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Germanium-based perovskite solar cells (PSCs) have been a substitute for conventional lead-based perovskite solar
cells without sacrificing the environment. In this work, simulation has been carried out with the Cesium germanium
bromide, CsGeBr; perovskite solar Cell on SCAPS-1D and the impact of several factors such as the thickness of the
absorber layer, operating temperature and defect density has been analyzed. The device has achieved maximum power
conversion efficiency of 11.35 % with an absorber layer thickness of 600 nm at 305 K. The photovoltaic parameters have
shown the solar devices to be stable at 305 K. This indicates that CsGeBr; PSC has become a promising device for future
photovoltaic applications and for designing highly efficient lead-free PSC.
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1 Introduction

Solar energy has emerged as a highly viable
alternative to the energy derived from non-renewable
sources in today's society, which has moved toward
eco-friendly alternatives for everything. Solar cells
have become the gadgets that use the photoelectric
effect to convert direct sunlight into electric energy.
'As a third-generation photovoltaic technology, PSCs
have gained prominence because of its advantages of
low production costs. The application of perovskite
materials in photovoltaic technologies has drawn
several scientists and companies. The performance of
these devices has not yet been fully tuned, as seen by
the variety of topologies, manufacturing techniques,
perovskite compositions, and charge selective layers
that have been proposed. In a traditional perovskite
solar cell, the halogenated compounds function as the
active layer. Although these materials have a
respectable PCE, their instability and toxicity have
been shown to be major drawbacks. Lead-based
perovskite solar cells are harmful for the environment,
thus numerous alternatives have been employed in their
stead, including Ti, Ge, Sn, Sb, and Bi. There are two
ways to lessen the toxicity of the solar cell: the first is
to substitute lead with an analogous element, and the
second is to replace lead with a tin-lead alloyed
perovskite (CH;NH;Sn,Pby,).>* As a result, lead-free
perovskite materials including those based on Sn and
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Ge have grown in popularity. However, Sn-based
perovskite solar cells still have certain drawbacks,
including: (1) Volatile in naturalistic environments; (2)
Sn*" is quickly oxidized to Sn*" As a member of the
same family as tin and lead, germanium (Ge)-based
perovskite solar cells have gained popularity* among
researchers. Germanium's band gap is an ideal value
for light harvesting, and it has been discovered that
halides of germanium are stable at 150°C.> Because of
its inherent polarity, non-centrosymmetric crystal
structure, bandgap of 2.38 eV which offers a significant
visible light absorption and photo responses, and
distorted crystallinity, cesium germanium tribromide
(CsGeBr;) has been a remarkable material for use as an
absorbing layer in solar cells. The CsGeBr; PSC has
been simulated using the SCAPS software. SCAPS is a
program for numerically simulating solar cells using a
range of semiconductor topologies.*” The HTL and
ETL layers as well as the cell's thickness, defect
density and temperature have all been optimized in this
work using SCAPS software.

2 Materials and Methods

2.1 Structure of Perovskite Solar Cell

A perovskite solar cell (PSC), is a type of solar cell
that utilizes perovskite material in its operational
mechanism. The fundamental structure of a perovskite
solar cell consists of several layers: substrate, TCO
layer, hole transport layer, perovskite layer, electron
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transport layer, and back electrode. The substrate
serves as the bottom layer of the cell, providing
support for the other layers while also absorbing light
and generating electricity. Above the active layer, a
thin layer of electron transport material (ETM) is
applied, facilitating the movement of negative charge
carriers from the absorber layer to the back contact.
The back electrode, situated at the rear of the
perovskite solar cell, is responsible for collecting the
electricity generated. Common materials employed
for the back electrode include silver (Ag), aluminum
(Al), and gold (Au).

2.2 Simulation

A variety of software were available for solar cell
simulations. The one we used for our study is SCAPS
(Solar Cell Capacitance Simulator). This software is
open source and enabled us to simulate a one-
dimensional solar cell. These models were built using
just a few simple equations. Hole and electron
continuity formulaec and the Poisson equation are
written as follows:

S:—;‘P(x) = e(—n(x) +p(x) + Np — Ny +pp —
Pn) (1)

SUNLIGHT

o O

o |
" e |

Energy V)

A

CuSCN ’

e L
(c)

Energy (eV)

-2.87
B c

NiO

€ represents the permittivity, e represents the
electrical charge, p and n represent the concentrations of
holes and electrons respectively, which vary depending
on the distance x. Np and N, denote the concentrations
of donors and acceptors respectively, and p and n stand
for distribution of holes and electrons.®
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where J, and J, represent the current density of
electron and hole, R signifies the total recombination
sum of direct and indirect recombination and G, is
the optical generation rate. The solutions of Eqs (1)-
(3) were obtained under steady state conditions.” In
our work we carried out a simulation of a proposed
solar cell under AM1.5G illumination.

