. Coefficient values greater than
10* cm™ indicate high chance of direct transitions.
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Fig. 5. (a) Real part of dielectric function, (b) Imaginary part of dielectric function, (c) Refractive index,
and (d) Extinction coefficient.
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Therefore, we can conclude that EAGeCl; exhibits absorption coefficients suitable for use
in photovoltaic technologies. In our specific context, this phenomenon occurs from the direct
transition from the filled CI-3p and Ge-4s VB states to the vacate Ge-4p to Cl-3p CB states. The
optical conductivity o(®) is graphed in figure 6(B). o(®) starts to increase the photon energy
passes the bandgap (2.685 eV). At 3.57 eV it reaches its maximum value of 0.24x10* Q'cm™. The
optical reflectivity properties of the EAGeCl; material are graphically depicted in figure 6(C). The
investigation results that R(m) has big peak at 0.28, indicating the absorption of photon in
EAGeCl;. The electron loss is presented in figure 6(D). The function describes the energy loss as
high-speed electrons traverse from medium. The value of the loss function, L(®), is approximately
0.1 in the region of visible light, suggesting limited attenuation in the EAGeCl; material.

3.4. Thermoelectric properties

Thermoelectric properties are important in enhancing the efficiency and device
performance in the field of photovoltaics. ZT refers to a quantity without any dimension often used
in the context of thermoelectric materials to quantify their efficiency has a strong relationship with
the thermoelectric response of a material to a temperature difference and ability to generate an
electric voltage, ability to conduct an electrical current, and ability to conduct heat. By considering
these factors, researchers can identify and develop thermoelectric materials that are well-suited for
their intended applications. These properties have been evaluated by BoltzTrap code it is likely a
computational tool or software used for calculating electronic transport properties in materials
based on the Boltzmann transport equation [45]. The graph between the temperature and chemical
potential (u) is demonstrated in figure 7-8. For an ideal thermoelectric material this ZT parameter

2
(ZT = STGT)should approach to unity (1). One can achieve this result only when the material

exhibits a balance between the ability of material to conduct electricity effectively and resist the
flow of heat. Charge carriers with lower mass (such as electrons) are more mobile within the
material, meaning they can move more freely in response to an electric field contribute to the
higher electrical conductivity in the material. Conversely, charge carriers with higher mass (such
as holes) tend to have higher value to generate electrical voltage or potential in response to
temperature. They can enhance the figure of merit of a material with high Seebeck coefficient
value, which is desirable for efficient thermoelectric performance. ZT for the material is
approaches 1 when the chemical potential, which represents the energy level where there is an
equal probability of adding and removing an electron, falls within the energy range where no
electronic states are allowed, as depicted in figure 7 (A). This corresponds to the density of charge
carriers within the material vary between 10" and 10"cm’. Figure 7(B) and 7(C) show the
relationship between ZT and the concentrations of electrons and holes, respectively. Furthermore,
these figures show that the ZT value is higher in EAGeCl; material, regardless of n-doped or p-
doped. Nonetheless, when the doping concentration grows, these values gradually decrease. The
ZT of n-type EAGeCl; material is sensitive to variations doping amount and temperature.
Therefore, n-type EAGeCl; is a better candidate for thermoelectric applications compared to p-
type EAGeCl;.

A high Seebeck coefficient (S) ensures that the material can efficiently convert heat
energy into electrical energy or vice versa, which is crucial for the effectiveness of thermoelectric
devices. A negative S indicates that the material produces negative voltage when heated at one
end, relative to the cooler end when the dominant charge carriers in the material are electrons and
a positive S means that the material produces a positive voltage when heated at one end, relative to
the cooler end when the dominant charge carriers are holes. Figure 7(D) demonstrates that Seebeck
coefficient is significant when the chemical potential falls within the band gap of the material. It
reaches a maximum value of -2.97mV/K at u=0.64eV and 2.75mV/K at u=-0.5¢V at 300K. Figure
7(E) represents the plot of S Vs electron concentration (n), whereas Fig. 7(F) depicts the plot of S
Vs hole concentration (n). These graphs show that the S drops as the concentration of electrons
and holes increases while the temperature remains constant. However, either electron and hole
doping is applied to the material the value of S increases as the temperature rises. In addition,
when both electron and hole doping are at equivalent levels in the material at constant temperature
the material with n-type doping (where the majority charge carriers are electrons) has higher S
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value compared to the p-type material (where the majority charge carriers are holes). Furthermore,
when the same level of electron and hole doping is present at the same temperature, the n-type
material exhibits higher S value.
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Fig. 7. (a) Figure of merit as a function of chemical potential, (b) Figure of merit as function of hole
concentration, (c) Figure of merit as a function of electron concentration, (d) Seebeck coefficient as a
function of chemical potential, (e) Seebeck coefficient as a function of hole concentration, (f) Seeback

coefficient as a function of electron concentration.

