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Using the density functional theory (DFT) and the spectral limited maximum efficiency (SLME) model, we thoroughly evaluate the material
MA2GeI4 as a prospective absorber for photovoltaic applications. This material belongs to the family of layered material organic-inorganic
Ruddlesden-Popper perovskites, which have attracted interest due to their stability. Our first-principles calculations show that MA2GeI4
has a direct bandgap that is suitable for light absorption at 1.37 eV. To understand the source of its exceptional optical properties, the
electronic structure, density of states, and optical properties were examined. Also, we used the SLME model to estimate the MA2GeI4
solar cell efficiency. The latter was found to be about 32.6% power conversion efficiency. The material’s excellent absorption and promising
photovoltaic properties contribute to its high efficiency, even when quantum confinement occurs between layers. We found that MA2GeI4 is a
potential absorber material for solar applications, demonstrating both good absorption characteristics and advantageous electrical properties.
This discovery lays the path for additional experimental investigation of MA2GeI4 based solar cell.
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1. Introduction

Three dimensional (3D) organic-inorganic hybrid perovskites
have drawn significant interest in the last decade as materi-
als for solar cells [1]. Their outstanding photovoltaic per-
formance is due to their long diffusion’s lengths, high ab-
sorption, and low-cost manufacturing [2]. However, the ap-
plication of these materials in solar cells is limited by the
short-term stability due to several reasons, including the hy-
drophilic nature [3]. Moreover, because of their extreme sen-
sitivity to moisture and temperature, they are rapidly dam-
aged in ambient conditions [4,5]. Many methods have been
proposed to increase the 3D halide perovskite stability, such
as regulating the boundaries of grain [6], using hydropho-
bic and stable holes’ transporter layers (HTLs) and electrons’
transport layers (ETLs) [7,8], adopting the encapsulation [9],
and reducing the perovskite dimensionality [10]. The use of
two-dimensional (2D) perovskite solar structures (PSKs) is a
crucial approach that has received a lot of attention due to
their greater stability. 2D PSKs have been shown as bet-
ter options for photo-stable and moisture-resistant light ab-
sorbers [11]. The most viable method to effectively replace
the conventional 3D halide perovskites is to use 2D layered
Ruddlesden-Popper perovskite [12]. These types of material
have a structural formula of (R)2(CH3NH3)n−1MnX3n+1,

where the primary aliphatic or aromatic alkylammonium
cation is presented by R, M is a divalent metal, X is a halide
anion [13], andn could vary from one to infinity, when n is
equal to infinity that means that the structure is equivalent to
cubic perovskite compounds like MAPbI3 (MA= CH3NH3)
[14]. The inorganic octahedra in these structures can be
linked to one another along the xy plane, but they are kept
apart from one another along the z axis by A-site long-chain
organic cations. The organic insulating layers serve as poten-
tial barriers, while the inorganic semiconducting layers act as
potential wells [15]. Thus, these substances have a distinc-
tive layered structure that divides the organic cations from the
inorganic perovskite layers to create several quantum wells.
Their photovoltaic characteristics are strongly influenced by
quantum confinement.

Furthermore, It was confirmed that the layered material
MA2PbI4 crystalline film has been synthesized successfully
using vapor-fumigation technology, and it shows more stabil-
ity than the three-dimensional absorber MAPbI3 [16]. Also,
the thermodynamic and structural stability of this material
have been demonstrated theoretically [17]. In this regard,
there have been several experimental studies done to create
environmentally friendly lead-free materials by replacing the
divalent Sn in the place of Pb [18,19]. Earlier first prin-
ciples calculation investigations have been conducted [20-
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23]. These studies investigated the properties of 2D hy-
brid perovskites based on tin and germanium. The structural
and optical properties of the layered perovskite (BA)2GeI4
(BA = C4H9NH3, butylammonium ion) [24] and the 2D
(PEA)2GeI4 where PEA is C6H5(CH2)2NH3 [25] have been
investigated, demonstrating the potential of incorporating
germanium into perovskites for solar cell applications. It
has been reported that the 2D (PEA)2(MA)n−1PbnI3n+1 per-
ovskite with lowern values exhibited remarkable stability
against moisture. However, it displayed lower power con-
version efficiency (PCE) in comparison with perovskites pos-
sessing greater values ofn [26].