2.3 Proposed structure
The photovoltaic device studied has the following

components: Ag (metal back contact)/CuSCN
(HTL)/CsGeBr; (absorbing layer)/Cqy (ETL)/FTO.
Figure 1 depicts the construction of the

aforementioned cell structure. Table 1 displays the
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Fig. 1 — (a) Solar cell structure, (b) Energy band diagram of optimized cell layers with contact, & (c) Energy band diagram of different

materials without contact.
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unique characteristics of CsGeBr;, CuSCN, FTO, and
Ceo, derived from diverse theoretical and experimental
investigations documented in the literature." '*"* A
band gap energy of 233 eV' indicates the
outstanding effectiveness of solar cells of CsGeBrs.
The early defect density of all materials is assumed to
be 1 x 10" ecm™. It is supposed that the thermal
velocities of electrons and holes for all the elements
used in the cell are 10’7 cm.s’ and 107 cm.s™,
respectively. The work functions for FTO and Ag are
calculated to be 3.5 eV and 4.78 eV, respectively.

Table 1 — Parameters for material used in this simulation

Parameters FTO Ceo CsGeBr; CuSCN
Thickness (nm) 500 30 3000 50
Bandgap, E, (eV) 35 1.7 2.33 34
Electron affinity (eV) 4 39 2.87 1.9
Permittivity 9 4.2 3.9 10
N, (cm™) 2.2x10' 8x10”  1.9x10"® 1.7x10"
N, (cm™) 1.8x10" 8x10"”  2.07x10'™ 2.5x10*
Electron Mobility 20 100 20 10
Hole Mobility 10 2.5x10° 20 107
Np (cm™) 10" 0 0 0
N, (cm™) 0 2.6x10' 2x10'¢ 10'8
Defect density 10" 10" 10" 10"
8
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Fig. 2 — Current density (Jsc) and voltage (Voc) characteristics of
different (a) ETL & (b) HTL materials.

3 Results and Discussions

3.1 Effect of different ETL and HTL combinations on PCE

Cell performance for different cell structures was
studied by varying ETL and HTL layers. Fig. 2 & 3
indicate J-V and Q-E characteristics with different
HTL and ETL materials, respectively. Table 2
demonstrates the PCE (%) of the solar cell with the
different materials used as ETLs and HTLs. From the
table it can be seen that the combination of Cey (ETL)
and CuSCN (HTL) has produced the greatest results
in investigations on cell performance with various
ETL and HTL layers.

The efficiency of a solar cell that utilizes
perovskite light absorbers made of germanium is
greatly influenced by the absorber layer. Temperature
variations, defect density and the width of the
absorber layer all have a considerable effect on the
functionality of solar cells. They should be optimized
to bring photo-generated electrons and holes into
equilibrium, using the names absorption and mixing."*
First, the thickness is increased from 0.1 um to 1 pm.
We then improved the cell by raising its temperature
from 273 K to 423 K using the measurement fit we
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Fig. 3 — Quantum Efficiency QE (%) curve of different (a) ETL,
and (b) HTL materials.
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Table 2 — Performance of solar cells employing different combinations of various elements as ETLs and HTLs
Cell structures Jsc (mA/em?) Voc (V) FF (%) PCE (%)
Ag/NiO/CsGeBr;/TiO,/FTO 5.40 1.89 66.02 6.76
Ag/Cul/CsGeBr3/TiO/FTO 5.41 1.98 67.90 7.29
Ag/CuSCN/CsGeBr3/TiO,/FTO 5.40 2.15 63.64 7.39
Ag/V,05/CsGeBr;/TiO,/FTO 5.50 1.59 64.82 5.68
Ag/Spiro-OMeTAD/CsGeBr;/TiO,/FTO 5.45 1.88 66.77 6.84
Ag/PEDOT:PSS/CsGeBr3/TiO,/FTO 5.06 1.56 40.17 3.17
Ag/NiO/CsGeBr;/Cqo/FTO 7.46 1.45 86.99 9.42
Ag/Cul/ CsGeBr3/Cq/FTO 7.46 1.45 88.15 9.57
Ag/CuSCN/ CsGeBr;/Ce/FTO 7.45 1.45 89.77 9.74
Ag/ V,05/CsGeBr;/Cg/FTO 7.53 1.32 81.05 8.06
Ag/Spiro-OMeTAD/ CsGeBr3/Cq/FTO 7.50 1.45 87.25 9.50
Ag/PEDOT:PSS/ CsGeBr3/Cg/FTO 7.20 1.48 53.81 5.72
Ag/NiO/ CsGeBr;/PCBM/FTO 6.30 1.54 77.72 7.54
Ag/Cul/ CsGeBr;/PCBM/FTO 6.31 1.54 82.18 7.98
Ag/CuSCN/CsGeBr;/PCBM/FTO 6.30 1.55 83.06 8.11
Ag/ V,05/CsGeBry/PCBM/FTO 6.30 1.54 77.72 7.54
Ag/Spiro-OMeTAD/ CsGeBr;/PCBM/FTO 6.34 1.54 77.88 7.60
Ag/PEDOT:PSS/ CsGeBr;/PCBM/FTO 5.75 1.76 36.83 3.73

found. Next, we changed the defect density of the
absorber layer from 10" cm™ to 10'7 cm™ to get the
ideal temperature and thickness of CsGeBr;. We
modeled the photovoltaic performance of a Ge-based
PSC having an energy gap of 2.33 eV as a function of
active layer width, defects and cell temperature. PCE,
FF, Jsc, and Voc are the characteristics of the device.

