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ABSTRACT: Despite exceptional optoelectronic properties and
rapidly increasing efficiency of perovskite solar cells (PSCs), the
issues of toxicity and device instability have hampered the
commercialization of this renewable energy technology. Lead
(Pb) being the main culprit creates major environmental risks and
therefore must be replaced with a nontoxic material such as tin
(Sn), germanium (Ge), etc. Moreover, replacing organic cations in
the perovskite’s ABX3 structure with inorganic ones like cesium
(Cs) helps aid the stability issues. This study uses six different
kesterite-based hole transport layers (HTLs) and three different
metal oxide-based electron transport layers (ETLs) to numerically
simulate and optimize all-inorganic CsSnGeI3 PSCs. Metal oxide ETLs are used in this study due to their large band gap, while
kesterite HTLs are used due to their excellent conductive properties. All of the simulations are performed under standard testing
conditions. A total of 18 novel planar (n-i-p) PSCs are modeled by the combination of various charge transport layers (CTLs), and
the device optimization was done to enhance the power conversion efficiencies (PCEs) of the PSCs. Furthermore, the effect of CTLs
on the energy band alignment, electric field, quantum efficiency, light absorption, and recombination rate is analyzed. Additionally, a
detailed analysis of the impact of defect density (Nt), interface defects (ETL/Perv, Perv/HTL), temperature, and work function on
the functionality of 18 different CsSnGeI3-based PSCs is conducted. The simulation findings demonstrate that SnO2/CsSnGeI3/
CNTS is the most efficient optimized PSC among all of the simulated structures, with a PCE of 27.33%, Jsc of 28.04 mA/cm2, FF of
85%, and Voc of 1.14 V.

1. INTRODUCTION
Perovskites, discovered by theGerman scientist Gustavo Rose in
1839, are hybrid (organic−inorganic) materials possessing the
ABX3 crystal structure depicted in Figure 1

1. In the crystal
formula, “A” denotes a hybrid cation, “B” is a metal cation, and
“X” is a halide anion.2 These materials showcase remarkable
optoelectronic characteristics, including efficient light absorp-
tion, adjustable band gap, extensive carrier diffusion, and
versatile carrier transport. As per NREL data, lead-perovskite
solar cells (Pb-PSCs) have achieved an impressive 26.1% power
conversion efficiency.3 Up to this point, the extensively studied
PSCs include MAPbI3 and FAPbI3.
Conversely, the two extensively investigated lead-based PSCs

face significant challenges related to both toxicity and instability,
which have hampered the commercialization of this technology
so far.4 As Pb is easily soluble in water and has hazardous
environmental impacts, researchers are looking to solve the issue
by replacing Pb with some nontoxic materials such as Sn, Ge,
etc.5 Although nontoxic PSCs are less efficient as compared to
Pb-PSCs, there is still a lot of room for performance
improvement. Moreover, the substitution of organic cations

with inorganic ones in the perovskite crystal structure helps in
resolving stability issues as well.6 Thus, inorganic PSCs are
viable candidates in PV technology as they address the issues of
both toxicity and thermal stability under ambient conditions.
To address toxicity concerns, researchers have extensively

explored halide PSCs based on tin such as MASnI3 and FASnI3.
7

However, they found intrinsically low stability with these
structures. To further extend the research, scientists have
utilized inorganic cations such as cesium (Cs) in place of organic
methylammonium (MA) and formamidinium (FA) to make all-
inorganic Pb-free PSCs.8 The literature showed that CsSnI3-
based PSCs can be potential candidates and a viable option for
future commercialization as they have the highest power
conversion efficiencies (PCEs) of any lead-free PSC.9 However,
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on the other hand, Sn(II) is rapidly oxidized to Sn(IV), and
phase instability occurs in the CsSnI3 perovskite, leading to the
degradation of the layer properties.10

Chen and colleagues proposed that adding Ge to CsSnI3 not
only improves the stability but also enhances the output power.

They found that the PCE of CsSnGeI3 PSC surpasses both the
CsSnI3- and CsGeI3-based PSCs.

11 Although Ge-based halide
PSCs have shown tremendous potential in PV technology, just
like Sn-based PSCs, Ge-PSCs also have issues of oxidation from
Ge2+ toGe4+, which ultimately leads to performance degradation
of the solar cell.12 Ge-PSCs are more stable than Sn-PSCs
because they have negative formation energy.13 Various studies
have also suggested the use of mixed tin−germanium to address
the stability and performance issue. The mixed tin−germanium
PSCs are less efficient than Pb-PSCs, but they have the potential
to revolutionize the PV industry once all of the issues are
overcome.14,15

The PSC architecture consists of five main layers positioned
upon one another based on the cell’s structure (planar/
inverted).16 The performance of the PSC depends directly on
the device architecture and the charge transport layer (CTL)
materials. To provide the proper energy band alignment and
enable the flow of charge carriers from the absorber material to
the appropriate electrodes, suitable CTLs must be chosen with
the perovskite layer.17 Because of the inappropriate band
alignment between the various PSC layers, the combination of
incompatible CTLs with perovskite material directly reduces the
PV performance of the cell. Therefore, it is recommended to
choose conductive CTLs that are compatible with the absorber
in order to create an ideal band alignment that will make it easier
for charge carriers to flow from the perovskite to the electrodes.
The function of CTLs is to separate charge carriers from the
absorber because of their band alignment and then transport
them to the anode and cathode. To enhance the PCE of the cell,
the CTLs should be conductive and less resistive in nature to
provide adequate separation of charge carriers.18,19

In this work, a CsSnGeI3 perovskite solar cell is numerically
modeled and optimized with three metal oxide electron
transport layers (ETLs) and with six kesterite hole transport
layers (HTLs). The ETLs selected in this study are due to their

Figure 2. Architecture of the perovskite solar cell.

Figure 1. Crystal structure of perovskite (ABX3).

Figure 3. Energy band alignment of PSCs.