The relationship of the electrical conductivity to the relaxation time (o/t) is framed as a
function of chemical potential in figure 8(A). In figure 8(B) and 8(C) o/t is graphed as a function
of electron concentration and hole concentration, respectively.
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Fig. 8. (a) o/t as a function of chemicalpotential, (b) o/t as function of hole concentration, (c) o/t as a

function of electron concentration, (d) x/t as a function of chemicalpotential, (e) x/t as a_function of hole
concentration, (f) ) k/t as a function of electron concentration.
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The ratio o/t reduces as the temperature rises in the p-type material. On the other hand in
n-type materials, the ratio is not affected by the temperature. This suggests that electron mobility is
not much affected by the variation in the temperature in EAGeCl;_ Figure 8(D), (E), and (F) show
the ratio of thermal conductivity to relaxation time (k/t). This ratio is higher for the p type material
at a particular doping level and temperature. This also shows that phonon scattering is higher in the
n type material in comparison to the p type material. To prevent photovoltaic material from
overheating the effective electrical conductivity should be high. Conversely the thermal
conductivity should be low to protect and minimize the material from thermal loss. So according
to the above discussion, one can see that the n-type EAGeCl; is the preferred photovoltaic
material.

3.5. Thermal properties

Gibbs2 simulation code is used for the simulation of thermodynamic properties of
EAGeCl; material in the 100-800K temperature range and 0-3GPa pressure range [45-49] using
the quasi-harmonic Debye model. The Debye temperature varies linearly with the degree of
interatomic bonding. The stronger the cohesive forces, the more they obstruct the motion of the
atoms and prevent a crystal from compressing. Substances with high Debye temperatures
eventually resist crystal compression. Figure 9(A) depicts the fluctuation in Debye temperature
(6p) with temperature at 0-3GPa pressures. When the temperature rises, the Debye temperature
also falls; yet, as pressure rises, the Debye temperature value rises. Entropy (S) measure the degree
of disorder in a particular system. Figure 9(B) shows that the Entropy (S) is more temperature-
dependent and less pressure-dependent. As the temperature rises, so does the value of S and at a
particular temperature as the pressure increases the value of S decreases. Fig. 9(C) shows the effect
of volume V (in bohr’) on temperature at various pressures P (in GPa). The graph shows how the
volume of a gas increases as its temperature rises at different pressures. Fig. 9(D) depicts the
thermal expansion coefficient (o) concerning temperature and pressure variations. The value of a
is sensitive between 0 and 200K, with a steady decrease in sensitivity above 200K.

The compound’s bulk modulus was previously determined using a volume optimization
method. The results obtained from the Gibbs algorithm, as depicted in Figure 9(E), supported these
findings. It was noticed that the bulk modulus of EAGeCl; decreases with temperature increment
at various pressures. The Griineisen parameter is utilized (y) to assess the degree of anharmonicity
inside a crystal. As temperature rises, atomic movement becomes stronger, leading to heightened
an-harmonic effects. The higher value of y signifies increased photon scattering, resulting in
diminished lattice thermal conductivity. Figure 9(F) demonstrated that y steadily rises with rising
temperature and at that time pressure is constant and y decreases with increasing pressure under
constant temperature, indicating reduced thermal conductivity for EAGeCl;.

The compound’s Bulk modulus was previously computed using Volume optimization. The
results were obtained using the Gibbs algorithm, as shown in Fig 9(E), backed up these
conclusions. The EAGeCl; Bulk modulus decreases as the temperature at various pressures rises.
The Grlineisen parameter (y) calculates the level of anharmonicity inside the material. The
movements of atoms get stronger as the temperature rises, which results in enhanced anharmonic
effects. A higher y value tells about the high level of photon scattering; which results in a reduced
lattice-thermal conductivity. Fig. 9(F) shows that, as expected, grows steadily with rising
temperature at constant pressure and decreases with growing pressure under constant temperature.
Hence, EAGeCl; has a reduced thermal conductivity.
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Fig. 9. (a) Debye temperature as a function of temperature at various pressures, (b) Entropy, (c) Volume,
(d) Thermal expansion coefficient, (e) Bulk modulus and (f) Griineisen parameter.

4. Conclusions

The material’s structural, electrical and transport characteristics were examined using
WIEN2K software. A comprehensive examination of its electrical and optical characteristics
revealed it to be a direct band gap material with a value of 2.685 eV, demonstrating outstanding
performance in both ultraviolet and visible spectrums. This confirms its significant potential for
application in photovoltaic systems. Its thermodynamic stability allows it to achieve a ZT as unity
at room temperature and 500K in both p and n type regions. This suggests that it could be used
also in thermoelectric generators, providing efficient toxic-free energy across a wide temperature
range. The investigation into this material’s transport capabilities is groundbreaking, with hopes
that these findings will establish an important foundation for future research in this field.
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