In this work, using the DFT, we investigated the struc-
tural, electronic, and optical properties of the lead-free lay-
ered Ruddlesden-Popper organic-inorganic hybrid perovskite
MA2GeI4 (MA refers to CH3NH3). In this structure,n = 1,
and the conventional PEA is replaced by MA, while Pb is
replaced by Ge. We specifically analyzed the bandgap en-
ergy and the participation of each atom in the formation of
distinct bands in the density of states, closely examining the
electronic attributes in relation to their electronic band struc-
ture. We also assessed optical properties such as the dielectric
function, absorption, refractive index, reflectivity, and extinc-
tion coefficient. All these properties were evaluated along
different directions of the cellx, y, andz. Subsequently, we
determined the efficiency using the SLME model using the
results from the first principles’ calculations.

2. Materials and methodology

2.1. DFT calculations

Based on the DFT, we study the tetragonal structure of the
material (CH3NH3)2GeI4 (Fig. 1), which belongs in the tl14
space group.

The material studied in this work is considered to be a 2D
bulk perovskite. The introduction of the cations MA which
are the shorter chain between the inorganic bilayers results
in a reduction of the interlayer space to 9.67Å, compared to
13.39Å in BA2PbI4 [16].

Calculations were carried out utilizing Quantum Espresso
software [27]. The interactions between electrons and
ions were characterized through the Projector Augmented
Wave (PAW) pseudopotential [28], and the electron-electron
exchange-correlation functional was managed with the Gen-
eralized Gradient Approximation (GGA), as parameterized
by Perdew-Burke-Ernzerhof (PBE). We used the Monkhorst
Pack k-mesh grid of8× 8× 1 in our calculations [29].

A substantial body of theoretical work highlights the sig-
nificance of van der Waals (vdW) interactions in hybrid per-
ovskite materials, particularly in terms of geometry optimiza-
tion [30-33]. When these dispersive forces are taken into
account, the resulting system parameters align closely with
experimental values.

FIGURE 1. The unit cell of the structure MA2GeI4.

In the vdW-DF approach, the formula for exchange-
correlation energy is presented as follows [30]:

EXC = EGGA
X + ELDA

C + Enl
C , (1)

whereEGGA
X represents the pure exchange energy as deter-

mined by the generalized gradient approximation (GGA), and
the correlation energy is the total of the local density approx-
imation (LDA) correlation energyELDA

C , and the non-local
electron correlation energyEnl

C .
The exchange functional is written as a function of the

enhancement factorF (s), where the exchange energy of a
system with densityn(r) is given by [66]:

EGGA
x [n(r),∇n(r)] = Ax

∫
d3r n4/3(r)F GGA

x (s), (2)

with Ax = −(3/4) (3/π)1/3, s = |∇n|/2kF n is the density
gradient, andkF ≡ (

3π2n
)1/3

is the local Fermi wavevector.
The exchange enhancement factor (Fx) affects the position of
the repulsive Pauli wall for small reduced density gradients.
Steeply increasingFx makes functionals more repulsive and
results in longer lattice constants. Considerable efforts have
been made to enhance the van der Waals (vdW) functionals
by modifying the factorFx [64]. In our work, we used the
vdW-DF-ob86 method, which has been previously demon-
strated to be effective in perovskite calculations. The form of
the vdW-DF-ob86 exchange factor is given by [64]:

Fx = 1 +
µs2

(1 + µs2)4/5
, µ = 0.1234. (3)
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So, using this type of functional is the most appropriate for
describing the van der Waals in our system. For ionic mini-
mization, there are two convergence thresholds: one on total
energy and the other on the forces. In our calculation, the
relaxation was deemed complete when the changes in total
energy between two consecutive self-consistent field steps
were less than10−5 Ry, and the forces on atoms were less
than0.01 eV/Å. We adopted the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) method for optimizing atomic positions by
minimizing the forces calculated on each atom along the
three axes. These forces are a composite of various contribu-
tions: non-local, ionic, local, core correction, Hubbard, and a
correction term for incomplete self-consistency [65]. In our
approach, we did not impose any constraints on the system.
We used full structural relaxation, allowing both volume and
atomic positions to relax. We used 50 Ry as the energy cut-
off to depict the wave functions.