Table 1. Simulated Perovskite Solar Cell Structures

group A group B group C

TiO2/CsSnGeI3/CBTS SnO2/CsSnGeI3/CBTS ZnO/CsSnGeI3/CBTS
TiO2/CsSnGeI3/CFTS SnO2/CsSnGeI3/CFTS ZnO/CsSnGeI3/CFTS
TiO2/CsSnGeI3/CMTS SnO2/CsSnGeI3/CMTS ZnO/CsSnGeI3/CMTS
TiO2/CsSnGeI3/CNTS SnO2/CsSnGeI3/CNTS ZnO/CsSnGeI3/CNTS
TiO2/CsSnGeI3/CZTS SnO2/CsSnGeI3/CZTS ZnO/CsSnGeI3 /CZTS
TiO2/CsSnGeI3/CZTSe SnO2/CsSnGeI3/CZTSe ZnO/CsSnGeI3/CZTSe
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large band gap and unique optoelectronic properties. The
kesterite HTLs used have been priorly employed as absorbers in
thin-film PVs and are viable candidates to be employed as HTLs
in PSCs due to their outstanding conductive behavior.13 A total

of 18 PSCs are simulated and optimized in SCAPS-1D
employing CTLs contrasting with the CsSnGeI3 absorber
layer under standard testing conditions (STCs). Moreover,
the impact of CTLs on the electric field, energy band alignment,
recombination rate, quantum efficiency (QE), and light
absorption is studied carefully. Furthermore, the effects of
defect density (Nt), interface defects (ETL/CsSnGeI3 and
CsSnGeI3/HTL), temperature (K), and work function (⌀) on
the performance of the PSCs are presented in detail.

2. DEVICE MODELING, ARCHITECTURE, AND
SIMULATED PARAMETERS OF PSCS

All of the PSCs simulated and modeled in this research work are
planar (n-i-p) architectures as shown in Figure 2. It means that
light falls first on ETL and passes through it to the CsSnGeI3

Table 2. Simulated PSC Structure Parameters Used in SCAPS-1D

parameters TiO2 SnO2 ZnO CsSnGeI3 CBTS CFTS CMTS CNTS CZTS CZTSe
refs 12 24 25 14,15 26 13 27 28 13 27
thickness (nm) 150 150 150 400 150 150 150 150 150 150
band gap (eV) 3.2 3.5 3.3 1.5 1.9 1.3 1.5 1.74 1.45 1.0
electron affinity
(eV)

4 4 4.1 3.90 3.6 3.3 4.35 3.87 4.5 4.2

dielectric
permittivity

10 9 9 28 5.4 9 9 9 9 9.1

CB effective
density of state
(cm−3)

2 × 1018 2.2 × 1017 4 × 1018 3.1 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018

VB effective
density of state
(cm−3)

1.8 × 1019 2.2 × 1016 1 × 1019 3.1 × 1018 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019

electron mobility
(cm2/(V s))

20 20 100 974 30 22 16 11 60 145

hole mobility
(cm2/(V s))

10 10 25 213 10 22 16 11 20 40

donor density ND
(cm−3)

1 × 1017 1 × 1016 1 × 1016

acceptor density
NA (cm−3)

1 × 1019 1 × 1015 1 × 1018 1 × 1018 1 × 1016 1 × 1018 1 × 1018

Table 3. Simulated PSC Structure Additional Parameters
Used in SCAPS-1D

parameters CsSnGeI3 HTLs ETLs

Nt value 1 × 1014 1 × 1015 1 × 1015

Nt type neutral neutral neutral
capture cross section (holes) 1 × 10−15 1 × 10−15 1 × 10−15

capture cross section (electrons) 1 × 10−15 1 × 10−15 1 × 10−15

energetic distribution (eV) Gaussian single single
characteristic energy (eV) 0.1 0.1 0.1
energy level w.r.t reference (eV) 0.6 0.6 0.6

Figure 4. Effect of CTLs on (a, b) the light absorption range and (c, d) QE.
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layer and then onward to the HTL. The CsSnGeI3 perovskite
layer is positioned between the CTLs. For high performance,
charge carriers are required to be properly separated from the
absorber and transported to the anode and cathode by the
CTLs. The HTL is connected to the anode, and the ETL is
connected to the cathode.When light passes through the ETL, it
is absorbed by the CsSnGeI3 layer, and charges of opposite
polarity are created in it. The HTL extracts the holes from the
absorber, and electrons are extracted by the ETL. The charge

carriers are then transported to the respective electrodes, and
thus, the energy from sunlight is converted into electrical energy.
The conduction band (CB) of the perovskite and the ETL
should align more closely for optimal energy band alignment of
the PSC to promote the transfer of electrons, which is depicted
in Figure 3, while the valence band (VB) of the HTL and the
absorber should be in close proximity to one another to promote
the passage of holes.
SCAPS-1D is PV cell simulator software created at the

University of Gent, Belgium. It has the capability to simulate up

Figure 5. Band alignment of the CsSnGeI3 perovskite layer with (a) ETLs and (b−c) HTLs.