3.2 Effect of thickness of absorber layer, CsGeBr;

We see that the Jsc value rises with the increase in
thickness and reaches the maximum 8.788 mA/cm® at
thickness of 0.6 um when the simulation is run for
optimizing the absorber layer thickness ranging from
0.1 pm to 1 um. According to the above statement, it
can be inferred that a larger absorber layer has the
ability to absorb a greater number of photons.
Consequently, this absorption leads to an increased
concentration of charge carriers at longer wavelengths,
which in turn promotes the production of electron-hole
pairs as illustrated in Fig. 4(a). According to Fig. 4(b),
an increase in thickness has an impact on V¢ values;
initially, the Voc slightly rises before becoming almost
constant as the thickness rises. As seen in Fig. 4(c), the
fill factor falls as the layer becomes thicker. The PCE
of the device rises with the extension in width, as
shown in Fig. 4(d), and reaches a high of 11.3% at 0.6
pm. With higher charge carrier concentration and more
light absorption as a result of increased thickness, Jsc
values rise due to the material's extremely high
absorption coefficient of Ge-based perovskites (up to
105 cm™).” Table 3 shows the optimized device
performance values as a function of thickness.

Table 3 — Literature-reported experimental measurements and
the optimized results

Parameters Experimental measurements ~ Optimized results
Jsc (mA/em?) 19.49 8.78
Voc (V) 0.48 1.46
FF (%) 52 88.28
PCE (%) 4.92 11.35

3.3 Effect of temperature on CsGeBr; PSC

The effectiveness of PSCs is significantly affected by
temperature. The simulation was run with temperatures
ranging from 305 K to 423 K, and it was discovered that
326 K was the ideal temperature when analyzed with a
continuous light of 1000 W/m®. Higher temperature will
have an impact on material properties like carrier
concentration, band gap energies, and mobility of
electron and hole, which will impair cell efficiency."
The impact of temperature on Jsc, Voc, FF, and PCE is
displayed in Fig. 5. As illustrated in Fig. 5 that rise in
temperature causes the Voc to fall. Consequently, the
influence of temperature on current density is negligible
because of the unavoidable drop in voltage. The FF is
shown to first rise with temperature before sharply
falling. At the point where the perovskite layer is 0.6
um thick and the temperature is 305 K, the Fill Factor
and PCE are at their highest values. The Fig. 5 shows
the characteristics for the cell with a band gap of 2.33 eV
and a 0.6 um absorber, such as Vo, Jsc, FF, and PCE,
with temperatures varies from 305 K to 423 K.

3.4 Effect of defect density on absorber layer
Figure 6 shows how defect density affects every
parameter (Jsc, Voc, FF and PCE). The graph shows
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that the value of Jsc first appears to be practically and an extremely durable -crystalline structure.

constant before falling. While the V¢ initially rises,
then falls, and eventually remains steady. With a rise
in the absorber layer's defect density, the fill factor
similarly drops. We come to the conclusion that the
efficiency is directly impacted by defect density
because as defects multiply, charge carriers' diffusion
lengths  shorten and recombination  carriers
accumulate in the absorber layer. Fig. 6(d) shows the
resulting efficiencies due to variation in the absorber
defect density. 10" cm™ is found to be the optimum
defect density of the proposed solar cell.

We discover that the effectiveness found in the
simulated results is 9.74% using perovskite quantum
rods, whereas it was 4.92% in the literature™, when
we compared our findings with the results from the
literature. We utilized Cgp as an ETL in our suggested
structure  because of its improved -electron
transporting capabilities, reduction of hysteresis, and
low-temperature processing. It can also be packed
more tightly to improve inter-molecular charge
transmission in addition to these characteristics.'”"
On the other hand, the use of CuSCN as the HTL in
the structure is attributed to its natural thermal
stability, exceptional resistance to high temperatures,

Furthermore, its band alignment with the perovskite is
perfect.””** Additionally, the PCE of the outcome has
significantly improved in the optimized findings.
Table 3 shows the literature - reported experimental
measurements and the optimized results obtained in
this paper.

4 Conclusion

Our research has focused on examining the influence
of various ETLs and HTLs on perovskite solar cells. Our
findings have indicated that Cq as ETL and CuSCN as
HTL have been the most appropriate choices based on
their favorable impact. We have investigated how
multiple factors, such as operating temperature, absorber
layer thickness, and defect density, affect the device
parameters, using the SCAPS-1D simulation. The
simulation result has shown that the maximum PCE of
11.35% has been attained for the device structure
Ag/CuSCN/CsGeBr3/Cg/FTO at a thickness of 600 nm.
The optimized value of temperature and defect density
of the PSC is 305 K and 10" cm™ respectively. The
proposed structure after optimization has shown
excellent results in PCE when compared to the work
done in literature.
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