We used the Bolztrap code to calculate the electrical con-
ductivity [34]. The conductivity tensor is given by

σα,β(i, k) = e2τi,kνα(i, k)νβ(i, k), (4)

whereνα is theα component of a charge carrier’s group ve-
locity in the i-th band andτi,k is the relaxation time of charge
carriers:

να(i, k) =
1
~

∂εi,k

∂kα
. (5)

By integratingσα,β(i, k), we can obtained The conductivity
as a function of the temperatureT and the chemical poten-
tial µ:

σα,β(T, µ) =
∑

i

∫
dk

8π3

[
−∂f(T, ν)

∂ε

]
σα,β(i, k). (6)

Here,e stands for the electronic charge,εi,k represents
the eigenenergy with wave vectork, andf is the Fermi-Dirac
distribution.

2.2. SLME and Sholckley Quiesser methods

In order to calculate the photovoltaic properties of the so-
lar cell at the temperature ofTc = 300 K of the ab-
sorber (CH3NH3)2GeI4, we adopted the spectroscopic lim-
ited maximum efficiency (SLME) method introduced by Yu
and Zunger in 2012 [35], and also the Shockley-Quiesser
model is used for comparison purposes [36]. According to
the American Society for Testing and Materials (ASTM In-
ternational Standard) [37], which defined the sun spectrum
on earth, there are two terrestrial spectral irradiance distribu-
tions, namely the direct normal and hemispherical on 37◦C
tilted surface abbreviated as AM 1.5 D and AM 1.5 G re-
spectively [38]. In this work, we adopted the standard AM
1.5 G solar spectrum (Isun(E)).

The power conversion efficiency of a solar cellη is a mea-
sure of how effectively the cell converts the energy of the
sun’s photons into usable electrical energy. It is typically ex-
pressed as a percentage of the total solar energy incident on

the cell that is converted into usable electrical energy.η is
given by

η = Pm/Pin, (7)

wherePin = 1000.37 W/m2 is the density of the total inci-
dent solar energy [39], andPm is the density of the maximum
output power. The power of a solar cell reaches its maximum
at the combination of the maximum current densityJm and
voltageVm.

Pm = VmJm. (8)

Usually, in experiment, the maximum power of a solar
cell is characterized by the parameters the short-circuit cur-
rent densityJsc and the open circuit voltageVoc since they
are easier to measure thanJm andVm. WhereJsc is defined
as the amount of current that passes through the external cir-
cuit when the solar cell’s electrodes are shorted, andVoc is
the voltage that is present across the cell when no current is
flowing through it.

The fill factor is the parameter that describes the amount
of filling of the Jsc-Voc rectangle by theJm-Vm rectan-
gle [40]

FF =
JmVm

JscVoc
. (9)

The current densityJ and voltageV of the solar cell are re-
lated by the following equation [41]:

J = Jsc − J0(e(eV/KBT ) − 1), (10)

wheree is the electron’s charge,T is the temperature,KB

is Boltzmann’s constant,J0 is the reverse saturation current,
andJsc is the short-circuit current density, which is

Jsc =
∫ ∞

0

a(E)Isun(E)dE. (11)

The reverse saturation current is

J0 =
qπ

fr

∫ ∞

0

a(E)Ibb(E)dE, (12)

whereIbb represents the black body spectrum andfr is the
fraction of the radiative recombination current.

fr = e(Eda
g −Eg)/KBTc , (13)

whereEg is the fundamental bandgap andEda
g is the optical

gap. The absorptivitya(E) in the SLME model is taken as
depending on the geometric factor,i.e. the nature of the re-
flector: if it’s a perfect anti-reflective coating thenfg = 1,
and if it’s a reflective back surface thenfg = 2

a(E) = 1− e(−2α(E)L) for fg = 1, (14)

a(E) = 1− e(α(E)L) for fg = 2, (15)
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whereα(E) is the absorption coefficient obtained from first-
principles calculations. It is, calculated from first principles
output and L is the thickness. The SLME can be thus used to
study the thickness dependence of the efficiency. The open-
circuit voltageVoc of a solar cell is defined as:

Voc =
KBTc

e
ln

(
1 +

Jsc

J0

)
. (16)

Besides, we used the Shockley-Quiesser (SQ) model, which
is a theoretical model used to describe the efficiency of a so-
lar cell. It was developed by William Shockley and Hans
Queisser in 1961 [36]. It describes the maximum theoretical
efficiency of a solar cell, known as the “Shockley-Quiesser
limit”, which is around 34% for a single-junction solar cell
made of a semiconductor with band gap of 1.4 eV. The max-
imum efficiency of a photovoltaic cell is calculated under the
assumption that all photons with an energy above the band
gap were absorbed [42]. This means thata(E) should be
fixed to unity forE ≥ Eg and to zero forE < Eg. The
process of recombination that the Shockley Quiesser model
takes into account is radiative recombination only.