Table 4. CBO and VBO at the ETL/CsSnGeI3 Interface

Interface CBO (eV) VBO (eV)

ETL/Perv
TiO2/Perv −0.1 (cliff) 1.8
SnO2/Perv −0.1 (cliff) 2.1
ZnO/Perv −0.2 (cliff) 2

Perv/HTL
Perv/CBTS 0.3 0.1 (spike)
Perv/CFTS 0.6 −0.8 (cliff)
Perv/CMTS −0.45 0.45 (spike)
Perv/CNTS 0.03 0.21 (spike)
Perv/CZTS −0.6 0.55 (spike)
Perv/CZTSe −0.3 −0.2 (cliff)

Table 5. Change in the Recombination Rate at the
Heterojunction

interface recombination rate rise/drop

Per/TiO2 1 × 104 drop
Per/SnO2 1 × 104 drop
Per/ZnO 1 × 103 drop
CBTS/Per 1 × 105 drop
CFTS/Per 1 × 103 rise
CMTS/Per 1 × 106 drop
CNTS/Per 1 × 103 drop
CZTSe/Per 1 × 102 drop
CZTS/Per 1 × 104 drop
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to seven PSC layers.20,21 The software is employed in this
research work to model, optimize, and investigate various effects
on 18 novel PSCs. The perovskite layer chosen is Pb-free
“CsSnGeI3”, whereas the three ETLs selected are metal oxides
(TiO2, SnO2, and ZnO), and the HTLs chosen are six
quaternary kesterite semiconductor materials (CBTS, CFTS,
CNTS, CMTS, CZTS, and CZTSe). Table 1 shows three PSC
groups formed having the same kesterite HTLs but contrasting
metal oxide ETLs in each group. Each group has six PSC
structures, with a total of 18 PSCs modeled and optimized to
enhance their PCE. The electrode material is selected as “Flat
bands”. The software SCAPS-1D simulates the PSC structures
under STC using the following equations.12,13

Poisson’s differential equation
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Figure 6. Recombination at the CsSnGeI3 interface with (a) ETLs and (b, c) HTLs.
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Here, φ is the electrostatic potential of the cell; E is the electric
field; ρ and q are the elementary charges; ε is the permittivity of
the material; n is the free electron/hole density; p, n1, and p1 are

the electron and hole densities at thermal equilibrium; NA
(acceptor) and ND (donor) are the doping densities; μn,p is
the electron/hole mobility; τn,p is the electron/hole lifetime;

n p
x
,

is the electron/hole concentration gradient; Gn,p is the optical
generation rate; Rn,p is the recombination rate;

K T
q
B is the thermal

voltage; IL is the light generated current; IO is the saturation
current; α represents the absorption coefficient of the material;
the Plank constant is represented by h; the photon frequency is
denoted by v; the direct/indirect transition is presented by γ;
and B is a constant.
In this research work, the simulated parameters for the

CsSnGeI3 perovskite, metal oxide ETLs, and kesterite HTLs
used in SCAPS-1D have been taken from various research
papers12−15 and are summarized in Table 2. In the perovskite
layer, the main defects are the crystal structure deformities and
the trap states, which hinder the transportation of the charge
carriers. For this reason, the defect density in the perovskite is
selected as neutral.22Moreover, the energetic distribution is kept
as Gaussian type with a characteristic energy of 0.1 eV and a
capture cross-section area of 2× 10−14 cm2.While for the defects
in the CTL, only the trap states in the layers are considered.

Figure 7. Electric field at the CsSnGeI3 interface with (a) ETLs and (b, c) HTLs.
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Therefore, the defect type is selected as neutral, with energetic
distribution as single type.23 Furthermore, the CTL/perovskite
interface defects between the layers are caused by the dangling
bonds and defects formed at the surfaces and grain boundaries
between the two layers. For both interfaces, the defect type is
selected as neutral, with energetic distribution as single type and
the defect energy level above the highest valence band.7 The
perovskite and CTLs are modeled with defect density (Nt) and
interface defects. The “Nt” for CsSnGeI3 is taken as 1 × 1014 and
1 × 1015 cm−3 for CTLs, while it is 1 × 1012 cm−3 for both
interfaces. Table 3 summarizes the remaining simulation
parameters used in SCAPS-1D.

3. RESULTS AND DISCUSSION
3.1. Perovskite and CTL Compatibility. 3.1.1. Light

Absorption by CTLs and Their Effect on Quantum Efficiency.
Figure 4a shows the absorption of the light spectrum by the
metal oxide ETLs, whereas Figure 4b shows the absorption by
the kesterite HTLs. The results show that the maximum light
absorption range of TiO2 is up to 390 nm, whereas for SnO2 it is
up to 355 nm, and for ZnO it is up to 375 nm. Figure 4a shows
that the performance of Sn02-based structures is higher because
of its lower absorption rate owing to the high band gap, which
gives the material more transmissivity compared to the other
two ETLs (TiO2 and ZnO). Hence, maximum light is
transmitted by it to be absorbed by the CsSnGeI3 absorber
layer. The ETL in the planar architecture needs to have low

optical absorption, as it is the front layer uponwhich the incident
light is to fall upon. Maximum transmissivity is helpful in
enhancing the PCE.29 Figure 4b shows the absorption spectrum
of the kesterite HTLs ranges between 670 and 1290 nm due to
their varying Eg values, and among the HTLs, CBTS has the
lowest optical absorption of less than 680 nm due to its high Eg
value of 1.9 eV, followed by CNTS (1.74 eV) and CMTS (1.5
eV), whereas HTLs having low Eg values like CZTSe (1.0 eV)
and CFTS (1.3 eV) have a high absorption coefficient at greater
wavelengths.30

Figure 4c,d shows the effect of CTLs on the QE of the PSCs.
TiO2 has a QE of 99.64% at 360 nm, whereas that of SnO2 is
99.53% at 350−360 nm, while that of ZnO is 99.70% at 380 nm.
The QE of CTLs tends to drop as the wavelength starts to
increase. Furthermore, among the HTLs, the QE of CBTS is
99.62% at 380 nm, CFTS is 99.58% at 380 nm, CMTS is 99.53%
at 360 nm, CNTS is 99.74% at 360 nm, CZTS is 99.34% at 320
nm, and CZTSe is 99.64% at 360 nm.
3.1.2. Energy Band Alignment of CTLs with CsSnGeI3. The

band alignment among the absorber layer, ETL, andHTL is very
crucial for efficient charge transfer to the electrodes.10,31,32 A
PSC produces charge carriers when light strikes it. The CB of the
perovskite should be aligned with the ETL’s CB to provide a
smooth flow of electrons to the cathode, and the VB of the
perovskite should be aligned with the HTL’s VB to facilitate the
flow of holes to the anode. Therefore, the right selection of
CTLs is necessary to achieve the desired band alignment. The

Table 6. Output Electrical Characteristics of Simulated Nonoptimized PSC Structures

s.no. PSC structures Jsc (mA/cm2) Voc (V) FF% PCE%

1 TiO2/CsSnGeI3/CBTS 24.49294 1.0969 83.81 22.52
2 TiO2/CsSnGeI3/CFTS 27.38856 0.4337 77.57 9.21
3 TiO2/CsSnGeI3/CMTS 24.11754 1.1194 44.27 11.95
4 TiO2/CsSnGeI3/CNTS 24.77125 1.1101 86.97 23.92
5 TiO2/CsSnGeI3/CZTS 17.19194 1.5492 25.59 6.82
6 TiO2/CsSnGeI3/CZTSe 24.11298 0.7494 83.74 15.13
7 SnO2/CsSnGeI3/CBTS 24.62038 0.901014 78.0427 17.3125
8 SnO2/CsSnGeI3/CFTS 27.49972 0.36 72.7418 7.2014
9 SnO2/CsSnGeI3/CMTS 25.22429 1.123006 87.0006 24.6447
10 SnO2/CsSnGeI3/CNTS 24.87967 1.030311 82.0173 21.0241
11 SnO2/CsSnGeI3/CZTS 24.92056 1.017603 85.9362 21.7928
12 SnO2/CsSnGeI3/CZTSe 35.12103 0.575963 78.0489 15.7881
13 ZnO/CsSnGeI3/CBTS 24.60385 0.9648 84.11 19.97
14 ZnO/CsSnGeI3/CFTS 27.46376 0.4359 77.49 9.28
15 ZnO/CsSnGeI3/CMTS 24.92425 0.9597 41.81 10.00
16 ZnO/CsSnGeI3/CNTS 24.87134 0.9601 82.12 19.61
17 ZnO/CsSnGeI3/CZTS 15.69919 0.9652 38.77 5.88
18 ZnO/CsSnGeI3/CZTSe 24.11474 0.7743 80.1 14.96

Figure 8. I−V curves of nonoptimized (a) TiO2-based structures, (b) SnO2-based structures, and (c) ZnO-based structures.
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band alignment is also affected by the doping concentration of
the CTL materials. In PSCs, a positive conduction band offset
(+CBO) or spike is formed when the CB of the absorber is lower
than the ETL’s CB, while a cliff or negative CBO is formed when
the perovskite CB is higher than the ETL’s CBA; +CBO is
recommended instead of −CBO to facilitate the flow of
electrons because the spike increases the internal electric
potential (Vbi) of a cell at the heterojunction. This results in a
better separation of the charge carriers. However, very large
spikes (greater than 0.3 eV) also cause the blockage of charge
carriers, thus reducing the transfer of charge carriers. The cliff
(negative band offset) reduces the potential, leading to lower
charge carriers being affected. Therefore, it is preferred to have a
band offset between 0 and 0.3 eV. Similarly, for holes to flow

easily toward the anode, the positive valence band offset
(+VBO) is recommended instead of −VBO as it increases the
Vbi of the cell and improves the overall performance.

13 The ETLs
that form large VBO with the perovskites help in blocking hole
transfer toward the cathode and in maximizing the PCE.
However, the HTL that forms a large CBO with the perovskites
helps in blocking electron transfer to the anode. To improve the
PCE of PSCs, it is important to have such a band alignment
between the various CTLs and the perovskite layer to ensure
maximum performance. The CBO and VBO of the CTL with
the perovskite material can be calculated by the following
equations7

=CBO ( )per CTL (12)

Figure 9. CsSnGeI3 thickness effect on (a) Jsc, (b) Voc, (c) PCE, and (d) FF of PSCs.
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= + E EVBO ( )CTL per gCTL gper (13)

where Eg is the band gap of the material and χ is the electron
affinity.
Figure 5a shows the band alignment at the ETLs/CsSnGeI3

interface, while Table 4 shows their CBO and VBO values. It can
be depicted from Table 4 that SnO2 forms a CBO of −0.1 eV at
the interface, which allows the smooth flow of electrons from the
CsSnGeI3 perovskite to the SnO2 and has a high VBO of 2.1 eV
to block the flow of holes. Similarly, TiO2 also forms a CBO of
−0.1 eV and forms a minute cliff at the interface and a high CBO
of 1.8 eV to block the flow of holes toward it. ZnO forms a CBO
of −0.2 eV and forms a higher cliff as compared to the other
ETLs and has a VBO of 2 eV. The SnO2-based Group 2 showed
better performance than the other ETLs because it is close to the
ideal energy band alignment and has minimal CBO and
maximum VBO at the SnO2/CsSnGeI3 interface.
Figure 5b,c shows the band alignment at the CsSnGeI3/HTLs

interface, while Table 5 depicts their CBO and VBO values. It
can be seen that CFTS forms a cliff of −0.8 eV at the interface
and, as a result, has a comparatively lower performance than the
rest of the HTLs, while CNTS outperforms all of the other
HTLs because of its preferable VBO of 0.21 eV, forming a spike
that boosts the Vbi of the cell.
The rest of the HTLs performed comparatively the same in

terms of their output performance but have varying band
alignments with the CsSnGeI3 perovskite layer. The poor band
alignment at the CsSnGeI3/HTL interface hinders the smooth
flow of holes from the CsSnGeI3 layer to the HTL and offers less
resistance to the recombination of the e−h pair at the interface,
thus lowering the Voc of the cell and resulting in a lower PCE.
3.1.3. Recombination Rate at Interfaces (ETL/Perovskite

and Perovskite/HTL). The CTLs act as a bridge between the
perovskite and electrodes to assist in the passage of charge
carriers from the absorber layer. However, the PSC’s interfaces
(ETL/perovskite and perovskite/HTL) degrade performance as
a result of charge carriers’ recombination at the junction.33−35