The SQ limit has been used as a guideline to measure
the top performance and efficiency of solar cells [42]. Sci-
entists have used this limit to compare different solar cells’
performance. There have been significant research efforts to
increase solar cell efficiency, but the best ones are still signif-
icantly lower than the maximum SQ efficiency of 34% cor-
responding to the gap energy of 1.4 eV. However, due to its
efficiency overestimation, its value can’t be achieved in real-
ity. The light absorber in this model has an infinite thickness,
and it is considered a perfect blackbody, which means that the
absorber presents zero light reflection, refractive index equal

FIGURE 2. Band structure of the structure MA2GeI4. MA (green),
Ge (blue), and I (red).

to unity, and extinction coefficient equal to zero. This is not
the case for standard absorbed that show a refractive index
equal to 3 or 4 with an extinction coefficient greater than zero.

3. Results and discussion

3.1. Electronic properties

The band structure of MA2GeI4 that is displayed in Fig. 2
is in good agreement with the band structure reported in
Ref. [43]. The relative contributions of Ge, I, and MA are
indicated by blue, red, and green colors respectively. We ob-
serve that the valence band is largely the consequence of I
atoms’ contribution, while the conduction band is primarily
dominated by the Ge contribution. It is obvious that the band
gap between the valence band maximum (VBM) and con-
duction band minimum (CBM) is direct and situated at the S
k-point.

To better understand the origin of the states in the conduc-
tion and valence bands, we plotted the density of states (DOS)
and partial DOS of this 2D perovskite MA2GeI4, Fig. 3. The
influence of MA molecules on the Density of States (DOS)
is primarily situated at a distance from the band edges, sug-
gesting that these MA organic molecules don’t directly affect
the band gaps of layered perovskites, similar to various other
forms of organic-inorganic perovskite [44].

Figure 3 demonstrates the predominance of Ge 4p states
in the conduction band and I 5p states in the valence band,
consistent with the band contributions shown in Fig. 2. This
can also be observed in Fig. 2 through the charge densities of
the material in the S k-point for CBM and VBM.

3.2. Binding energy and effective mass

We calculated the effective mass for electronsme and holes
mh using the fitting of the calculated band structure near the
edges of the conduction and valence bands using the equa-
tion:

m∗ =
[
~2 ∂2E(k)

∂k2

]−1

. (17)

FIGURE 3. Density of states of MA2GeI4.
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TABLE I. Lattice coordinates, space group, band gapEg, effective mass of electronsme and holesmh, and binding energyEb.

Lattice coordinates space group Eg me(m0) mh(m0) Eb(meV)

a b c

Our work 6.01 5.92 18.69 tl14 1.37(VDW) 0.21 0.15 56.031

Ref. [43] 5.94 5.87 20.11 tl14
1.21(GGA)

1.66(HSE)
0.11 0.11 35.22

FIGURE 4. Density of charge of MA2GeI4 at the S k-point, a)
VBM and b) CBM.

We find thatme = 0.21 andmh = 0.15, these values are
slightly different from other work [43] due to the difference
in the approaches used in our calculations (the code and the
absence of hybrid DFT en our calculation).

The energy required to separate electron-hole pairs is
known as the exciton’s binding energy,Eb. We used the semi-
classical Wannier-Mott theory to estimateEb [45], with the
input parameters, namely, the reduced effective mass which
is expressed as a function of the electron effective massme

and hole effective massmh, µ = memh/(me + mh), the
relative dielectric constantεr andRy is the atomic Rydberg
energy.Eb is given by [43]

Eb =
µRy

m0ε2r
. (18)

A smaller exciton binding energy allows for easier separation
of the electron and hole, thus enhancing device efficiency.

The binding energy calculated in this work for MA2GeI4
is in good agreement with existing work [43], andEb = 35
meV is a suitable value for photovoltaic application. While
its value is about 172 meV for MA2PbI4 according to Zhuet
al. [16]. In our model forEb, we did not take into account the
quantum and dielectric confinements which are the principal
reasons for the high values of the binding energy. However,
the existence of the MA cation, which has a rela-

FIGURE 5. Tilting of the octahedra along: (a) x direction and (b) y
direction in the structure MA2GeI4.

tively high dielectric constant, leads to a decrease in the bind-
ing energy. The use of organic barriers with high dielectric
constants results in low dielectric-confined 2D perovskites
with improved photo-excited carrier dissociation, increased
charge carrier mobility, and lowerEb values [46].

In particular, it has been demonstrated that the binding
energy of the 2D perovskites, (HOCH2CH2NH3)2PbI4 (also
known as 2D EA perovskites), possessing an organic com-
ponent with a high dielectric constant of 37, is only 13 meV.
Interestingly, this is 20 times lower than their counterparts
2D-PEA perovskites (PEA, C6H5(CH2)2NH3), which have a
significantly lower dielectric constant of 3.3 for their organic
molecule and a binding energyEb of 250 meV [47].

3.3. The distortion of the octahedra

At the band gap edges, the CBM and VBM are dominated by
the inorganic atoms’ states. Any small variation in the po-
sitions of these atoms could affect the opto-electronic prop-
erties of this material. It has been previously shown that the
band structure can be changed by changing the identities of
halide and metal atoms, but also by controlling the bond an-

Rev. Mex. Fis.70040502



6 K. OUASSOULet al.,

FIGURE 6. Dielectric function’ real part.

gles between these atoms through modifying the size of the
organic cation [48]. The tilting of the inorganic part, which
is due to the changes in the bond angle, has been mentioned
in the known hybrid perovskite MAPbI3 [44,49], and also in
the two-dimensional Ruddlesden-Popper perovskites [17].

The tilting angle of the lead halide octahedra (PbX6)
has been identified as an order parameter in lead halide per-
ovskites (LHPs), playing a crucial role in phase transitions.
Traditionally, modifications to the perovskite lattice struc-
ture have been achieved through static and chemical methods,
such as changing the size of the A-site cation to influence the
octahedral tilting angle [50,51]. In addition, the bandgap of
CH3NH3PbI3 at room temperature has been modulated em-
ploying ultrafast resonant excitation of the 1 THz phonon in
the octahedra PbI6 [52]. within the same context, recent ad-
vancements have shown that through nonlinear THz excita-
tion, it is possible to have a coherent control over the twist
modes of the octahedra in order to control the disorder of
the dynamic lattice and thus use this application for dynamic
charge carrier screening [53].

After the relaxation of our system MA2GeI4,we find a
lowering in symmetry due to a distortion of the PbI6 octahe-
dra. As shown in Fig. 6, we calculated the distortion along
thex andy dimensions of the unit cell.

The angle GêIGe that characterizes the distortion of the
octahedra PbI6, equal to 169.25◦C alongx and 170.38◦C
along y, meaning that the tilting along thex direction is
slightly bigger than along theb direction. This result may
explain the difference observed in the properties studied in
this article between thex andy directions in this material.

4. Optical and transport properties

The transitions between occupied and unoccupied electron
states and the way a material reacts to electromagnetic radia-
tion can both be explained by the optical properties. The

FIGURE 7. Imaginary part of the dielectric function.

complex dielectric function explains the nature of the tran-
sitions between valence and conduction bands. Using the
Kramers-Kroning relation [54,55], we extract the following
optical properties: the imaginary and real part of the dielec-
tric function, absorption coefficient, refractive index, and ex-
tinction coefficient.

We calculated the real part of the dielectric function,
εr(ω). In general,the real part represents the ability of the
material to store electric energy, which can arise from its in-
teraction with electromagnetic waves [56]. A larger real part
of the dielectric function means the material can store more
energy.

As seen in Fig. 6, There is a clear anisotropy in the di-
electric properties of the system. The static dielectric con-
stantεr(0) is highest in they direction followed byx and
z. The same trend is observed in the visible region of pho-
tons’ energy between 1.63 and 3.26 eV. This can be explained
by the high response to the external field for charge carriers
along they-direction and then thex-direction, where thez-
direction has the lowest charge carrier response.