The charge carriers become trapped in defects at the interfaces
and lead to loss of photocurrent, hence reducing the PCE. The
two forms of recombination at the interfaces are trap-assisted

and direct recombination. The recombination at the interfaces
can be reduced by adding a passivation layer between the
perovskite and CTLs.
Figure 6a shows the recombination rate at the ETL/CsSnGeI3

interface, and Table 4 shows the CBO and VBO values of the
ETLs at this particular interface. The results demonstrate that
TiO2 and SnO2 have a CBO value of −0.1 eV (cliff), while ZnO
has a higher cliff of−0.2 eV. The ETL has VBO values of 1.8, 2.1,
and 2 eV, respectively. Due to the formation of a cliff by all three
ETLs at the interface, some degree of recombination of charge
carriers occurs.
Figure 6b,c depicts the recombination rate at the CsSnGeI3/

HTL interface, and Table 4 shows their VBO values, in which it
can be seen that CFTS and CZTS have negative VBO (cliff)
values of −0.8 and −0.2 eV due to which recombination occurs
as compared to the remaining HTLs that form a positive VBO
(spike) at the interface. Table 5 shows the change in the
recombination rate at the heterojunction of the different
materials.
3.1.4. Electric Field at Interfaces.Due to the formation of the

heterojunction at the interface of different PSC layers, the
electric field is produced. The band alignment plays a significant
role in the potential of the field. A spike increases the electric
field, while a cliff reduces it.18,19,36 A strong electric field has a
deeper influence on the bulk of the absorber than a weaker field.
The stronger electric field collects and separates the deeper-lying
photo-generated charge carriers more effectively.
The electric field at the ETL/CsSnGeI3 interface is shown in

Figure 7a. The results show that SnO2 has the highest built-in
potential of −180,000 V/cm, followed by TiO2 having −22,500
V/cm. However, ZnO has the lowest electric potential of−4800
V/cm among the three ETLs due to its large negative CBO of
−0.2 eV, which lowers its electric potential at the interface.
On the other hand, Figure 7b,c shows the generated electric

field at the CsSnGeI3/HTL interface, and the results from Table
4 show that among all of the HTLs, CFTS forms a very large cliff
at the interface, which lowers the electric field due the large
negative VBO of −0.8 eV, while the rest of the HTLs form a
positive VBO (spike) and increase the electric potential of the
HTLs up to −30,000 V/cm.

Table 7. Output Electrical Characteristics of Simulated Optimized PSC Structures

PSCs
perovskite

thickness (nm)

HTL
thickness
(nm)

ETL
thickness
(nm)

perovskite
doping cm−3

ETL
doping
cm−3

HTL
doping
cm−3

JSC
(mA/cm2)

Voc
(V) FF %

PCE
(%)

TiO2/CsSnGeI3/CBTS 1100 150 100 1 × 1014 1 × 1015 1 × 1019 27.93 1.05 82.70 24.35
TiO2/CsSnGeI3/CFTS 750 250 100 1 × 1015 1 × 1016 1 × 1020 29.98 0.55 81.49 13.49
TiO2/CsSnGeI3/CMTS 300 250 100 1 × 1017 1 × 1020 1 × 1020 22.08 1.13 89.05 22.37
TiO2/CsSnGeI3/CNTS 1000 100 100 1 × 1015 1 × 1020 1 × 1018 27.69 1.15 84.97 27.21
TiO2/ CsSnGeI3/CZTS 250 300 100 1 × 1012 1 × 1020 1 × 1020 20.56 1.13 88.48 20.74
TiO2/CsSnGeI3/CZTSe 1200 100 100 1 × 1016 1 × 1020 1 × 1020 27.38 0.95 85.22 22.17
SnO2/CsSnGeI3/CBTS 1200 150 100 1 × 1015 1 × 1017 1 × 1020 28.05 1.12 86.13 27.13
SnO2/ CsSnGeI3/CFTS 600 300 100 1 × 1012 1 × 1018 1 × 1019 29.99 0.36 75.38 8.19
SnO2/Per/CMTS 900 150 100 1 × 1012 1 × 1018 1 × 1020 27.69 1.16 84.85 27.30
SnO2/Per/CNTS 1200 100 100 1 × 1015 1 × 1018 1 × 1020 28.04 1.14 85.00 27.33
SnO2/Per/CZTS 1100 150 100 1 × 1012 1 × 1018 1 × 1020 28.08 1.12 86.36 27.17
SnO2/Per/CZTSe 700 300 100 1 × 1012 1 × 1018 1 × 1020 39.48 0.70 84.48 23.50
ZnO/Per/CBTS 1200 100 100 1 × 1012 1 × 1020 1 × 1015 28.02 1.10 84.63 26.27
ZnO/CsSnGeI3/CFTS 700 300 100 1 × 1015 1 × 1018 1 × 1020 30.19 0.55 81.66 13.63
ZnO/CsSnGeI3CMTS 600 250 100 1 × 1017 1 × 1015 1 × 1020 26.33 1.00 87.52 23.28
ZnO/CsSnGeI3/CNTS 1200 100 100 1 × 1012 1 × 1020 1 × 1017 28.01 1.13 84.91 27.02
ZnO/CsSnGeI3/CZTS 200 250 100 1 × 1015 1 × 1015 1 × 1020 18.65 0.93 83.97 14.63
ZnO/CsSnGeI3/CZTSe 1200 100 100 1 × 1015 1 × 1019 1 × 1020 27.99 0.90 86.26 21.78
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3.2. I−V Characteristics of Simulated Nonoptimized
PSC Structures.Table 6 and Figure 8a−c show the I−V results
of all 18 simulated nonoptimized PSC structures. The outcomes
demonstrate that the CTLs have a direct impact on how well the
PSC performs. Among the three groups, the SnO2-based
structures (Group B) in general showed better PV performance
as compared to its other counterparts because of its large band
gap (Eg) (3.5 eV). Similarly, the TiO2- and ZnO-based
structures of Group “A” and Group “C” showed a slightly
lower performance as compared to Group “B” structures
because of their comparatively smaller Eg values (3.2 and 3.3
eV). Furthermore, among the HTLs, CFTS and CZTS
performed the worst as they form negative VBO (cliff) values

of −0.8 and −0.2 eV, respectively, at the CsSnGeI3−HTL
interface, while the other four HTLs performed comparatively
better because they form a positive VBO (spike) at the interface
as shown in Table 4. The most efficient nonoptimized PSC
among all 18 structures is SnO2/CsSnGeI3/CMTS with a Jsc of
25.22 mA/cm2, Voc of 1.12 V, FF of 87%, and PCE of 24.67%,
while the least efficient PSC structure is ZnO/CsSnGeI3/CZTS
with a Jsc of 15.69mA/cm2,Voc of 0.96 V, FF of 38.77%, and PCE
of 5.88%.
3.3. Thickness Optimization of the CsSnGeI3 Perov-

skite Layer. The thickness of the perovskite layer is an
important factor in determining the PCE, charge transport, and
stability of the PSC. To design an efficient and stable PSC, the

Figure 10. HTL thickness variation effect on (a) Jsc, (b) PCE, (c) FF, and (d) Voc of PSCs.
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optimal thickness of the absorber layer needs to be known, as
neither a thicker nor a very thin layer is recommended for the
designing of efficient PSCs. In a thick absorber, although more
light is absorbed, there are chances of increased recombination,
affecting the performance of the PSC. Furthermore, in a thin
absorber layer, minimum light is absorbed and fewer charge
carriers are generated. Moreover, the perovskite layer is prone to
degradation so there needs to be a balance between
compromising stability and efficiency of the PSC.12,37−39

In this study, the CsSnGeI3 layer thickness is optimized for all
18 PSCs by altering it between 50 and 1200 nm with an
increment of 50 nm to determine the absorber’s ideal thickness.
Figure 9a−d shows the simulation results of how the Jsc, Voc,

PCE, and FF of the PSCs are influenced due to increasing
CsSnGeI3 layer thickness. The FFs of all of the structures except
for CMTS and CZTS structures in Groups 1 and 3 have less
optimal absorber thicknesses as their FFs decrease with
increased CsSnGeI3 thickness. The outcomes demonstrate
that raising the CsSnGeI3 thickness is beneficial in improving the
output performance of all of the PSCs. It is because due to the
increased thickness, the ability of the perovskite layer to absorb
more photons was enhanced. As more photons are absorbed by
the thick CsSnGeI3 layer, the I−V characteristics improve as a
result. It is also noteworthy that using a very thick or a very thin
absorber layer is ineffective. Therefore, to enhance the PCE of
the cell, an optimized value of absorber thickness is a very crucial

Figure 11. Impact of ETL thickness variation on the (a) Jsc, (b) PCE, (c) Voc, and (d) FF of PSCs.
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factor. The value of the optimized thickness for each individual
structure is presented in Table 7, which observes the cell’s I−V
results for every 50 nm increase in thickness. Once the optimized
thickness is achieved, the PCEs of the cells do not improve with a
further increase in the absorber layer thickness.
3.4. Kesterite HTL Thickness Optimization. In the PSC

architecture, the HTL is positioned between the perovskite and
the anode. TheHTL thickness influences the performance of the
PSC as it is the rear layer in the n-i-p architecture and may
absorb the remaining passed-out light from the absorber. In
order to provide proper hole separation and minimize
recombination at the HTL/perovskite contact, the HTL should
be of a reasonable thickness. In the PSC architecture, neither a
thick nor a thinHTL is advised because it compromises the cell’s
functionality and stability.19,25 The HTL thickness optimization

is the second step after finding the optimal thickness of the
absorber layer.
In this work, the HTL thickness in each structure was varied

from 50 to 300 nm to find the optimal thickness. The
performance of the PSCs was carefully monitored for thickness
increase by 50 nm increments. The results show that increasing
theHTL thickness did not have a significant effect on the PCE of
the PSCs. For all 18 structures, the ideal HTL thickness ranged
from 100 to 300 nm. Figure 10a shows that the Jsc of PSCs either
stays constant or improves with increased HTL thickness.
Similarly, Figure 10b shows the impact of HTL thickness on

the PCE of the cells, and it shows that increasing the HTL
thickness did not have a significant impact on enhancing the
PCE of all of the group structures except for TiO2−CsSnGeI3−
CZTSe and SnO2−CsSnGeI3−CZTS, whose PCE improved up

Figure 12. CsSnGeI3 doping effect on (a) Jsc, (b) Voc, (c) PCE, and (d) FF of PSCs.
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to 5%. Figure 10c shows the impact of HTL thickness on the FFs
of all of the structures, and it can be seen that in Group A, the FF
of the structures with CFTS, CNTS, and CZTSe saw an
increase, while that of the CBTS degraded, respectively, whereas
all of the structures in Groups B and C showed a constant run
except for ZnO-CsSnGeI3−CZTS, whose FF improved on
increasing the HTL thickness. Table 7 shows the optimized
value of the HTL thickness for all of the simulated structures.
3.5. Metal Oxide ETL Thickness Optimization. The ETL

is positioned between the cathode and the perovskite in a planar
PSC architecture. The incident light first falls on the ETL
through which it passes to reach the absorber. The ETL is
responsible for the adequate separation and transportation of
electrons and thus reduces the recombination rate.18,25,32 Using

a thick ETL reduces the PCE as light might be absorbed by the
material. The optimization of the ETL thickness is the third step
in optimization of the PSC.
Figure 11a−d shows the effect of ETL thickness on PSC

performance. The thickness was varied from 50 to 300 nm for
each structure with an increase of 50 nm increment. The results
reveal that increasing the ETL thickness does not enhance the
I−V performance of the PSCs. Using a thick ETL in the
proposed planar PSC architectures is inefficient and increases
the series resistance and fabrication cost of the cell. It is
recommended to use a transmissive ETL with less optical
absorption in the n-i-p architecture to enhance the performance
results of the PSC. Table 7 shows that the optimized value of
ETL thickness is 100 nm.