ε(ω) has their maximum values in the visible range of
photons’ energy with a maximum value of 5.57 for the non-
polarizedεr(ω), which is comparable to the maximum of
the real part of the dielectric function of the famous material
MAPbI3, namely 6.5 [57].

The negative values of the real part of the dielectric func-
tion, εr(ω) < 0, means that the material reacts to the applied
electromagnetic field in a way that prevents the propagation
of electromagnetic waves within it. This phenomenon is re-
lated to the collective oscillations of free electrons in the sub-
stance known as plasmons. These particles cause the light to
localize at the surface in thec-direction, particularly in the
UV range above 4 eV, leading to an increase in absorption as
observed in Fig. 8.

The imaginary part of the dielectric function,εi(ω), is
crucial for analyzing the photovoltaic performance because it
is directly related to the material’s absorption of electromag-

Rev. Mex. Fis.70040502
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FIGURE 8. Absorption coefficientα(ω).

netic radiation. We calculated this quantity and plotted it in
Fig. 7. Higher values are exhibited along thex andy direc-
tions, but the imaginary dielectric is practically zero in the
c-direction in the visible spectrum region. The principal ab-
sorption edge is caused by the direct electrical transition be-
tween VBM and CBM,i.e. the Ge s-states and Ge p-states,
which are the allowed transitions that could be interband in
this material according to the rule∆l ± 0, with l represents
the orbital quantum number, it can be 0, 1, 2, or 3 [58].

Many electronic transitions between occupied and unoc-
cupied states are connected to various peaks. According to
Fig. 7, the first exciton peak exists around 1.36 eV, while
the second and third peaks are observed at energies 1.65 eV
and 1.95 eV, respectively. These peaks are caused by vari-
ous interband electronic transitions in both direct and indirect
bands.

The optical absorption was calculated for different cell
directions (Fig. 8). It shows differences in thea andb direc-
tions, which are caused by the noncentrosymmetric structure
due to the existence of the disordered MA molecules, and
also due to the octahedra tilting observed after the relaxation
of the system. This tilting has also been shown in the material
MA2PbI4 [17].

The optical absorption patterns clearly differed from one
another in thexy plane and perpendicular to this plane, Fig. 8.
We observe that strong optical absorption is present in 2D
perovskites in thex andy directions. The maximum value of
the absorption in thez direction reaches1.5×105 at 3.18 eV,
the edge of the visible region. This value is very low com-
pared to the absorption in thexy plane. The large variation
in the dielectric constant between organic MA molecules and
inorganic layers also explains the anisotropy of optical ab-
sorption.

We also calculated the electric conductivityσ for differ-
ent directions of the cell and reported it in Fig. 9. Using
Boltzmann equation whitin the relaxation time approxima-
tion [34].

FIGURE 9. Electric conductivity alongx, y andz directions of the
unit cell.

FIGURE 10. Refraction index versus energy.

It is found thatσ is much greater in thex andy directions
than in thez direction where it is vanishingly small. This
is due to the quantum confinement in this type of material,
where the organic component acts as a well and barrier to
prevent charge carriers from dispersing in the perpendicular
direction.

The refractive indexn(ω) is a dimensionless property that
explains how light moves through a substance as a function of
frequency (ω). It is a measure of its transparency to incident
spectral radiation [59].

When an incident electromagnetic wave interacts with a
material, the electric field of the wave causes the material’s
electrons and ions to oscillate. This oscillation generates a
microscopic polarization in the material, which affects the
way light propagates through the material, the refractive in-
dex provides information about this polarisation. Our results
as shown in Fig. 10, where we plotted the refractive index as
a function of photon energy, are in agreement with the above

Rev. Mex. Fis.70040502
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FIGURE 11. The extinction coefficient versus energy.

discussion. The absorption is high (small) for the directionsx
andy (z-direction) where the refractive index has the largest
(lowest) values. the maximum value of the refractive index
occurs in the visible range with a value of 2.39 which is
in agreement with the refractive index of MAPbI3 which is
2.61 [57].

The calculated coefficient of extinction is shown in
Fig. 11. This coefficient is a measurement of how well a sub-
stance absorbs electromagnetic radiation. A high extinction
coefficient in the in-plane directions means that the material
can absorb sunlight more efficiently in those directions. It is
further reported that the extinction coefficient decreases with
increasing incident photon energy above 6 eV.