Figure 13. HTL doping effect on (a) Voc, (b) PCE, (c) Jsc, and (d) FF of PSCs.
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3.6. Optimization of the Doping Concentration of the
CsSnGeI3 Perovskite Layer. The doping concentration (NA)
of the absorber has a significant impact on the electronic
properties and stability of the PSC.17,19,40 Low doping
concentration has a negligible effect on the performance of the
PSC, and high doping leads to defects and degradation.
Therefore, it is vital to find the optimized doping concentration
to enhance the performance of the PSC without compromising
its electronic properties and stability. Optimizing the NA is the
fourth step in the device optimization of the PSC.
Figure 12a−d shows the impact of varying the doping

percentage of the absorber layer in each PSC structure from 1 ×
1012 to 1 × 1017 cm−3. The results obtained in all three groups
show that the I−V performance was not affected by theNA of 1×

1015 cm−3. Further increase has a significant impact on the PCE
of most of the structures as it starts to degrade. The optimized
doping concentration for the CsSnGeI3 perovskite layer in each
structure was found between 1× 1012 and 1× 1015 cm−3, and the
results are summarized in Table 7. The Jsc of all of the structures
showed a downward trend, whereas the Voc and FF of some
structures showed a slight improvement, but the overall PCE of
the structures was negatively affected by the increased doping
content of the CsSnGeI3 absorber layer.
3.7. DopingOptimization of Kesterite HTLs.The doping

of HTL affects the electronic properties, work function,
conductivity, stability, and performance of the PSC. From the
active layer to the electrode, holes must be transported via the
HTL. The ion separation process is facilitated by the doping of

Figure 14. ETL doping variation impact on (a) Voc, (b) PCE, (c) Jsc, and (d) FF of PSCs.
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the HTL, which also enhances the material conductivity.27,39,41

The doping optimization is the fifth step in device optimization.
Figure 13a,b demonstrates that the performance of the PSC is

directly impacted by altering the NA of the HTL, while Figure
13c,d shows the behaviors of Jsc and FF. The NA of the HTL is
increased from 1 × 1015 to 1 × 1020 cm−3. The findings
demonstrate that the Voc and PCE of the structures significantly
improved as theNA rose. Structures with CMTS andCZTSwere
greatly improved by increasing the doping content of the HTL,
whereas the remaining structures either remained constant or
showed a minor improvement in terms of their Voc and PCE.
3.8. Metal Oxide ETL Doping Optimization. The final

phase in the device optimization of the PSC is the optimization
of the doping concentration (ND) of ETL. Doping ETL
enhances the PSC’s conductivity, stability, and affinity for
electrons, which ultimately enhances the cell’s perform-
ance.19,42,43

Figure 14a,b shows that the ND for ETL in this work is varied
from 1× 1015 to 1× 1020 cm−3 to analyze its effect on theVoc and
PCE of the PSCs. Figure 14a shows theND effect onVoc of PSCs,
and it can be seen that the Voc of the cells either stayed constant
or increased a little. Overall, there is no degradation in the Voc of
all of the structures. Figure 14b shows that increasing the ND in
the CsSnGeI3 layer also followed the same trend, where the
structures either remained constant or showed an increase in
PCE. Figure 14c,d shows the behaviors of Jsc and FF. Overall,
there is no degradation in the PCE of cells with increased ND.
The device optimization procedure is finished with the
optimization of ETLs, and the optimized ND values for ETLs
in the optimized PSCs are given in Table 7.
3.9. Optimized PSCs.The device optimization is carried out

for each individual structure by optimizing the thickness and
doping content of the CsSnGeI3 perovskite absorber layer and
the CTLs. The optimization process is carried out in six steps.
The device optimization of the PSCs helped achieve the
maximum possible PCE for each structure. The optimum
parameters of thickness and doping concentration of each layer
are presented in Table 7 along with their I−V characteristics.
Figure 15 shows the overlay results for the optimized and
nonoptimized CsSnGeI3-based 18 novel PSCs with oxide and
kesterite CTLs. The optimization of each individual structure
resulted in a significant increase in the PCE of the cell. For the
structure of SnO2−CsSnGeI3−CBTS, the increase in PCE was a

whopping 10%. The findings showed that SnO2/CsSnGeI3/
CNTS is the most efficient PSC among all of the simulated
structures, with a PCE of 27.33%, Jsc of 28.04 mA/cm2, FF of
85%, and Voc of 1.14 V.
3.10. Influence of CsSnGeI3 “Nt” on PSCs. The

optoelectronic characteristics and PCE of the cell are affected
by the flaws in the absorber layer of the PSCs. These defects in
the absorber are formed due to vacancies, impurities, and
interstitials that act as traps for charge carriers and lead to
nonradiative recombination. The generated charge carriers do
not contribute to the current when they get caught in traps and
are thus lost as heat. To improve the efficiency and stability of
the PSC, the defects in the absorber layer should be as less as
possible.12,14,21,44

Figure 16a−d shows the impact of altering the Nt for the
PSCs, and it is varied from 1 × 1012 to 1 × 1018 cm−3. The
findings reveal that as the number of defects in the CsSnGeI3
absorber is increased, the Jsc and PCE of the cells degrade in all
three groups. This is due to the fact that at greater Nt, the
absorber material’s increased number of traps led to the
recombination of electrons and holes, and the current was lost
as heat without contributing to the cell’s total ability to generate
electricity.
3.11. Influence of Interface Defects. The PSC

architecture consists of several layers stacked upon one another
working together to convert photons into electrical current. The
perovskite material is inserted between the CTLs. The different
materials produce defects at the absorber/HTL and ETL/
absorber interfaces. These defects at the interfaces act as trap
states for the charge carriers and lead to recombination, resulting
in the loss of current in the form of heat, resultantly lowering the
cell’s PCE.33,45,46