5. Photovoltaic performance

We adopted the SLME to calculate the current density and the
power density as a function of the voltage. LetJsc andVoc

the physical quantities corresponding to the short-circuit cur-
rent density and the open circuit voltage respectively, while

FIGURE 12. The Current density (black curve) and power density
(blue curve) are plotted as a function of voltage.

FIGURE 13. Efficiency as a function of the film thickness.

TABLE II. The key J-V parameters of MA2GeI4 compared with
those studied: experimentally of MA2PbI4, using SLME model for
MAPbI3, and using Shockley Quiesser SQ model.

Material Jsc Voc FF PCE

(Am−2) (V) (%)

MA2GeI4(SLME) 340.4 1.08 0.88 32.6

MA2PbI4(experimental) [16] 210 1.06 0.76 16.92

MAPbI3(SLME) [63] 295 1.16 0.89 31

SQ (Eg=1.4eV) [42] 328.8 1.122 0.89 32.91%

the Jm and Vm are identified from the maximum point of
the power density as shown in Fig. 12. A significant cur-
rent densityJsc of 340.4 A/m2 is shown in the J-V figure
and an important value ofVoc of 1.08 V. Those values ex-
plain the greater values of the output power, fill factor, and
efficiency. The ohmic loss, loss of nonradiative recombina-
tion, and optical loss are the factors responsible for the differ-
ences between the experimental values and our values [41].
Moreover, a small difference betweenJm andJsc indicates
less non-radiative electron-hole recombination loss. The key
J − V parameters of MA2GeI4, the fill factor, open circuit
voltage, and the short-circuit current density are displayed in
the Table II.

Another factor that significantly affects the performance
of thin film solar cells is the thickness of the absorbing
layer. The efficiency dependence of the thickness is plot-
ted in Fig. 13. Lower PCE values result from excessively
low thickness because of the extremely low light absorption.
The PCE is enhanced by the increased light absorption as
the absorbing thickness is increased tending to the Shockley-
Queisser limit of this material. The PCE of the cell is un-
changed by thickness values greater than 500 nm. However,
The PCE values become saturated as thickness increases be-
cause of greater recombination rates (depending on the diffu-
sion length), which means that when the thickness increases,
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the distance that charge carriers must travel to get the ap-
propriate electrodes increases. This longer path increases
the probability of recombination losses, where electrons and
holes recombine before they can be collected. It is important
to study the effect of the thickness because the reduced ma-
terial requirements for thinner absorbing layers might result
in lower manufacturing costs [61,62]. The PCE predicted for
MAPbI3 using the SLME method reached the value of 31%
according to Shaet al. [63].

6. Conclusion

In this study, we used the Density Functional Theory
(DFT) to rigorously compute the structural, electronic,
and optical properties of the lead-free two-dimensional
(2D) Ruddlesden-Popper organic-inorganic hybrid per-
ovskite (CH3NH3)2GeI4. Our results highlight the promising
potential of this material for photovoltaic solar cell applica-
tions. Because of its direct band gap with an optimal value
of 1.37 eV, the spectrum of photoconductivity, low effective
mass for both electrons and holes, low binding energy, and
the high absorption coefficient make it a promising material
in the field of photovoltaic. We compared the maximum of

the real part of the dielectric function, the absorption, and
the maximum value of the refractive index with those of the
known material MAPbI3 and found similar values.

In this work, we delved into the anisotropic variations ob-
served in the physical properties of the material across dif-
ferent cell orientations. This anisotropy is multifaceted; it
stems from the presence of the organic molecule, the differ-
ential distortion of the inorganic octahedra, and distinct di-
electric properties. More specifically, variations in thea and
b directions are primarily influenced by the organic molecule
and the distortion of the inorganic octahedra. In contrast, in
thec-direction, the differences predominantly arise from the
contrasting dielectric properties between the organic and in-
organic sections of the material.

We used the Spectroscopic Limited Maximum Ef-
ficiency to calculate the photovoltaic performance of
(CH3NH3)2GeI4. Jsc, Voc, FF, and PCE were calculated
and compared with the experimental values of the material
MA2PbI4 and with the theoretical values using the same
SLME method for the material MAPbI3. This comparison
confirms the promising potential of this material in the field
of photovoltaics and solar cells.
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