Figure 17a,b shows the influence of altering the interface
defects at the ETL/CsSnGeI3 interface, while Figure 17c,d
shows the effect of HTL/CsSnGeI3 on the Voc and Jsc of the
PSCs. The results show that at a lower interface defect value, the
performance of the PSCs was not affected, but as the value is
raised, the cell performance was substantially degraded. The
effects of ETL/CsSnGeI3 and CsSnGeI3/HTL defects on the
Voc of all three groups resulted in a downward trend, whereas the
PCE of all of the PSCs in the three groups also followed the same
behavior.
3.12. Temperature Effect on PSCs. PSCs are temperature-

sensitive devices, and a slight change in the temperature may
influence the device performance. At lower temperatures, the
PSC becomes rigid and less conductive, while at higher
temperatures, the CTLs get affected, resulting in inadequate
separation and enhanced recombination, thus degrading and
decomposing the PSC material quality and efficiency. Ideally,
room temperature (293 K) is the best suitable environment for a
PSC to work efficiently.4,24,47

Figure 18a,b shows that the temperature of the PSCs is varied
from 280 to 440 K to investigate the effect on the Voc and PCE of
the cells. The findings in Figure 18a revealed that all of the
structures had their maximum Voc at 280 K, and as the
temperature increased, their Voc started to decrease in all three
groups. Moreover, Figure 18b reveals that the PCE of all three
groups also followed the same trend with their maximum PCE at
room temperature, and then it started to degrade as the
temperature increased beyond 280 K. All of the structures had
their minimum Voc and PCE at 360 K. Hence, it can be deduced
that high temperatures negatively affect the outperformance of
the PSCs.

Figure 15. PCE results before and after optimization.
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3.13. Impact of Work Function. The work function (⌀)
impacts the I−V characteristics of the PSC. In the PSC, ⌀ is a
crucial factor in determining the energy band alignment and the
extraction and transportation of charge carriers from the
absorber to the CTLs and then to their respective electrodes.
Due care should be taken to ensure proper band alignment
between the various layers of the PSC. A higher value of the
cathode’s ⌀, coupled with a lower value of the anode’s ⌀, results
in a decrease in the overall PCE of the PSCs. Therefore,
achieving an optimal balance between the electrodes’ ⌀ is crucial
for maximizing electron collection and the overall device
performance in PSCs. The charge carriers are lost due to the
mismatched value of the electrodes ⌀.21,48

Figure 19a shows that the ⌀ value of the anode is varied from
4.7 to 6 eV for all of the structures, while Figure 19b shows the ⌀
variation for the cathode from 3.8 to 4.8 eV. The results show
that varying the anode’s ⌀ affected the PCE of PSCs in all
groups. As the anode’s ⌀ is increased from 4.7 to 5.1 eV, a rise in
PCE can be observed for all of the structures, especially for
structures with CMTS, CNTS, and CZTS HTLs. Beyond 5.1
eV, the cells show saturation as the PCEs remain constant or
have a negligible effect. Figure 19b shows that as the value of the
cathode’s ⌀ is increased beyond 4.4 eV for all of the structures,
the PCE of all of the structures in the three groups showed a
downward trend with a higher ⌀ value of the cathode material.
The ETL has optimal performance on a low work function.

Figure 16. Impact of CsSnGeI3 “Nt” on (a) Jsc, (b) Voc, (c) PCE, and (d) FF of PSCs
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4. CONCLUSIONS
In this work, 18 PSCs were numerically modeled and optimized
by using various combinations of CTLs with the nontoxic
CsSnGeI3 perovskite absorber layer using SCAPS-1D. All of the
simulations were carried out under STC. The three ETL
materials chosen are metal oxide TiO2, SnO2, and ZnO, while
the six kesterite quaternary materials chosen are HTLs. The
absorption of the light spectrum and the effect of CTLs on the
QE of the PSCs were investigated along with their energy band
alignment, built-in electric field, and rate of recombination at
various interfaces. To enhance the PCE of the PSCs,
optimization of thickness and doping concentration of each

layer in the device architecture were carried out to achieve the
maximum possible PCE for each individual structure. The
device optimization of the PSCs helped enhance the PCE for
some structures by more than 4%. Additionally, the effect of
defects at the ETL/CsSnGeI3 and CsSnGeI3/HTL interfaces as
well as the impact of defect density in the CsSnGeI3 perovskite
absorber on the overall performance of the PSCs was carefully
examined. In the modeled PSCs, the influence of working
temperature and the function of work are shown in detail.
The simulation findings revealed that the most efficient

nonoptimized PSC among all 18 structures is SnO2−
CsSnGeI3−CMTS with a Jsc of 25.22 mA/cm2, Voc of 1.12 V,
FF of 87%, and PCE of 24.64%, while the least efficient

Figure 17. CTL/CsSnGeI3 interface defect effect on (a) Jsc, (b) Voc, (c) PCE, and (d) FF of PSCs.
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nonoptimized PSC structure is ZnO-CsSnGeI3−CZTSwith a Jsc
of 15.69 mA/cm2, Voc of 0.96 V, FF of 38.77%, and PCE of
5.88%. The optimization of each individual structure resulted in
a massive increase in the PCE of the cell; for a structure SnO2−
CsSnGeI3−CBTS, the increase in PCE was a whopping 10%.
The simulation findings also demonstrated that SnO2−
CsSnGeI3−CNTS is the most efficient optimized-PSC among
all of the optimized simulated structures, with a PCE of 27.33%,
Jsc of 28.04 mA/cm2, FF of 85%, and Voc of 1.14 V, whereas the
structure with CFTS as HTL had overall performed worse in all
three ETL-based groups. This study provides a detailed
guideline for the fabrication of Pb-free mixed tin−germanium
PSCs.
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